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Abstract

MELCOR is a fully-integrated, engineering-ievel omputer code that models the pro
gression of severe accidents in light water reactor nuzlear power plants, being developed
at Sandia National Laboratories for the U. S. Nuclear Regulatory Commission and the U

S. Department of Energy. The entire spectrum of severe accident phenomena. including

TR

reactor coolant system and containment thermal /hydranlic response, core heatup, degra
dation and relocation, and fission product release and transport, is treated in MELCOR
in a unitied framework for both BWRs and PWRs. The MELCOR computer code has
been developed to the point that it is now being successfully applied in severe accident

1t
analyses, particularly in PRA studies.

I'his report presents a review of MELCOR verification, validation and assessment to
date, both completed and underway. This review reveals that most of the severe accident
I'h"!mlll«'rm Himl"”lwl |)»\ .\”"[,('()H have received or are !v'H'i\i'n.“ snme f‘\d}'li'fl')ll. i'l‘i
marily through assessment against experimental data. However, in many of these areas,
the assessment to date does not cover all phenomena of interest. or is based on a limited
number of experiments and analyses which may be insufficient to cover the scales of inter
est and which may be insufficient to allow identification of experiment-specific problems
vs generic code [J{'HM!'[Ih and defic encies }'I!H:’.!‘.'H;UH‘. there has been Nno assessment

vet at all of MELCOR for some phenemena, as identified here,

Hn'rt‘ I8 NO experiment [ not even Hu' l \” rt'(i‘i(‘!l:i \\‘}m ?! H'g»!l‘w‘!n% iH !Itn!ill'!‘.\ uf-
4 severe accident. antd ui']_\ the TMI accident is at full, p!.'mt scale, [t is therefore nec-
essary for severe accident codes to supplement standard assessment against experiment
(and against simple problems with analytic or otherwise obvious solutions) with plant
calculations that cannot be fully verified, but that can be judged against expert opinion
for reasonableness and internal self-consistencs (particularly using sensitivity studies)
and also can be compared to other code calculations for consistenc v. A number of plant
analyses have been done with MELCOR, with sensitivity studies and/or code-to-code
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1 Introduction

MELCOR [1] is a fully-integrated, engineering-level computer code that models the
Progression of severe accidents in llg}.l water reactor miclear power ;)l.nllh. l-('mg devel
oped at Sandia National Laboratories for the U. S. Nuclear Regulatory Commission (US
NBC') and the U. 8. Department of Energy (USDOE). The entire spectrum of severe ac-
cident phenomena, including reactor coolant system and containment thermal /hydraulic
response, core heatup, degradation and relocation, and fission product release and trans
port, is treated in MELCOR in a unified framework for both boiling water reactors and
pressurized water reactors. The MELCOR computer code has been developed to the

point that it is now being successfully applied in severe accident analyses,

Soine limited technical assessment activities have been performed to date and a num-
ber of assessment calculations now are being done for the NRC. The available MELCOR
assessient was surveyed in early 1990, as part of the MELCOR Peer Review process {2
and as part of developing a comprehensive multi-year, multi-facility assessment plan [3].
Both the MELCOR peer review and the NRC recognized the need to undertake a more
comprehensive and more syvstematic program of MELCOR assessment

However, there is now also a need to again review and evaluate the available MELCOR
assessment done to date. l‘}ll!u’\!ll_'_ and expat <{a!au those pn".‘inu\ surveys to include rec ot
and non-NRC analyses. This survey of existing assessment will be combined with a review
of NPR vs LWR severe accident phenomena, and with a review of available NP R-specific

experimental data and other calculations, to develop a comprehensive plan for verification

and validation of the MELCOR/NPR code being developed for the U. S. Department of

Energy (USDOE) for analyzing the New Production Reactor (NPR)

\ MELCOR venfication and validation ("V&V") program was fundad at Sandia in
1985-1986 [4]. That limited effort primarily involved containment phenomena, b ause
of the data available in that area and because of the synergism with the TONTAIN
code development effort at Sandia. Results from MELCOR 1.0, 1.5.0 and 1.6.4 were
compared with experimental data, with more mechanistic codes and with analytical
solutions. Problems analyzed during the 1986 V&V program are described in Section 2

A separate MELCOR assessment program also has been underway at Brookhaven over
the past few years, and is currently ongoing. Unlike the Sardia or UKAEA programs, the
BNL effort concentrates on assessment of in-core damage phenomena using tests PBE
SFD 1-1 [5], PBF SFD 1-4 [6], NRU FLHT-2 [7, 8], NRU FLHT-4 [9] and NRU FLHT-5
(10]. It also includes plant analyses for the Peach Bottom BWR (11, 12], Zion, a 4-loop
Westinghouse PWR [13], Oconee, a B&W PWR plant [14, 15, 16], and Calvert Cliffs, a
CE PWR plant [17]. including comparison to other code caleulations. Problems analyzed
by BNL are discussed in Section 3.

MELCOR has been used by Sandia to participate in the TMI-2 [18] plant accident
standard problem, and HDR 131.5 (15P-23) [19] hydrogen mixing and PHEBUS B9+
(ISP-28) [20, 21| core damage standard problem «iercises. MELCOR caleulations are
currently being submitted for the CORA 13 (ISP-31) [22, 23, 24] core damage standard






calculations for the Phebus-FPTO t'.\}u‘l'illl(’m tl“:. and calculations of two Peach Pottom
BWR plant severe accident sequences [10]. More recently, a number of calculations have
been done at NUPEC with MELCOR 1.8.1 [41], including numeric studies on machine
dependencies and time step effects [42] (repeated with MELCOR 1.8.2 for direct compar
ison {43]), analysis of NUPEC's hydrogen mixing and distribution tests M-4-3 [44] and
M-7-1 (ISP-35) [45, ?, 46], containment calculations for Phebus-FP test FPT-1 [47, 33).
and a number of PWR [48] and BWR [49] plant sequence analyses in support of PSA
studies,

MELCOR 1.8.2 calculations for NUPE("s hydrogen mixing and distribution test M-
7-1 (ISP-35) have also beeu performed by Tractebel Energy Engineering (TEE) [50, 51],
as described in Section 10.

A Level-3 probabilistic risk assessment (PRA ) was done for N Reactor, a USDOE pro
duction reactor, with phenomenological supporting calculations performed with HECTR
and MELCOR [52]. In order to ensure that the codes and the input adequately modelled
N Reactor. a number of benchmarking calculations (discussed in Section 11) were per-
formed. The purpose of the benchmarking exercises was to demonstrate that MELCOR
could perform acceptable source term calculations for N Reactor accident sequences. Fach
of the benchmark calculations performed was intended to exercise a particular model or
section of the code, and these separate effects calculations helped develop confidence
that the models work as intended; with the processes represented by these calculations

“proven”, it could then be assumed that integral calculations would be essentially correct.

MELCOR was used to perform independent safety calculations for two proposed SP-
100 space reactors designs (53], as described in Section 12, It proved possible to model] and
analyze simple pressure and temperature excursions for litium coolant with the existing
code. This successful application to space reactors helps demonstrate the code’s worth

as a flexible analysis tool.

Section 13 summarizes the results of several simple, well-characterized problems done
by Dennis Liles as part of the MELCOR Peer Review [2]. Demonstration calculations
for station blackout scenarios in a typical P'WR and BWR were also done and presented
by Sandia staff as part of the Peer Review process, also discussed in Section 13.

A number of assessment calculations have been done at Sandia since the Peer Review
as part of a quality control and technical assessment program, including some repeats of
analyses done in the earlier assessment effort [54]. Thes» are summarized in Section 14.
That pregram at Sandia concentrated on PWR primary system response, analyzing the
FLECHT SEASET natural circulation tests [55] and the OECD LOFT integral severe
accident experiment LP-FP-2 [56], and on fission product and aerosol release and depo-
sition, analyzing the LACE LA4 containment-geometry aerosol deposition test [57] and
the ACRR ST-1/ST-2 in-pile source term experiments done at Sandia [58).

The MELCOR 1.8.1 code has been used at the Atomic Energy Institute in Hungary
to simulate the PMK bleed-and-feed experiments done in a scale-model VVER-440 test
facility [59], with comparison to results from corresponding RELAPS5/MOD2 calculations,
as summarized in Section 15,



MELCOR has been used at Sandia in a number of PRA applications, as described
briefly in Section 16. In the NUREG-1150 study [60] reassessing risk at five plants, MEL-
COR was used to perform containment response calculations [61]. In the phenomenology
and risk uncertainty evaluation program (PRUEP), MELCOR calculations were per-
formed as part of an integrated risk assessment for the LaSalle plant [62]. MELCOR
calculations have been done updating the source term for three accident sequences (AG,
S2D and S3D) in the Surry plant [63]. MELCOR also has been used extensively in a
program assessing risk during low power and shutdown modes of operation at the Grand
Gulf plant [64] (with Brookhaven performing a parallel study for a PWR [65]).

SCDAP/RELAPS calculations of natural circulation in the Surry TMLB' accident
scenario [66] were independently reviewed and assessed by Sandia [134]. A number of
identified uncertainties were examined by building a corresponding MELCOR model of
the Surry plant and performing sensitivity studies with MELCOR on several modelling

parameters, as described in Section 17.

MELCOR has been used as a severe accident analysis tool for several Oak Ridge
programs. MELCOR been validated by ORNL as part of the High Flux lsotope
Reactor (HFIR) Safety Analysis Report (SAR) quality assurance program, before using
MELCOR as the primary analysis tool for their Chapter-15 design-basis accident analy-
ses. Problems analvzed during the ORNL V&V effort [68] are discussed in Section 18.1.
A= part of a focused ere accident study for the Advanced Neutron Source (ANS)
Conceptual Safety Analysis Report (CSAR), MELCOR is being used at Oak Ridge to
predict the transport of fission product nuclides and their release from containment [69],
as summarized in Section 18.2. ORNL has also completed a MELCOR analysis charac-
terizing the severe accident source term for a low-pressure, short-term station blackout
sequence in a BWR-4 [70], as described in Section 18.3. A detailed assessment of the
ME! ('OR Radionuclide (R V) Package's fuel fission product release models has been per-
formed at ORNL via sivaulation of ORNL’s VI-3, VI-5, and VI-6 fuel fission product
release tests, and comparison of MELCOR's predicted fission product release behavior
with that observed in the tests, as summarized in Section 18.4. Section 18.5 describes
work on a projects to prepare a fully qualified, best-estimate MELCOR deck for the
Grand Gulf facility; duplicate a short-term station blackout sequence with the deck used
for NUREG-1150, and the QAed deck; and to compare the results of the two analyses.

A MAAP/MELCOR comparison for the Zion plant has been completed, but we have
not been able to obtain the final reporl or any other information on the results of this
study, so it is noted as existing but not included in this summary.

Mr. Hidaka of JAERI has very kindly sent us a conference paper and a more detailed,
supporting internal memorandum [71, 72] on a comparative study of source terms
a BWR severe accident as predicted by THALES-2, the Source Term Code Package
(STCP), and MELCOR. A summary of this conference paper is presented in Section 19,

MELCOR calculations have been done for two plant scenarios in the Teollisuuden
Voima Oy (TVO Power Company) nuclear power plant, including a MAAP/MELCOR
comparison study with the MAAP runs done by TVO and the MELCOR runs done by



Valtion Teknillinen Tutkimuskeskus (VITT), the Technical Research Centre of Finland
['hese analyses began using MELCOR 1.8.0 [73] and continued using MELCOR 1.8.1
[74], for the thermal /hydraulic aspects of the accidents; more recently, MELCOR 1.8,2
has been used to expand the TVO plant analyses to include fission product behavior in
two accident scenarios [75]. In addition, an initial station blackout with a 10% break in
the main steam line with recovery of power and reflooding of the overheated reactor core
with auxiliary feedwater system has been analvzed for the TVO plant using the MAAP,
MELCOR and SCDAP/RELAPS5/MOD3 computer codes [T6]. The results are described

briefly in Section 20.

Msrs. Schmocker and lsaak prepared a summary paper of MELCOR experience
at HSK (Hauptabteilung fiir die Sicherheit der Kernanlagen, the Swiss Federal Nuclear
Safety Inspectorate) especially for this survey report [77]. The extensive set of plant anal
yses done include a number of sensitivity studies and a MELCOR/MAAP comparison,
['heir contribution s given almost verbatim in Section 21.

Section 22 gives results of a MAAP/MELCOR comparison study for the Point Beach
plan’ just completed as a master’s thesis at the University of Wisconsin [78]

some additional MELCOR assessment calculations are being done currently for the
NRC under the MELCOR development project, Completed analyses include Marviken-V
aerosol transport tests ATT-2b and ATT-4 [79]. PNL ice condenser tests 11-6 and 16-11
(80], the SNL and ANL IET direct containment heating (DCH) tests [81], ACRR early-
phase core damaged fuel test DF-4 [82] and ACRR late-phase core melt progression tests
MP-1 and MP-2 [83], a TMLB’ station blackout analysis for the Surry plant, comparing
results from MELCOR 1.5.2 with results from MELCOR 1.8.1 for the same transient [84].
and the GE large vessel blowdown and level swell tests [R5], Ongoing calenlations include
the SURC-2 core-concrete interaction test and the CSE containment spray experiments,
[hese will be summarized in Section 23, A nuinber of MELCOR benchmark problems
are being collected, updated, rerun, and documented [86, 87]; these will be suunmarized
in Section 24

Several sets of MELCOR calculations [88] have been completed studying the effects
of air ingression on the consequences of various severe accident scenarios, as described in
Section 25. One set of calculations analyzed a station blackout with surge line failure priot
to vessel breach, starting from nominal operating conditions; the other set of calculations
analvzed a station blackout occurring during shutdown (refueling) conditions. Both sets
of analyses were for the Surry plant, a three-loop Westinghouse PWR. For both accident
scenarios, a basecase calculation was done, and then repeated with var.ous amounts of
air ingression from containment into the core region following core degradation and vessel
failure. In addition to the two sets of analyses done for the Surry PWR, a similar air-
ingression sensitivity study was done as part of a low-power/shutdown PRA; that PRA
study also analyzed a station blackout occurring during shutdown (refueling) conditions,
but for the Grand Gulf plant, a BWR/6 with Mark 11l containment.

Section 26 discusses a number of MELCOR calculations which have been done for se
vere accident sequences in the ABWR and the results compared with MAAP calculations

for the same sequences [89].
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2 1986 V&V Program

A MELCOR verification and validation ("V&V") program was funded at Sandia in
1985-1986. That limited effort primarily involved containment phenomena, because of
the data available in that area and because of the synergism with the CONTAIN (93]
and HECTR [94] code development efforts at Sandia. Results from MELCOR 1.0, 1.5.0
and 1.6.0 were compared with experimental data, with more mechanistic codes and with
analytical solutions [4]. The comparisons that were made with experimental data all
were done by simply converting CONTAIN and/or HECTR 1nput models into MELCOR
models, rather than by developing MELCOR models directly from facility information.
Because modelling conventions and guidelines appropriate for those other codes cannot
guarantee a'ways to produce the best possible MELCOR model. those analyses may not
have adequately evaluated the modelling potentials of MELCOR. Furthermore. all those
calculations were done with old versions of MELCOR, and it is not known whether any

of the results would change using more current code versions

2.1 Adiabatic Expansion of Hydrogen, Two-Cell Flow

MELCOR 1.6 calculations for the adiabatic flow of hydrogen between two control
volumes were performed, and the results compared to an exact analytic solution for an
ideal gas, Six cases were considered, varying the initial conditions, control volumes sizes
and flow path parameters over a wide range. The MELCOR results ditfer only slightly
from the analytic solutior 'he differences are caused by the use of a temperature
dependent heat capacity in MELCOR, which introduces some deviation from the ideal

gas assumptions.

2.2 Saturated Liquid Depressurization Test

The analysis of severe accidents involves predicting the depressurization of the reac
tor vessel into its containment; for some accident sequences, the reactor vessel contains
significant quantities of high-pressure, high-temperature water which will undergo rapid
flashing during depressurization. MELCOR's ability to predict this depressurization is
tested using a simple model and comparing to an analytic solution obtained from mass
and energy balances., The results show good agreement between MELCOR predictions

and the analytical solution. The calculations were done with MELCOR 1.6 on a VAX.

2.3 Cooling of Structures in a Fluid

MELCOR 1.0 calculations were performed for the cooling of twe uniform heat strue
tures (one rectangular and one cylindrical) with constant thermal properties and heat
transfer coeflicients. The temperatures as a function of time were compared to an exact
analytic solution and to SCDAP results [108]. The good agreement of the MELCOR



results with the SCDAP results and the exact analytic solution show that the finite
difference methods used in the HS package produce accurate results for internal heat

cond tion \'.'l?f;c):n internal or surface power sources,

2.4 Radial Conduction in Annular Structures

MELCOR 1.0 predictions of the steady-state temperature distributions resulting from
radial heat conduction in annular structures were compared to an exact analytic solution
for two sets of boundary conditions and two cylinder sizes; in addition, the self-initialized
steady-state temperature distributious were compared to the results of a transient calcu-
lation in which a structure with an initially-uniform temperature profile and the apypro
priate, fixed boundary conditions is allowed to reach a steady-state temperature profile.
The agreement between the MELCOR results and the fllr-tl}.'\n result is excellent 10 all

four cases studied

2.5 Transient Conduction in a Semi-Infinite Solid Heat Struc-

ture
MELCOR }'!"1!1('14'!1\ have been M'n;;u:!wl & t analvtic solutions for transient
heat flow in a semi-infinite solid with convective ndary conditions. This }Hlllbl"lll
sitnulates the conduction heat transfer 1o thick w such as the concrete containment

walls of a nuclear power plant during a severe accident. Comparisons were made for
steel and concrete, various thermal conductivities, ambient atmospheric temperatures,
noding resolutions and time steps. MELCOR results appeared to be more accurate for
cases involving materials with low thermal conductivities (like concrete) rather than high
thermal conductivities (like steel), although in either case the accuracy of the MELCOR
results is quite acceptable, within <1% of the analytic solution for the integrated heat
flux. The calculations reported were run with MELCOR 1.1: a few cases were later rerun
with MELCOR 1.6 with no significant differences in results

2.6 HDR Containment Experiment V44

MELCOR 1.6 was used to simulate the HDR steam blowdown experiment V44 [95], a
reactor-scale containment test conducted by Kernforschungszentrum Karlsruhe (KfK) at
the decommissioned HDR reactor facility near Frankfurt in Germany. The peak contain
ment pressure predicted by MELCOR was ~24% higher than measured, but the longer
term calculated pressures are in good agreement with observation, The temperature in
the main compartment predicted by MELCOR peaked ~20K higher than observed, but
again good long-term agreement was obtained. The agreement found between MELCOR
calculations and experimental results was similar to that using the CONTAIN code.

' - O R S R R N N B O B S R - B | .
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2.7 Battelle-Frankfurt Gas Mixing Tests

The Battelle-Frankfurt mixing tests [96, 97) were a series of experiments in which
hydrogen-nitrogen mixtures were injected into a model containment at the Battelle In
stitute e. V., Frankfurt; the containment model was a concrete structure with cylindrical
central regions which could be isolated from the upper and asymmetric outer compart
ments. MELCOR calculations were done for tests BF-2 and BF-6, where only the inner
regions of the containment were used, and for tests BF-10 and BF-19, in which the innex
regions could communicate with the outer compartments. These four tests had been sim
ulated also with the RALOC {‘)"‘1 and HECTR :‘.)»L U'): codes, and the MELCOR results

compared both to test data and to results from these other codes.

MELCOR produced generally good agreement with test data, especially for those
hydrogen-mixing tests where initial temperatures were assumed uniform and very near
the injected gas temperature (1.¢., BF-2 and BF-10). Relatively large flows were calcu
lated for what was a zero-flow steady state, which could be eliminated by more careful
selection of initial pressures, by eliminating elevation discontinuities in the model, and by
using a large computer word length. A fairly large number of iterations were required to
obtain good agreement between MELCOR and experiment in those cases (i.¢., BF-6 and
BF-19) in which the initial temperatures were not uniform, as also found in the RALOC
and HEC'T R n!‘.év!_\ SECS.

2.8 ABCOVE Experiments AB5, AB6 and AB7

[he Aerosol Behavior Code Validation and Evaluation (ABCOVE) program was a
cooperative effort between the USDOE and USNRC to validate aerosol behavior codes
under the conditions found in an LMFBR containment during a severe accident. A
series of validation experiments were conducted at the Containment Systems Test Facility
(CSTF) at Hanford, in which single- and double-component aerosols were injected into
a closed vessel. MELCOR 1.5 was used to simulate ABCOVE aerosol experiments ABS,
AB6 and ABT7, comparing both to test data [100, 101, 102] and to results [103] from the
CONTAIN {f”: code,

MELCOR results were nearly identical to the CONTAIN results. The code predic-
tions for the suspended mass of aerosol(s) track the experimental data to the end of the
experiment to within a factor of two or three (over many orders of magnitude). Results
for the masses deposited by settling agree within an 11% error with the data for all
three tests. In AB5, code predictions for the material deposited by plating agree with
data within 12%. For the other two tests, the codes did not give good accurate resalts
for the amounts of material deposited on the walls at the end of the test; these errors
were considered probably related to turbulence in the vessel which could cause inertial

impaction, which was not modelled in either code.
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3 Brookhaven Program

BNL has a program with the NRC' to provide independent assessment of MELCOR

I 1

as a severe-accident /source-term analysis tool ['he scope ol Lhis progran 1s 1o pu rform
quality control venification on all released versions of MELCOR. to benchmark MELCOR

against more mechanistic codes and experimental data from severe fuel damage tests, and

to evaluate the ability of MELCOR to simulate long-term severe accident transients in

commenrnt !A} l\\ “\ ;'v} u!}{»i);!"' 1'2,: 1.,1§o~ o !:uuif': }"l"!. “'\\. “ _HAf l'\\ H\.

(,"\l! ':':»' ['u‘f f.v'\'. Vears, :111 Tﬂ"‘,’xi"‘x’”} VETrsions Of \”[‘()“ ‘Im\' i't’l I '!.'»Y:i{l"li {\illll
maintained on BNL's VAN mainframe. Version 1.8.]1 was installed 1n FY92. Whereas
BNL's main emphasis has been on VAX, the IBM 3090 mainframe has also been used
and currently has MELCOR version 1.8DN up",'.n?.l»lu\z on it, BNL also intends to get
into the workstation environment in the near future. As part of verification, BNL has
ubmitted 36 defect investigation reports (DIRs) to Sandia thus far; these have served

1 1 ] ] ] ] ] 1
to wdentify code errors and dehaencies, and recommend code improvermnents

In accordance with a 1988 study on experimental data alternatives for benchmarking
: ; ! ‘ N :
MELCOR [104], benchmarking analyses have been carried out for the following integra
.

] armage Les

severe '}lll

. NRU FLHT test 4, and

5. NRU FLHT test 5

' s q 1 y . \ y X
\\H !( OR hasg been and 1s being used to simulate dominant severe accidents n the

following commercial LWR plants

I'( al l} HUY‘HIH 1‘;] H\\R 1. \1.-1{‘.L\ l 4'111“1%%1(:"?:’. :{_“';\1\\“ B
2. Zion (Westinghouse 4-loop PWR, large dry containment, 3250Mwt ),
3. Oconee (BE&W 2-loop PWR, large dry containment, 2584Mwt ), and

1. Calvert Cliffs (CE 2-loop PWR, large dry containment, 25T0Mwt)

On NRC request, support was provided to the NRC-sponasored Peer Review Committee



3.1 PBF SFD 1-1 Core Damage

MELCOR 1.7.1 calculations were done for the Power Burst Facility (PBF ) Severe Fuel
Damage (SFD) test 1-1 [105] performed at the ldaho National Engineering Laboratory
(INEL). The SFD 1-1 test was designed to simulate the heatup and resulting fuel damage
in the upper half of a PWR core at ~2-3hr after initiation of a small break accident,
when the core would be approximately 75% uncovered, Results [5] analyzed included
the transient two-phase interface level in the core, fuel and clad temperatures at various
elevations in the fuel bundle, clad oxidation, hydrogen generation, fission product release
and heat transfer to surrounding structures. These results were compared to experimental
data and to predictions from STCP [106, 107] and SCDAP [108, 105].

There were a number of uncertainties due to the performance of the test, including
the bundle nuclear power used for evaporating of condensed steam; failure of thermo-
couples above 2000k effects on shroud thermal conductivity due to failure of the shroud
inner liner leading to steam penetration into the low-density zirconia insulation; and
measurement uncertainties in hydrogen generation due to oxidation of cladding. The
use of a coustant inlet water flow rate in the MELCOR simulation introduced a further
discrepancy into the analysis. Despite this, the calculated results showed good overall
agreement wit! test data and with SCDAP results. The simplistic clad rupture model in
MELCOR predicted failure times in the neighborhood of experimentally observed values,
in no worse agreement with data than predicted times from SCDAP and STCP. Fission
product releases predicted using both CORSOR and CORSOR-M models in MELCOR
were an order of magnitude higher than either experimental data or SCDAP analysis
using the FASTGRASS model [109], possibly because the models used in MELCOR are
not intended for trace-irradiated fuel. Hydrogen production predicted by MELCOR was

in very good agreement with measurement.

3.2 PBF SFD 1-4 Core Damage

MELCOR 1.8 calculations were done for PBF SFD test 1-4 [110], performed at the
INZL, The test consisted of a 1.3hr-long nuclear transient simulating a small-break loss
of-coolant accident without energy core coolant (S;D) in a commercial PWR. Results [6,
111] analyzed included the transient liquid level in the test bundle, clad temperatures and
shroud temperatures, clad oxidation and hydrogen generation, bundle geometry changes,
fission product release and heat transfer to the bypass flow. These results were compered

-

to experimental data and to predictions from SCDAP/RELAPS calculations [112].

There were many sources of uncertainties in the performance of the test, such as fail-
ure of shroud inner liner and thermocouple failures, as well as measurement uncertainties
in hydrogen generation, liquid level in the bundle, fission product release, inlet water
flow rate and power transferred to the bypass flow. There were also several model uncer
tainties and simplifications in MELCOR. Despite this, in general, MELCOR calculations
represented the bundle behavior during the test reasouably well, showing the same trends
as SCDAP/RELAPS cale © tions and the measured data.
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3.3 NRU FLHT-2 Core Damage

MELCOR 1.8DN calculations were done for the Full-Length High-Temperature (FLHT)
test 2 [113], performed by Pacific Northwest Laboratory (PNL) at the National Research
Universal (NRLU) Reactor at Chalk River, Canada. The objectives of the test were to
simulate heatup and resulting fuel damage of full-length fuel rods during a hypotheti
cal small-break loss-of-coolant accident in a commercial PWR. Results [7, 8] analyzed
included the transient liquid level in the fuel bundle, heat transfer to the bypass flow,
cladding temperatures, shroud temperatures and hydrogen generation. These results
were compared to experimental data and to SCDAP results [108, 114]. Several sensitivity
calculations were done, varying user-input modelling and time step control parameters.

['here were some measurement uncertainties in the test, causing uncertainties in fis
sion power, heat transfer to the bypass, hydrogen generation, liguid level in the bundle
and inlet water flow rate; there were also several model uncertainties and simplifications
in the MELCOR analyses. However, the MELCOR calculations generally represented
the bundle behavior during the test reasonably well, showing similar trends to measured

1lni'd

Both MELCOR and SCUDAP appeared to underpredict the sharp temperature rise due
to accelerated zircaloy oxidation. The calculated temperature peak was delayved also, but
the delay (compared to test data) was much greater in the SCDAP calculation. That
better agreement between MELCOR clad temperatures and test data was reflected in the
total hydrogen production, also. The discrepancies with data of the MELCOR results
were attributed partially to the lack of a clad ballooning model, the absence of oxidation
on the inside of the clad. and the treatment of the shroud zircaloy inner liner as a heat
structure which is assumed not to oxidize; however, while there is no explicit model for
clad ballooning in MELCOR, the selection of a default clad failure temperature of 1173K
appears justified due to its closeness to the experimentally detected value of 1200K, (As
discussed in Section 4.3, the oxidation of a similar shroud zircaloy inner liner in the
PHEBUS B94 ISP-28 analysis done with MELCOR by SNL was represented through
a code modification and, as discussed in Section 14.5, the oxidation of a similar shroud
zircaloy inner liner in the LOFT LP-FP-2 assessment analysis done with MELCOR by
SNL was studied via simple, input-defined bounding calculations. )

The MELCOR calculations did not predict any noticeable flow blockages anywhere
in the bundle region; this agrees well with post-irradiation examination of the FLHT-2
bundle, which revealed very small area reductions due to blockage. This is in contrast
to the PBF tests, with a shorter-length fuel bundle, where large, cohesive blockages were
observed to form in the lowest regions of the bundle,

Sensitivity calculations showed that bundle axial nodalizaticn affected the predicted
results, with a finer nodalization giving better agreement with test data. For this full-
length test, a nodalization with 20 axial segments gave better results than using 5 or 10

segments, as would be expected; the results from 20 and 30 axial levels showed very little

difference




Both the MELCOR and SCDAP calculations used a constant fission power, with
out considering the increase in local power as water was replaced by a steam-hydrogen
mixture during the boilaway transient, and both codes underpredicted the observed test
temperature behavior. Sensitivity calculations showed that using higher fission power
gave higher clad temperatures and reduced the delay in the peak clad temperature. The
view factor for radiation radially outward from the core cell boundary also was shown to

be an important parameter.

A very large heat transfer coefficient was assumed for the heat transfer to the outside
boundary because of the high mass flow rate of the bypass coolant. Sensitivity calcu
lations on convective heat transfer coefficients between shroud and bypass flow showed
that variation of this coefficient did not affect the result as long as it was high enough,
because much higher heat transfer resistance existed in the insulating shroud layers.

Probably because this experiment did not involve competing and threshold phenom-
ena, reduction of the allowed Aty ax resulted in a converged solution. Other parameters
varied in sensitivity studies were power deposited to the shroud, its radial distribution
among the different layers, and the radiative exchange factors for radiation axially upward
from a core cell boundary and for radiation from the liquid pool to the core. Changes in

these parameters had little impact on the calculated results.

3.4 NRU FLHT-4 Core Damage

MELCOR 1.8.1 calculations also were done for FLHT-4 [115], performed by PNL
at the NRU reactor. The ohiectives of the test series were to simulate heatup and
resnlting fuel damage of full-lengti: fuel rods during hypothetical loss-of-coolant accidents
in commercial PWRs. Unlike the FLHT-2 test, the period of high temperature and severe
damage in FLHT-4 was prolonged to assess the continuation of hydrogen production after
clad melting occurred. Results (9] analvzed included the transient liquid level in the
test bundle, cladding temperatures, shroud temperatures, hydrogen generation, fission
product release and material relocation. These results were compared to experimental
data and to SCDAP results [108, 114]. Several sensitivity calculations were done also,
studying the effects of variations in maximum allowable time step size for the calculation,
in critical minimum thickness of unoxidized zircaloy in cladding and steel, and in fuel

release models.

In general, MELCOR calculated the bundle behavior during the test reasonably well.
The results showed similar trends to the measured data and were in better agreement
with data than those calculated by SCDAP. The heatup portion of the transient was
predicted well,

However, significant differences in predicted and measured results were noted in the
total hydrogen production, in the cladding temperature escalation time, and in material
relocation. The MELCOR calculations showed severe material relocation and noticeable
blockage in the lowest regions of the bundle; in contrast, post-irradiation examination of
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the FLHT-4 bundle revealed very small area reductions due to blockage. (The predic

tion of less hydrogen production than observed was also found in the simulation of the
FLHT-2 test, where there was no noticeable blockage anywhere in the bundle region, but
the difference was smaller than for FLHT-4.) These differences were attributed mainly
to deficiencies in the material relocation model, to the lack of an oxidation model for the
shroud zircaloy inner liner, and to the lack of a clad ballooning model. However, there
were some measurement uncertainties in the test which caused uncertainties in hydrogen
generation, such as liquid level in the bundle, inlet water flow rate, ete. (As discussed in
Section 4.3, the oxidation of a similar shroud zircaloy inner liner in the PHEBUS B9+
ISP-28 analysis done with MELCOR by SNL was represented through a code modifica-
tion while the oxidation of a similar shroud zircaloy inner liner in the LOFT LP-FP-2
assessment analysis done with MELCOR by SNL was studied via simple, input-defined
bounding calculations, as discussed in Section 14.5.) SCDAP also underpredicted the
sharp temperature rise due to accelerated zircaloy oxidation; furthermore, the calculated
temperature peak was also delayed, much more so in the SCDAP analyses thau in the

MELCOR results

Progressive reductions in Aty 4y led to a converged solution, in the absence of mate
rial relocation, because the rest of the experiment does not involve threshold phenomena
['he eritical minimum thickness of unoxidized zircaloy in cladding and steel, a user-input
parameter, also had a significant effect on the calculated behavior. Reducing this param
eter by a factor of 20 fim its default value resulted in the zircaloy mass staying longer in
the hot bundle region before relocating. thus producing more hydrogen due to reaction

with steam.

Of the eleven rods used in the FLHT-4 test, ten were fresh and only cne rod was
three-cycle irradiated. How this was represented in the MELCOR model is not docu-
mented. The results given, for xenon and krypton release fractions, showed MELCOR
overpredicting the release (using the CORSOR option) and SCDAP underpredicting the
release. A sensitivity study using the CORSOR-M option showed no significant impact
on final release results except for tellurium where CORSOR-M predicted a much higher
release than CORSOR. (This analysis was performed and documented before SNL iden-
tified and corrected an error in the tellurium release rate oxidation adjustment, during
the ACRR ST-1/8T-2 source term assessment described in Section 14.4.)

3.5 NRU FLHT-5 Core Damage

MELCOR version 1.8.2
iment [10]. The FLHT-5 test [116] was conducted under more severe conditions than
FLHT-2 or FLHT-4 and fuel degradation occurred over a longer period of time. Post-
test analyses of the test data also have been performed with the SCDAP code [117].

has been used suvvessfully to simulate the FLHT-5 exper-

MELCOR-calculated results are presented for the transient liquid level in the test
bundle, cladding temperatures, shroud temperatures, hydrogen generation, fission prod-
net release and material relocation. Clomparisons are made with experimental data and
with SCDAP calculations.



['he test train was modelled as a BWR geometry, which allowed the mass of zircaloy in
the shroud inner liner, carriers and clad of one unfueled rod to be modelled as a canister
component, and hence participate in oxid.t i with steam, as in the experiment. This
was a modelling change from earlier simulations which treated the test train as a PWR
geometry, in which the liner, being treated as a heat structure, could not participate in
oxidation. The impact of this modelling change was to increase predicted cumulative
hydrogen production by ab~* 55-60%.

MELCOR predicted the heatup and temperature escalation of the clad very well,
slightly better than SCDAP. There was also an improvement over earlier MELCOR cal-
culations of FLHT-4 (discussed above in Section 3.5). There were, however, significant
differences between measured and calculated saddle temperatures. These discrepancies
can be partially attributed to uncertainties in estimating the effective thermal conduc-
tivitv of the shroud during the transient.

Both MELCOR and SCDAP predict eatly termination of autocatalytic zircaloy ox-
idation. This is primarily due to overprediction of zircaloy relocation to cocler regions
of the bundle, where oxidation is suppressed. This results in lower predicted cumulative

h.\ernL’,t‘n ;muimm\, (’Um[m!’wl to the t'ﬁ.[n'!‘inn‘m.

There is also a period of about 250s during which MELCOR predicts virtually no
hydrogen production, and this corresponds to complete blockage of the fuel channel
by massive relocation of core material calculated by MELCOR. In comparison. post-
test visual examination of the fuel bundle revealed rundown of molten cladding, but
no massive relocation fron. the high temperature region to the cooler regions above the
coolant pool, and no flow blockage. Hence. oxidation and hydrogen generation continued
unabated in the test,

[he relocated material calculated by MELCOR included the liner (modelled as can-
ister). The experiment showed substantial oxidation but almost no relocation of the
shroud liner, If oxidation of heat structures were modelled in MELCOR, the shroud
liner could have been modelled as a heat structure, which is not allowed to relocate; that
would have resulted in more zircaloy oxidation, less overall relocation of core material
and more hydrogen production. Hence, it is strongly recommended in the conclusions of
(10] that the heat structure package in MELCOR be upgraded to allow oxidation of heat
structures, as is the case with SCDAP.

The results of several sensitivity caleulations with MELCOR also are presented, which
explore the irnact on the predicted behavior of varying user-input modelling options and
timestep control parameters. This latest release version of MELCUOR has several new or
improved models, and has corrections to mitigate numerical sensitivities; the impact of
these new models is also investigated.

All sensitivity calculations used one radial ring and twenty axial segments in the
active bundle region. Parameters varied include maximum allowable timmestep size, ma-
terial holdup parameters, refreezing heat transfer coefficient, core radiation view jactors,
and fission product release models. Some of the new MELCOR 1.8.2 models such as
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eutectic interactions and the core boundary fluid temperature option were included in

the reference calculation: these models were deactivated in sensitivity calculations.

Sensitivity calculations show a noticeable improvement in the numerical behavior of
MELCOR. While there is no convergence in going to smaller values of user-specified
maximum allowed time steps, there is less deviation in predicted results for different
values of user-specified maximum allowed time steps than was observed with previous
versions, Most other parameters have been shown to have small or negligible impact on
the predicted results, the maximum deviation in the predicted total amount of hydrogen
produced being, in most cases, less than +£10% from the base case.

An important input parameter is the core support flag. which can be used to control
the predicted material relocation in MELCOR. Using a support flag set to 01 at every
axial leve] results in less relocation, somewhat more (8% ) hydrogen production and no
flow blockage. This may provide some physical justification for specifying a support flag
of 01 at various axial levels for benchmarking against experiments, since the predicted be-
havior more ¢ l(m'l) resembles the !'X]n‘!'ilm‘nlh”_\’-r)l)wl ved relocation behavior. However,
whether this justification is equally applicable to full-plant simulations with a multi-ring

core model 1s not at all clear, and needs to be investigated.

Another possible approach to improving predicted relocation behavior and prevent
the predicted formation of a complete blockage would be to model the fue! bundle with
2 or 3 rings, rather than 1 ring as done in these calculations. Experimental observation
of the FLHT-5 test showed evidence of heterogeneous melting and relocation. Modelling
with only 1 ring forces MELCOR to assume that all fuel rods ochave the same, leading

to homogeneous relocation.

3.6 Peach Bottom BWR Plant Calculation

BNL performed MELCOR calculations [11, 12] for a long-term station blackout ac-
cident sequence at Peach Bottom, a BWR-4 plant with a Mark | containnient, and
compared the results to Source Term Code Package (STCP) ;H)(i: calculations of the

same sequence [118],

Most of the calculations were performed using MELCOR 1.8BC; however, results
from more recent calculations using MELCOR 1.8CZ and 1.8DNX (DN with updates for
mass inconsistencies in debris ejection to cavity) are also included in the documentation.
The calculations were done on a VAX 6450 computer.

Several sensitivity studies were done also, which explored the impact of varving user-
input modelling and timestep control parameters on the accident progression and re
lease of scurce terms to the environwent. The studies inclhide variations in fuel release
models (CORSOR and COKRSOR-M. both with and without a surface/volume corree
tion ), refreezing heat transfer coeflicients, debris ejection models (solid debris ejection vs
only molten debris ejection), burn propagation parameters, and the maximum allowable
timestep size (10s in the basecase, reduced to 5, 3, 2 and 1s).
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Results from a number of calculations done with the release version of MELCOR 1.5.7
have been documented in a recently-added appendix. The impact of debris fall velocity
in the new debris quench model added in MELCOR 1.8.2 was examined, and the high
pressure station blackout sequence was calculated using ORNL's BH bottom head model,
available as an option in MELCOR 1.8.2

Most interesting is the study on the impact of varying the maximum allowable time
step with the latest code version, MELCOR 1.8.2 (1.8NM). The same set of maximum
allowed time step sizes was u-ed as before, While there was no convergence of the solution
for reduced time steps, there was very close agreement in the timing of key events,
from gap release of fission products, to core collapse lower plenum dryout, vessel failure,
drywell failure, onset of deflagrations in the reactor building and debris ejection to the
cavity. In most cases, deviations in tirning were limited to a few hundred seconds; earlier
calculations using MELCOr 1.8DNX for the same plant transient showed much larger
deviations, many as high as 10.000s. This is certainly evidence of improved numerical
behavior in MELCOR 1.8.2.

3.7 Zion PWR Plant Calculation

As part of an NRC-sponsored review of the MAAP 3.0B code [13], calculations were
performed for two severe accident sequences using the MAAP and MELCOR codes, The
{two accidents analyzed were a loss of all electric power in the Peach Bottom BWR and

a small break LOCA in the Zion PWR

I'he MELCOR calculations were made by BNL staff using version 1.8.0, while the
MAAP calculations were carried out by Fauske and Associates (FAI) and the results

forwarded to BNL for the MAAP-MELCOR comparisons.

I'he MELCOR calculation for the loss-of-power sequence in the Peach Bottom BWR
was Lasically similar to the MELCOR calculations for a long-term station blackout ac-
cident sequence at Peach Bottom already discussed in Section 3.6, with a few minor
changes in the model to better match the corresponding MAAP calculation. The MEL-

COR calenlation for the small break LOCA in the Zion PWR was done specifically as a
MAAP-MELCOR comparison for this MAAP review, and is not documented elsewhere.

3.8 Oconee B&W PWR Plant Calculation

MELCOR calculations have been done for two severe accident sequences (LOCA and
TMLB') in the Oconee-3 nuclear power station, a B&W PWR [14, 15, 16]. Results are
presented for timing of key events. thermal/hydraulic response in the reactor coolant
systemn and containment, and environmental releases of fission products, and include
comparisons with STCP calculations performed at Battelle of the same scenarios [119].
MELCOR version 1.8DNY was used for these calculations. Sensitivity studies were done
varying user-input modelling parameters such as concrete type, vessel failure temperature

and break location.
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and relocation models would have been required to correctly represent all the events in
the TMI-2 accident,

One conclusion made in the TMI-2 MELCOR analysis was that the ability of a
computer code such as MELCOR for prediction of severe accident progression is best
eariy in the accident and becomes progressively less certain later in the accident, due
both to the accumulation of uncertainty in calculation and through the addition of severe
accident phenomena with their associated uncertainty to the calculation. The TMI-
2 analyses demonstrate this principle; The Phase 1 results were predicted fairly easily,
although there was some uncertainty as to what the RCS inventory would be as a function
of time. The Phase 2 calculations evinced an ability to generate divergent results, due
to the addition of highly nonlinear processes such as core oxidation and countercurrent
limited flow in the pressurizer drain line; without the known “correct answer” of plant
data from the accident to benchmark the calculations, it would be easy to generate
different consequences ranging from minimal to a highly damaged core.

['his analysis indicated that the ability to simulate an accident sequence is highly
dependent on the code user, who must select the appropriate nodalization and provide
the appropriate models for phenomena important in the accident sequence (assuming
they are available in the code). The user must also decide whether to impose possible
operator actions as timed events or kev them off of system variables. Finally, to fully
understand the possible ramifications of a severe accident, it is necessary to try to identify,

explain and follow possible divergent paths in the calculation(s).

4.2 HDR T31.5 Containment Blowdown and Hydrogen Mix-
ing — International Standard Problem 23

A series of experiments have been conducted by Kernforschungszentrum Karlsruhe
(KfK) in the decommissioned Heissdampfreaktor (HDR) containment building in West
Germany, to obtain data to increase the understanding of the thermal /hydraulic behavior
in a large-scale multi-compartment facility resulting from severe accident design basis ac-
cident scenarios. MELCOR 1.7.1 and later 1.8 was used to predict the thermal /hydraulic
conditions in the HDR facility for one of these tests, [19] In that test, T31.5, designated
as International Standard Problem 23 (ISP-23), a steam source was injected into one of
the HDR containment compartments to simulate a large-diameter pipe rupture or loss-of-
coolant accident. The short-term containment pressurization and temperature buildup
during the blowdown as well as the long-term cooling and natural convection within the
containment were parameters of particular interest for this exercise. The second phase of
the experiment consisted of an injection of a light gas mixture of hydrogen and helium gas
to investigate hydrogen transport and mixing in a large multi-compartment containment.

Generally, the MELCOR bhnd calculation compared favorably with the expenmental
results. The pressures and temperatures were in reasonable agreement with the data
and in the range of predictive capability of the variety of codes which participated in the

standard probiem exercise.



Open, post-test recalculations identified some areas where input modelling could be
improved. Sensitivity studies showed that improvements in comparisons with data could
be obtained by adjusting flow loss coefficients and convective velocities used in the heat
transfer correlations. In addition, by assessing the MELCOR calculations against data
and other containment analysis codes, areas where code modelling improvements may be

needed were noted.

The ISP-23 calculation was run on both VAX 8700 and Cray XMP-416 computers

with practically identical results.

4.3 PHEBUS B9+ Core Damage - International Standard
Problem 28

\“l‘()]{ I ‘}\ was !1~Hl 10 (nli lx‘sult‘ 1];!' cCoOre d(‘ﬁrminiiuli pfae'!u:m«'rm nf I!i(' l)“l
BUS severe fuel damage experiment B9+, which was selected as International Standard

Problem 28 (ISP-28). [20. 21]

It was necessary to make special code modifications to model the PHEBUS fuel bundle
configuration, because its experimental geometry 1s not typical of the LWR reactor core
configurations that MELCOR is intended to model. The major code change required
imvolved the heat transfer from the Zircaloy liner to the porous zirconia insulating shroud.
In the PHEBUS test bundle MELCOR model. the Zir d!“_\ liner, which is modelled as
a MELCOR core structure to treat oxidation and degradation. is able to transfer heat
to the surrounding insulating shroud structure by radiation only; in reality, however, the
conduction losses from the liner to the highly cooled insulator are substantial. Failure
to model this heat loss resulted i very high calculated bundle temperatures very early
in the experiment, inconsistent with the thermal measurements. Therefore, to correctly
simulate the bundle heat loss in MELCOR, an additional conduction energy heat fiux
was added to the radiation flux to represent the net energy transfer from the test bundle

to the insulator.

(A similar situation exists in the PBF SFD and NRU FLHT core damage tests ana-
lyzed by BNL, as summarized in Section 3. BNL chose to model the zircaloy inner liner
and porous zirconia insulation as a MELCOR heat structure, which correctly represents
the heat transfer, but cannot oxidize, melt or relocate. As discussed in Section 14.5,
the oxidation of a similar shroud zircaloy iuner liner in the LOFT LP-FP-2 assessment
analysis done with MELCOR by SNL was studied via simple, input-defined bounding

calculations.)

A number of other, minor code modifications were also used, mostly involving either
very small masses in the experiment relative to the reactor-scale numbers expected or
involving inconsistencies in mixture material properties, (Most of these have since heen
implemented in the production code.)

Comparisons of the thermal bebavior of the bundle during high fissior. power heating
and oxidation phases show good agreement with the data. Sensitivity studies were done



on the effects of varving the steam injection flow rate and the bundle nuclear power
within the experimental uncertainties, as well as on the insulation thermal conductivity,
the radiation view factors, and the convective heat transfer coefficients. To correct for the
(l--l,llll;r?lull nf ll"ﬂliﬁlmv { !‘u»s?hﬂ\ }n'lwm'ra rmim] FMnegs il'. 1}u' Core pad }\.»u,{v_ llu Huni ”n\\
arcas were repartitioned among the three core rings used to better simulate the mixing

between fluid channels 1n the test.

Other sensitivity studies were done on parameters affecting material degradation and
relocation (rather than heatup), including the minimum oxide shell needed to hold up
material, the failure temperature of the clad and liner, the refreezing heat transfer coef
ficients, and the amounts of UO; and ZrO, carried along with candling molten clad.

4.4 CORA 13 Core Damage - International Standard Prob-
lem 31

['he MELCOR |.8.1 code was used -}‘,\' k’\l ..’_' 23, ‘.,’l' to simulate one of the core
degradation experiments conducted in the CORA out-of-pile test facility at Gesellschaft
fiir Reaktorsicherheit (GRS) in Germany. This test, CORA-13, was selected to be OECD

ISP-31

['he experiment setup consisted of a small core bundle of PWR fuel elements that was
electrically heated to temperatures > 2800k, There were three phases in the experiment:
a 3000s gas preheat phase, a 1870s transient phase, and a 180s water quench phase. In

this blind calculation, only initial and boundary conditions were provided

Four subroutines were added to the standard MELCOR code to model electrical
heating in the core, and the standard COR package also was modified to communicate
with these additional routines. This capability has since been added to the standard
MELCOR code beginning with version 1.8JD, and will be available in the new MELCOR

1.8.2 release version.

MELCOR predictions have v on compared both to the experimental data and to eight
other ISP-31 submittals. Temperatures in various components, energy balance, zircaloy
oxidation and core blockage were all examined. In general, the MELCOR calculation
compared very well to the other submittals.

Up to the point where oxidation was significant. MELCOR temperatures agreed very
well with the experiment (usually to within 50K ). MELCOR predicted oxidation to occur
about 100s earhier and at a faster rate than observed in the experiment. Because of the
more rapid oxidation calculated, the MELCOK temperatures did not agree as well with
test data fater in the transient as they did in the pre-oxidation time period. MELCOR
also predicted a hgher temperature gradient radially than observed in the experiment,

The large oxidation spike that occurred during quench was not predicted, However,
the experiment produced 210g of hydrogen while MELCOR predicted 184g, which was
one of the closest predictions of the nine submittals. None of the codes did well in terms
of predicting oxidation and hydrogen generation; all of the codes overpredicted hydrogen
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5 Culcheth (UK)

I'he control-volume method for calculating containment thermal /hydraulics during
severe accidents has been assessed by the United Kingdom Atomic Energy Agency
(UKRAEA) by comparing results obtained from the MELCOR code against two exper
iments performed in large-scale, multi-compartmented facilities. [25, 26] These calcu-
lations were run with MELCOR 1.8BC on a SUN Sparcl, and were done as part of
international benchmark exercises organized by the Commission of European Communi-
ties (CEC) and the Organization for Economic Cooperation and Development Committee
on the Safety of Nuclear Installations (OECD/CSNI), respectively. These experiments
were chosen because they are among the few relevant and well-instrumented experiments
performed in large, multi-compartment facilities,

In general, the results show that there are important uncertainties associated with
the accurate prediction of containment thermal /hydraulics in complex geometries by
control-volume models. These include leakage rates (especially after containment fail
ure ), modelling of bidirectional and/or strongly stratified flows. resolution of sump pool
thermal gradients, and flows near dead-end rooms. In particular, an appreciation of the
flow conditions to be expected is required to choose an appropriate nodalization scheme

and hence obtain meaningful results, without excessive detail and resulting costs,

5.1 BMC-F2 Containment Thermal/Hydraualics

The Battelle Model Containment (BMC) is a 640m? containment with internal struc
tures % Lich subidivide the containment into rooms connected by flow paths which can
be opened or closed: for the BMC-F2 experiment (121, 31}, the flow paths were ar-
ranged so that the containment was divided into nine rooms. The experiment consisted
of several phases. The object of the heatup phase (Phase 1), which lasted 48hr, was to
establish well-defined boundary thermal/hydraulic conditions in the containment for the
subsequent phases. During this phase, the containment pressure was increased by steam
injection; the steam was observed to accumulate in the upper dome and then gradually
to enter the lower compartments of the facility as more steam was added, maintaining
2 distinet. strongly-stratified air/steam interface. During Phases 2 to 4 (48hr to 75hr),
measurements were taken of the convective flows resulting from air, steam and dry heat
injection into varicus rooms of the containment.

Early calculations with MELCOR for Phase 1 of the BMC-F2 test showed that if the

calculational time step was too large then incorrect results were predicted, with the fow
solutions showing rapid and severe oscillatory behavior. As a consequence, stratification

of the upper and lower atinosphere regions was not predicted. The problem was overcome

by choosing a small enough time step, but this illustrates that the numerical solution
scheme in MELCOR is not robust in some cases; in particular, the coupling of the flow
solutions with the heat and mass transfer to structures was identified as requiring more
detailed evaluation. (All subsequent calculations were checked to ensure the time step
was small enough.)
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not. but this made no difference to the thermal/hvdraulics since the ;Mmmphu-n‘ WH S

well-mixed at the later times,

52 HDR E11.2 Hydrogen Distribution - International Stan-
dard Problem 29

I'he HDR E11.2 experiment [122] was designed to examine the distribution of light
gas throughout a containment under severe accident conditions. A small break loss-of
coolant accident was simulated involving injection of steam and a hydrogen simulant. A
significant temperature difference was observed between the upper dome and the lower
compartments, and very little steam was measured in the lower regions of the containment
until a later phase of the experiment during which more steam was injected at a lower
location. The light gas was measured to accumulate in the upper dome, and very little

was measured in the lower compartments,

Reasonable agreement with the containment pressure was obtained in blind post-test
calculations. This was, however, contrary to the findings of other codes which signifi
cantly overpredicted the pressure. Subsequently, the MELCOR input deck was checked
and an error was discovered in the steam enthalpy, which was about one third of the value
specified by the exercise coordinators. The steam enthalpy was corrected for the ISP-29
calculations with the result that the pressure was overpredicted, much in line with the
predictions of the other codes. Reasons for the pressure overprediction were investigated.
Cooling of the measurement instruments was shown to have an important influence re-
sulting in lower pressures, bt not enough to explain the overprediction. Heat losses due
to venting of the annular gap between the steel shell and the outer coucrete contain
ment was also investigated, but shown to have an insignificant effect on the containment
pressure, [t was therefore concluded that there was an error in the specified /measured
boundary conditions of the experiment (and, indeed, a serious inconsistency in the speci
fied injection steam enthalpy and experimental measurements was later discovered ). The
ISP-29 exercise then was suspended pending further investigation by the organisers.

As noted above, the German experimenters subsequently identified the problem and
revised the specified steam enthalpies accordingly. The MELCOR calculations were re-
peated [27] using the same input model of the containment [25] but incorporating the
revised steam enthalpy boundary condition; the sensitivity of the results to the location
of instrument cooling and flow path characteristics was investigated further, also. It was
concluded that.

1. The instrument cooling in the facility 1s an important feature which roust be mod-
elled; otherwise, the containinent pressure is grossly overpredicted.

-

2. .'-na(i(‘qnalv data 1s available on how best to model the location of the cooling
throughout the facility. Weighting the cooling of certain compartments by the
fraction of cooling pipe therein caused the calculation to crash as it froze those
compartments where very little heatup is measured. The greatest heat losses wili

5 lod
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11.

have been from those compartments with cooling pipes and with highest atmo-
spheric temperatures. This is a time-dependent problem and modelling it correctly

18 nontrivial,

I'he location of the instrument cooling in the facility had some effect on the short
term results, especially for the penetration of the light gas into the lower cells of
the model. However, these differences were eroded over a 4hr period with similar
concentrations throughout the facility predicted at the end of the calculations.

The overprediction of the temperatures in the lower cells of the model resulted ini-
tially from an overprediction in the amount of steam ingress, and this is an inherent
limitation of the lumped-parameter method. The temperature overpredictions fol
lowing the late blowdown injection were most likely due to the fact that no cooling

was modelled in this region

The nodalization of the containment facility was inadequate in certain respects. In
particular, the results for one cell representing six rooms of the facility at about
the 10m level were quite different from others at a lower level and to which it was

connected. A more refined nodalization of these rooms should be explored.

Increasing the flow loss coefficients in those flow paths from the lower cells of the
model to those higher up restricted steam and light gas ingress into the lower
regions. This gave better agreement with the experimental values in the lower
cells but resulted in overpredictions of the pressures, steam concentrations and

consequently temperatures in the upper dome cells,

The overpressures which resulted from the increased flow loss coefficient approach
indicate that this is not an adequate model refinement for better prediction of the
containment thermal/hydraulic behavior,

The analysts concluded that the consistent overprediction of the containment pres
sures throughont all the sensitivities examined was due to a problem in the mass/en
ergy balance in the MELCOR code which results in pressures being overpredicted
for steam injection into a containment.

MELCOR predicted in all cases that there is no stratification of the atmosphere in
the upper dome and that it is continuously well-mixed. This was in contrast to the
experiment where significant differences in the steam and light gas concentrations
were chserved.

MELCOR did not predict the light gas distribution in the containment correctly.
In the experiment, all the light gas rose into the upper dome and stayed there;
in contrast, MELCOR initially predicted flow up into the upper dome but then
distributed the light gas evenly throughout the containment.

I'he analysts concluded that the lumped-parameter/control-volume approach is
inadequate for accurate prediction of hydrogen distributicu in a containment under

severe accident conditions.



6 Winfrith (UK)

AEA Technology at Winfrith Technology Centre are assessing MELCOR, funded by
the Uk Health and Safety Executive. A major part of this assessment was examining
the performance of the MELCOR 1.8.1 code in plant caleulations, in particular for the
'MLB' sequence with and without surge line failure 25!

I'he analyses were performed using version 1.8.1 tnstalled on the network of SUN
workstations at Winfrith Technology Centre. The calculations for the intact circuit case
were based upon an input deck for the Surry plant prepared by Sandia in support of the
MELCOR peer review (as described in Section 13.5). The case with surge line break
failure did not calculate whether or when surge hine failure occurs, but simply used a
valved flow path between the hot leg and the pressurizer cubicle which was specified to

open to an area equal to the surge line flow area at a time of 10,000s; that time was

selected based on SCDAP/RELAPS calculation results

Hu‘ I'v‘d)‘.f\ of I'H"‘" analyses h.a'\(' f.m-n (l“l!‘d“l\ H!l[l}m!tl{ \\ﬂh those from corre
sponding calculations with the detailed, best-estimate code SCDAP/RELAPS and CON
IAIN for a ?'\|mul large | |-H-[v PWR with a (Ir‘\ containment, As the })I.ml rlv'\n;n\ are
stmilar, useful information can be gained from a fairlv Liriet comparison of results; how
ever, there are sufficient differences in plant design anu code modelling capahilities to

prevent a detailed comparison from beimng wort hwhile,

In genersl, MELCOR was found to be robust and easy to use. Though the surge line
farlure caleulation failed to run to completion, the error occurred in the CORCON code,
which is also used in the CONTAIN code and gave similar problems in the CONTAIN

calculations,

In general, the results obtained using MELCOR were similar to those from the de

tailed calculations, apart from differences mainly attributable to known deficiencies in
MELCOR 1.8.1, e.9., to the absence of models for high-pressure melt ejection, direct
contaitnmment heating and the solubility of acrosols, In most instances, however, the com
parisons lend credence to the MELCOR predictions. One area where the codes disagreed
in both scenarios was in the rate at which water was boiled off in the primary system,
with MELCOR taking noticeably longer than SCDAP/RFLAPS. In addition, the con
tainment atmosphere tended to be more superheated in the MELCOR caleulations than
predicted by CONTAIN. The reasons for these apparent discrepancies are not known.

[his study has usefully extended the assessment of MELCOR in general, and provides
a good basis for assessment of future releases of the code.

i

(These calculations have also been done by Sandia using MELCOR 1.8.2. The station
blackout calculation without surge line break was used as a MELCOR 1.8.1 vsa MELCOR
1.8.2 study [84], and is described in Section 23.5, while the station blackout calenlation
with surge line break has been done as part of a set of MELCOR calculations [88] studying
the effects of air ingression on the consequences of various severe accident scenarios.

summarized in Section 25.)
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7.3 BMC-F2 Containment Thermal/Hydraulics

['he objective of Experiment F2 was to investigate the thermal/hydraulic, long-term
phenomena which may occur in a multi-compartment containment under severe accident
conditions and to provide a data base for code improvement and validation: in this
experiment special emphasis was placed on the study of natural convection phenomena in
a loop-type multi-compartment geometry affected by variations of steam and air injection

as well as of heat supply into various compartments

C'alculations were performed with MELCOR version 1.8.0 run on a VAX Station 3)00
M38. MELCOR calculations for this problem also were submitted by the UK SRD/AEA,
as discussed in Section 5.1.

Comparison results between computations and data were reported [31] on all impor-
tant quantities relevant for containment analyses during long-term transients: pressure,
steam and air content, velocities and their directions, heat transfer coefficients and satu-
ration ratios; these quantities primarily define and specify the prevailing conditions and
states inside the containment which are responsible for gas and aerosol transport and

\
‘5"}'“"' 1011

7.4 FALCON Fission Product Transport and Deposition - In-
ternational Standard Problem 34

(‘alculations have been completed for the FALCON internationsl standard probiem

ISP-34, but not submitted in time to be included in the code comparison study

7.5 Phebus FPT-0 Benchmark Calculations

l here have been several rounds of benchmark core li('ﬂl'éltlé\l]n:l cale ulations ful l)f!t'}yllx
FP, all concerned with the first test FPT-0; MELCOR was used by the Universidad
Polytecnica de Madrid, while organizations used ICARE, KESS and SCDAP/RL.LAPS
133).

There was general agreement about the temperature distribution predicted withii: the
test bundle. All the codes showed that the oxidation of zircaloy accompanied by a rapid
temperature excursion, after which all the zircaloy in the central region of the bundle will
be oxidized, Most of the codes, including MELCOR, predicted that the cladding will be
fully oxidized before it has a chance to melt and dissolve some of the fuel in a eutectic. All
the codes coped adequately with the special boundary conditions imposed by a bundle
experiment, All the codes had difficulty with the late phase of the transient when the
fuel melting temperature was exceeded. One SCDAP calculation stopped completely,
while the other calculations all predicted a partial blockage near the bottom of the vessel
although the extent, composition and position of the blockage varied.
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8 Netherlands Energy Research Foundation (ECN)
MELCOR Assessment Analys>s

The Netherlands Energy Research Foundation, Energiconderzoek Centrum Nederland
(ECN, received MELCOR in 1989 and implemented the code on a CONVEX C-220 mini
supercomputer. Recently, the code was also installed on an IBM RISC-6000 workstation.

MELCOR has been used by ECN mainly to analyze severe accidents for the General
Flectric ABWR and SBWR designs. Some assessment of the MELCOR steam conden
sation models in the presence of noncondensable gases has been performed at ECN,
as described below; experimental data from the University of California at Berkeley.
obtained in the framework of the SBWR project, was compared with MELCOR calcu
lational results. In addition. the heat conduction and heat transfer (for free convection)
models in MELCOR were validated against an analytical model for small capsules with

an internal heat source due to irradiation in a research reactor.

Future ECN assessment of MELCOR will involve the comparison of MELCOR results
with experimental data for international standard problem 15P-34; this 1SP provides data
on the deposition and transport of fission products in the primary system as well as in
the containment. Two experiments are being performed for this exercise in the FALCON
facility at Winfrith (UK), one involving low humidity and high particle concentration in
the containment, the other with high humidity and a low particle concentration.

One of the p}u‘h()llu'lm ECN is [ml!if ll].l!l}' interested in is the issue of core-concrete

interactions, especially with regard to the debris coolability. In connection with future
activities, ECN is interested in the assessment of MELCOR for East-European reactors.

especially the VVER 440/230.

8.1 Validation of the MELCOR Steam Condensation Models

MELCOR 1.8 calculations were done to validate the MELCOR steam condensation
models, in the presence of noncondensable gases. [39] The experiment which was used
was a small-scale experiment performed at the University of California at Berkeley. In
this experiment the heat transfer degradation due to the presence of noncondensables
(air in this case) was measured. The test facility consisted of a condenser tube which was
placed in a natural circulation loop. The condenser tube was surrounded by an annular
cooling jacket through which the coolant was forced. Steam was injected into the natural
circulation loop by a boiler which operated at different power levels. The condensate was
collected and drained from the system.

Three separate MELCOR analyses have been performed: nodalization sensitivity
analyses, secondary-side heat transfer analyses, and primary-side pipe friction sensitivity

hrl."l)'sv-.

The condenser tube was divided into 1, 2, 3, and 4 axial nodes to study the influence
of the nodalization. FEach of these nodalizations gave the same condensate flow rate



at the outlet of the condenser tube. The heat removed from the loop by this steam
condensation equals the boiler power. The local condensation mass flux improved with
inereasing number of nodes, but the difference between 3 and 4 nodes was very small.

Therefore. a nodalization with 3 axial nodes was used for the rest of the calculations.

The condenser tube wall temperatures, as calculated by MELCOR. were too high
compared with the experiment. The MELCOR heat transfer correlations, applied on the
secondary side, calculate heat transfer coefficients much lower than in the experiment
This is probably due to increased turbulence (due to flanges, thermocouple wires, etc.) in
the experimental facility. Therefore, the wall temperatures were fixed at the experimental

value for the remaining analyses.

Due to the small size of the test facility, the steady state system pressure was very
sensitive to frictional pressure losses. Since the experimental pressure losses were not
measured, it was very difficult to correctly predict the system pressure with MELCOR.
Small variations in hydraulic diameters or form loss coefficients led to great varations
in the calculated pressure. Also, the interfacial shear between the condensate and the
steam /air mixture is only applicable for an annular flow regime, which may not always

be the case.

8.2 Temperature Distribution inside a Capsule -~ MELCOR
rs Analytic Model

'y the High Flux Reactor the influence of radiation on material properties is investi
gated. with capsules filled with different kinds of materials irradiated. Due to radiation,
heat is produced inside the capsule material. For safety purposes, it is necessary to know
the maximum temperature of an irradiated capsule. To calculate the temperature profile,
an analvtic model was developed for heat conduction and heat production. The boundary
conditions are obtained from heat transfer correlations found in the “VDI Warmeatlas™
(123]. For validation purposes, the calculation is also performed with MELCOR.

I'he calculated temperature from the analytical model, implemented on a PC, shows

good agreement with the MELCOR results.

8.3 ABWR and SBWR Analyses

MELCOR has been used by ECN mainly to analyze severe accidents for the General
Electric ABWR and SBWR designs. The accidents analyzed for the ABWR involved a
station blackout with emergency cooling for 8 hours and a loss-of-all-core-cooling accident.
In both scenarios the reactor pressure vessel is depressurized successfully, resulting in
vesse] failure at low pressure. To study the influence on the source term, the loss-of-all

core-cooling scenario also was analyzed with the assumption of unfiltered venting from

the wetwell. The SBWR scenarios concern a low-pressure core melt, a bottom drain line

break and a main steam line break. In the latter scenario all passive safety systems were
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9 NUPEC Experiment Analysis and Plant Analysis

MELCOR's role in the Nuclear Power Engineering Center of the .]d’lh!!l Institute of
Nuclear Safety (NUPEC/JINS) is seen as that of a second generation code for once
through analysis of light water reactor scvere accidents, used to i'npum- the accuracy of
containment event tree analysis and source term analysis in level 2 PSAs for Japanese

light water reactors.

Preliminary calculations for experimental analysis and plant analysis have been per-
formed using MELCOR 1.8.0. These EHI«'\I\'\"\ include core degradation calculations for
the Phebus-FPTO experiment [40], and calculations of two Peach Bottom BWR plant

severe accident sequerces (40

A number of calculations have been done at NUPEC with MELCOR 1.8.1 and MEL
COR 1.8.2 [41]. including numeric studies with MEL( (Jl\ 1.8.1 on machine dependencies
and time step effects [42] (repeated with MELC'OR 1.8.2 for direct comparison [43]}, anal
ysis of NUPEC's hydrogen mixing and distribution tesis M-4-3 [44] and M-7-1 (I1SP-35)
15, 46]. containment thermal/ ‘nf" ulic calculations for Phebus-FP test FPT-1 117. ‘H,-
and a number of PWR [48] and BWR [19] plant sequence analyses in support of PSA

9.1 Preliminary Plant Analysis Calculations

I ¢ ||( nnary < nl( n al) n'w nf a H\\ l\' ;,i(mr SeVere ac( Mmr were tlur;c‘ to examine (m]q-
characteristics and imnput data preparation, and to accumlate code hp]»i‘ltmit.m expe
rienice (40]. Plant data were taken from the Peach Bottom FSAR so as to be able to
compare with other US calculations for checking purposes. Two sequences, failure of
ECCS and safety relief valves after transient (TQUX) and a large LOCA (AE), were
\t'fv'l ‘.4'4 ft”‘ ‘«l}l Hld"uh. R(‘*HEY‘ m\"‘!i 11IA Elx'i« the )»Itln(!“x ”Hiill_ﬁ* Hf 'K("v'\ events i'.lul
the cesinm jodide distribution fractions in the plant, for an accident progression of 19hi
for the TQUX sequence and 14hr for the AL sequence.

9.2 Phebus-FP FPT-0 Core Degradation Analyses

The Phebus-FP experiment is the integral, in-pile test which is being prepared by
the CEA and the CEC to slmi_\ fission [lI‘)dil(T transport behavior in light water reac-
tor severe accidents, Preliminary calculations on the Phebus-FP experiment have been
performed [40] to obtain information on MELCOR’s capabilities and limitations in ex-
perimental analyses, in order to use the MELCOR code for thermal /hydraulic and fuel
behavior analysis of the Phebus-FP experiments

MELCOR input data was prep: om the physical dimensions and thermal /hyvdraulic

boundary conditions given by the CEA and the CEC. The first Phebus-FP test planned,
FPT-0, is a scoping test. Pretest analysis of FPT-0 has been carried out to examine the
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fuel and control rod temperature, cladding oxidation, fission gas release, and relocation

behavior of fuel and control rod, and to check the code capabilities.

[wo calculation cases were selected. One used default values for core degradation
parameters. In this case, the fuel relocates at the same time as the cladding melts, which
i1s different from the expected behavior based upon experiments such as the Phebus/SFD
tests. The fraction of cladding oxidation indicated by hydrogen production was ~25%
lodine release from the fuel was ~22% at 7500s, and the same fraction (22%) of rare

gases and cesium were released; 20% of the tellurium was released from the fuel.

The other calculation used specially-prepared input data to simulate the in-pile ex-
periment, which shows that fuel does not form debris instantaneously when the cladding
reaches the melting point. The cladding oxidized fraction based upon predicted hydrogen
generation in this case was ~29%. All of the iodine, rare gases and cesium were released

om the fue!l into the bundie section, and ~89% of the tellurium was [‘Y""ﬁ«h‘ti to be

released l.), 7500s

A lack of information on cadmium aerosol in the printed output was noted, as was
a need for a new control flag to simulate the delayed formation of fuel debris after clad

I|;l'I!‘

9.3 Containment Thermal/Hydraulic Analyses of Phebus-FP

In preparation for the Phebus-FP tests, a series of thermal /hydraulic tests have been
performed in which steam is injected into the containment vessel in a series of stead
states; before these tests, a series of calculations were performed by various teams using
a number of reactor codes [33]. NUPEC participated in these analyses using MELCOR
1.8.1 [47).

The test protocol defines a target humidity of 50% in the first test and near saturation
in FPT-1 during the injection phase of the test. The conditions in the containment are
defined by the injection flow rate, the sump temperature, the vessel wall temperature
and the condenser temperature. The objective of the Phebus-FP containment ther-
mal/hydraunlic calculations and separate-effects experiments was to arrive at a consensus
view on test conditions and procedure, to use MELCOR as one of the analysis tools, to
study how saturated conditions could be obtained and to check the possibility of no wall
condensation except on the condenser wall.

MELCOR calculations were done by NUPEC for a base case and for eight parametric
variations:

1. increasing the pool surface area to cover the whole of the containment vessel floor,

2. twotold increase of the inlet steam flow and the condenser power,

3. hvdrogen injection during the steam injection,

4. increasing the condenser power by 20%,
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5. decreasing the condenser surface area by 50%,
6. zero condenser power during the non-injection phase,
7. 2bar initial pressure in the containment, and

8. vessel wall temperature at 80C

These MELCOR calculations indicated that the humidity in the containment depends
very strongly on the sump surface area and that condensation onto the vessel wall was not
avoidable in all cases. MELCOR also predicted that enough liquid condensate film would
accumulate in some cases that post-test analysis could be disturbed due to transfer of
material condensed onto the wall to the floor and sump. (Note, however, that the LACE
LA4 MELCOR assessment analysis [57] showed that the default aerosol washoff model in
MELCOR significantly overpredicted removal of aerosols from walls by condensate film.)

Double blind test calculations were done by MELCOR and by other codes (CON
TAIN, CONTEMPT, CONT and JERICHO) for the thermal/hydraulic tests done in
the containment vessel, and a comparison to data presented in [33]. The results of the
calculations revealed that the codes agreed quite well about the mass transfer rates; the
experimental results surprisingly showed that the measured vapor pressure was outside
the range of the calculated values implyving that the codes’ mass transfer coefficients were
too high. Different treatments for sensible heat transfer in the various codes resulted in
rather larger differences in the calculated atmosphere temperature than was the case with
the vapor pressure; the results were nonetheless all higher than the measured values. The
asymptotic trends in the codes’ predictions were reasonable; changing the surface tem
peratures or the steam injection rate changed the atmosphere temperature and steam
content in the right direction, But quantitatively the results were rather poor and con-
firmed that close agreement between code predictions does not mean that there will be
close agreement with experiment. The errors in temperature and steam concentration
both led in the same direction - an underprediction of humidity. In a test with fission
products this could mean underprediction of the likelihood of steam condensation onto

i :
aerosol partic les,

9.4 Numeric Studies

A number of calculations have been done at NUPEC with MELCOR 1.8.1 study-
ing numeric effects due to machine dependencies and/or time step effects [12]. Those
calculations have now been repeated with MELCOR 1.8.2, for direct comparison [43].

Calculations were performed with MELCOR 1.8.1 with both single and fully double
precision for all real variables on engineering workstations. Calculations were done us
ing the “DEMO™ test problem included in the standard MELCOR distribution package,
on HP9000/730, Sun SPARC 2, and IBM6000/560 workstations, with various compiler
optimization levels. Three cases were selected as time step control schemes. The nu-

merical results with single precision depend on compiler options and machines utilized,
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confirrmng that MELCOR 1.8.1 produced different results with different compiler options
on different machines. For fully double precision calculations, the final cycle, final timne
and final temperatures were equal with any optimization level on any machine, if the
time sten scheme was kept the same; the fully double precision calculations did, however,
show anomalous behavior and encountered abnormal termination after about 700s of the
transient.

Calculations for the “DEMO” problem also have been preformed on various worksta-
tions with various compiler optimization levels using MELCOR 1.8.2, and those results
compared to those from MELCOR 1.8.2 [43]. Calculations were done on HP9000/730,
DEC3000/500 AXP and IBM6000/560 workstations. The dependence of calculation re-
sults on computer environments was observed to be reduced from MELCOR 1.8.1 to
MELCOR 1.8.2. Through calculations by MELCOR 1.8.2 with fully double precision,
the dependence of calculation results on computer environments was found to be reduced;
furthermore, the tendency of convergence of solutions was observed with decreasing time

step.

9.5 NUPEC Hydrogen Mixing Tests M-4-3 and M-7-1 (ISP-
35)

A number of calculations have been done at NUPEC with MELCOR 1.8.1 and 1.5.2,
including analyses of NUPEC’s hydrogen mixing and distribution tests M-4-3 [44] and
M-7-1 [45, 46]. Test M-7-1 has been selected as international standard problem ISP-35.

The Hydrogen Mixing and Distribution Tests are part of the Ministry of International
Irade and Industry (MITI) sponsored project entitled “Proving Test on the Reliability for
Reactor Containment Vessel”, and are part of NUPEC’s ongoing severe accident safety
analysis program. The aim of these tests is to investigate hydrogen distribution behavior
within a model containment and at the same time provide a set of experimental data
useful for validation of severe accident analysis codes,

The test vessel is a 1/4-scale large dry PWR containment with a total volume of
1300m?; it has a diameter of about 10m and a height of 17m, with three floors. The
containment was divided into 25 volumes connected by 66 openings.

The first test, M-4-3, was characterized by a helium and steam gas mixture injection
into the containment. initially maintained at room temperature. The MELCOR model for
the containment test facility consists of 25 control volumes and 66 flow paths. The inner
structures were modelled as two-sided heat conductors, while the outer walls and floor
were modelled with insulated boundary conditions on the heat structure outer surfaces:
the thermal insulators at the outer wall were not modelled. Calculations were done both
with the original, standard MELCOR heat transfer coefficients, evaluated in the natural
convection regime, and with Uchida’s correlation added and evaluated as a condensation
regime. Using the original heat transfer model, MELCOR overestimated the pressure
and atmospheric temperatures measured, apparently due to low heat transfer rates from



atmosphere gases to heat structures. Using Uchida's correlation, the calculation results

agree with the experimental results.

For the M-7-1 test, the containment was preheated to about 70°C and. in addition
to the gas mixture, an inner spray was active during the test. The MELCOR model
for the containment test facility consists of 32 control volumes, 74 flow paths and 122
heat structures. For heat structures modelling walls directly cooled by the spray, the
Kirkbridge and Badger correlation for filmwise condensation was used while the spray
was active; on the opposite wall and after the spray stopped, Uchida’s correlation was
nsed. considered as condensation regime. For other walls, the MELCOR orniginal, default
model was used. Sensitivity studies were done evaluating the influence of the spray
droplet diameter, of dividing the dome nodes, of heat transfer modelling including a

liquid film model, and of the insulator

[n the M-7-1 experiment good mixing, enhanced by spray water, was observed and
the MELCOR calculation showed good agreement with experimental results when a
proper spray model and system noding was selected. The size of spray droplets and
their distribution did not affect the thermal /hyvdraulic state in the containment because
suflicient equilibration between the droplets and the atmosphere was obtained in the
early phase of the droplet flow. However, modelling the spray water after it reached
the bottom of the dome or structure walls was important in predicting the experimental
results. Some of the dead-end volumes with only one opening were correctly predicted

by subdividing the volumes to simulate the countercurrent flow through the opening.

9.6 PWR PRA Calculations

Severe accident analyses have been done at NUPEC with MELCOR 1.8.2 for a refer-
ence PWR [48] in support of PSA studies The reference PWR is a 3411 Mw(th) PWR

with four loops and a large dry containment, similar to the Zion plant,

I'wo loops are modelled: a single loop which connects with the pressurizer and a
secotnd loop with three plant loops lumped together. Each loop is modelled with 5
control volumes, as is the reactor vessel. The containment is modelled with three control
volumes. The core and lower plenum are modelled in detail with seven radial rings and 16
axial levels: the upper 10 levels are fueled while the lower 6 represent support structure

and the jower plenum.

I'hirteen accident scenarios have been analyzed
1. §,D, a medium break (6in) LOCA in the hot leg, accompanied by failures in the
operation of the HPI and LPI systems;

2. §;DC, a medium break (6in) LOCA in the hot leg, accompanied by failures in the
operation of the HPIL, LPI and containment spray systems:

3. S{H, a medium break (6in) LOCA in the hot leg, accompanied by failures in the
recirculated operation o' the HPI and LP] systems;
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. S, BF, a medium break (6in) LOCA in the hot leg, accompanied by failures in the
recirculated operation of the HP1, LPI and containment spray systems:
5. 5;D. a small break (2in) LOCA in the hot leg, accompanied by failures in the

(»[N‘Iél”“ll of the HPI and LPI svsterms,

6. S;DC, a small break (2in) LOCA in the hot leg. accompanied by failures in the
operation of the HPI, LPI and containment spray systems;

7. S;H, a small break (2in) LOCA in the hot leg, accompanied by [lailures in the
recirculated operation of the HPI and LP1 systems;
8. S;HF, a small break (2in) LOCA in the hot leg, accompanied by failures in the

recirculated operation of the HP1, LPI and containment spray systems;

9 l \” a station }']«ﬂ ".H'll \in“- Hf n!f\i!«‘ luo\\.r'! rlill{ {-HI”!'Q'llf!'“l(‘]ﬂ”‘]ﬂ j\ (l]f‘\i'l gener
ator with recovery of AC power) with failure of turbine-driven auxiliary feedwater

pump

10. TMLB', a station slackout (loss of offsite powel and failure of CIMergency diesel
generator without recovery of AC power) with failure of turbine-driven auxiliary

feedwaten pump,

1. S;F, a small break (2in) LOCA in the hot leg, accompanied by failures in the

FeCITe 1:!;|P¢u[ operation of the containment Spray systern;

12. SGTR. a steam generator tube rupture, with failure to isolate the broken steam
generator and failure in the operation of the LPI system, and

13. V, a large break LOCA in a pipe in the Residual Heat Removal (RHR) svstem,

with failures in the operation of the HPl and LPI systems

Sensitivity studies have been done on core-concrete interaction in the S;DC sequence,
and on debris coolability for the S;HF sequence. The basecase S,DC calculation showed
basemat melt-through due to core-concrete interaction: if the characteristics of the heat
transfer from the core debris to the reactor cavity concrete and the heat transfer between
layers inside the debris pool are changed, the concrete erosion could change and the timing
of containment failure be affected. The basecase S;HF calculation showed containment
failure due to overpressurization by steam production during debris cooling in the reactor
cavity; if the characteristics of the heat transfer from the core debris to the water pool
and the heat transfer between layers inside the debris pool are changed, the behavior of
debris cooling and steam production could change and the timing of containment failure
be affected.

In the sensitivity analyvses concerned with core-concrete interaction, the effects of
decay heat and of the heat transfer correlation of the debris pool were investigated.

(‘alculations for the S,DC sequence were done assuming a loss of secoudary cooling.
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since in that case accident progression and reactor vessel failure occurs faster than in
the basecase and the decay heat level in the debris becomes higher. Another analysis for
the S;DC sequence was performed using a modified heat transfer model as the debris
concrete heat transfer model (instead of the CORCON-Mod2 heat transfer model); the
modified heat transfer model consists of D. R. Bradle 3 's modification on the bottom of

the debris pool and the Kutateladze medel in other places.

In the sensitivity analyses concerned with debris coolability, the effects of the heat
transfer coefficient for the surface of the debris pool and of the heat transfer correlation
of the debris }uml were investigated. Caleulations for the "\.H} sequence were done using
1200w /m*-K as the heat transfer coeflicient from the debris punl surface to the water,
instead of the basecase value of 1000w /m?*-K. Another analysis for the S;HF sequence
was performed using the same modified heat transfer model as the debris-concrete heat
transfer model as used in the S;DC core-concrete interaction sensitivity study (instead

of the CORCON Mod?2 heat transfe: :;nuiw'; i.

. . : .
['he summary and conclusions of the results of selected accident sequence analyses

ire of the operation of HPI and LPI systems. the containment

1. In the cases with f

remains intact due to the operation of the containment spray system.

2. In the cases with failure of the operation of HPI, LPI and containment spray svs

tems, the containment fails by basemat melt-through.

3. In the cases with failur > of the recirculated operation of HPI, LPI and containment

spray systems, the containment fails by overpressure.

. From the results of sensitivity analyses, changing the parameters concerned with
core-concrete interaction influences accident progression greatly, but changing pa-
rameters concerned with debris coolability has little influence on the accident pro-

gression

9.7 BWR PRA Calculations

Severe accident calculations for a reference BWR plant have been done by NUPEC
with MELCOR 1.8.1 in support of PSA studies [49]. The reference BWR plant is a
3203Mw(th) BWR-5 with Mark Il containment, similar to the LaSalle plant. A number
of accident scenarios have been analyzed. including 6 transients (TQUV. TQUX, TB,
TBU, TW and T( sequences), one large break LOCA (AE sequence) and one interfacing
systems LOCA (V sequence]

Rw:,w!)\ﬁ_\ studies also have been done. For the 1 Q!.\\ sequence, Cases investigated

imclude varying thermal loading on the core support plate due to slumping (by widening

the slumping area) and varying the corium spreading within the wetwell (from the space

velow the lower pedestal to the entire wetwell area). For the TB sequence, the effect of

—-—
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10 Tractebel Analysis of NUPEC M-7-1 Hydrogen
Mixing and Distribution Test — International
Problem 35

MELCOR 1.8.2 calculations for NUPEC’s hydrogen mixing and distribution test M
7-1 (ISP-35) have been performed by Tractebel Energy Engineering (TEE) [50, 51], as
part of the OECD International Standard Problem 35.

I'he Hydrogen Mixing and Distribution Tests are part of the Ministry of International
Trade and Industry (MIT1) sponsored project entitled “Proving Test on the Reliability for
Reactor Containment Vessel™, and are part of NUPE(C's ongoing severe accident safety
(\l.czf.‘\ 8§18 prograrn The aim of these tests 1s to investigate il)i‘!\l‘APEG‘rt distribution behavior
within a model containment and at the same time provide a set of experimental data

o | . 1 [l
useful for validation of severe accident analvsis codes

I'he test vessel is a 1/4-scale large dry PWR containment with a total volume of
1312m™: 1t has a diameter of 10.8m and a total height of 19.4m. with three floors. The

{
containment was divided into 25 volumes connected by 56 openings. Experiment M-T7-1
was selected as 1SP-35 by the OFCD to simulate the impact of the containment spray
svstemn on the helium distribution in a steam-rich atmosphere., The M-7-1 test consists
ol -Hl.'!!"’lh‘,' steam and belium in a steel containment when a spray systerm operates. The
test begins after a preconditionng phase during which the containment is heated up by
steam mjection

['he conclusions drawn by Tractebel from participation in this standard problem

exercise are sumnmarized below:

o Test M-7-1 has confirmed the homogenization effect of the containment spray sys

tem on the Mlnw-;»iil re composition

o 15P-35 was an excellent basis to exercise the different codes, but no attempt can

he made to associate :f\l n,\‘!u'],i:f

ing conditions in the NUPEC facility with severe
]
accident conditions.

e The pre-conditioning phase could not be predicted by the codes; the majority of

participants chose to begin the test with the initial conditions specified.

o Test M-7-1 confirmed the effect of user experience on on the results as can be seen
from the four CONTAIN and two RALOC calculations, which provded different
results and demonstrate the user effect. Moreover, the nodalization adopted has a
strong impact on the results; the subdivision of a compartment can create artificial

convection loops without any experimental confirmation

o An important coae limitation for test M-7-1 is the lack of heat transfer modelling
between the spray 11!‘\:}>|e‘?~ and the heat structures. This could l’.\';»!éliu the difficul
ties the codes had reproducing the behavior in some of the compartments and the

large discrepancies in the predictions of wall temperatures inside the containment.
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11 VIELCOR Benchmark Calculations for N Reac-
tor PRA

Hydrogen Mitigation Design Basis Accident

Cold Leg Manifold Break with CV-2R
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ECC and only the region with the failed valve would be expected to heat up. Lateral
conduction between the two regions therefore could be important for this case. Because
the TRUMP-BD calculations used a heavily-noded grid for conduction within the core,
they provided a good basis for assessing MELCOR's ability to adequately model lateral
conduction in the N Reactor core,

Two MELCOR models were used for this comparison. In the first. two core regions
were modelled, with a single axial node in each; this model corresponded to a TRUMP
BD calculation reported for a segment in the central core region cooled by the GSCS,
and allowed a direct comparison of predicted temperatures. In the second model, the

full core was modelled (1/16 “affected”, the remainder “unaffected”) using the axial

power distribution used for the full-plant calculations, allowing a rough comparison of

the hydrogen generation rates using MELCOR and TRUMP-BD.

The resuits indicated that the MELCOR models for lateral conduction in the CRN
(N Reactor core) package were adequate. The MELCOR results showed the same trends
as the TRUMP-BD results for both the single-segment and full core calculations, with

MELCOR's coarser noding yielding lower peak temperatures as well as a slower rate of

cooling after the peak. These differences were not large enough, however, to significantly

affect conclusions that would be drawn from the caleulations concerning the amount of

core damage or hvdrogen generation

11.3 Fission Product Release from N Reactor Fuel

The purpose of this benchmark exercise was to verify that the MELCOR radionuclide

release model for metallic fuels was indeed implemented as intended. The MELCOR cal
culation was based on the HMDBA calculation described in Section 11.1. Two radionu
clide release caleulations were run for this benchmark exercise. In the first. the non
oxidation release models were disabled by user input, so only fuel-failure and oxidation-
|»'n\4‘4! releases were (‘hl(‘!l[n?mi. in the second (é'l'rnlnllull. i\” release Hllnl(*l\ were used in

order to verify the non-oxidation release model.

I'he results of the first calculation showed exact agreement between band calculation
and MELCOR for all radionuclide classes except the noble gases; further investigation
revealed an interaction error between the oxidation-release model and the fuel-failure re
lease model which controls the initial release of a large fraction of the noble gas inventory.
in the second calculation, an exact comparison with hand calculation was not possible;
however, examination of the plots indicated that the expected qualitative trends were
followed in all cases, and the non-oxidation release model was also verified on a stepwise

basis using MELCOR under the VAX/VMS debugger.

11.4 Confinement Response

A comparison was made between MELCOR and HECTR calculations to assess MEL
COR’s ability te model confinement thermal/hydraulic phenomena. Steam and hydrogen
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sources [126] for both HECTR and MELCOR were for a cold leg inlet manifold with fail
ure of EC'C; fog sprays were included in the HECTR and MELCOR calculations. The
MELCOR deck was constructed to match as closely as possible the HECTR analysis
(127]. The results of the MELCOR and HECTR calculations agreed extremely well in
all areas (pressure, temperature, mole fractions, and timing of key events) both during
the initial blowdown phase and during later periods with hydrogen injection.

11.5 Fission Product Transport

The purpose of the fission product transport benchmark calculation was to ensure that
MELCOR and the N Reactor plant model adequately modelled fission product transport
processes. The results of the MELCOR benchmark calculation were compared to the
results of CONTAIN calculations [128]. Only the confinement and confinement systems
were modelled for this calculation because the water, hydrogen and fission product sources

were the same as 1:'1"\0' !h!‘ll ih Y!z" ('()4\1.;\1.\ cals 11.111?‘;'.'11.

['he results of this code-to-code comparison exercise demaonstrated that MELCOR
adequately modelled the transport of radionuclides in the N Reactor confinement. The
transport of noble gases was very well predicted; although MELCOR predicted a higher
release of molecular iodine, the amount of mass released in both calculations was so small

that the difference was insignificant

11.6 Steady-State

I'he steady-state benchmark calculation was performed to ensure that MELCOR and
the N Reactor input deck adequately modelled the N Reactor normal operating state.
Several of the plant operational parameters [126] were compared with the MELCOR
calculation results. The conclusion of this study was that MELCOR predicted the steady
state conditions of the N Reactor plant extremely well. This benchmark calculation
instills confidence that the results of any transients or loss of coolant accidents initiated
from this steady state would not be affected by numerical instabilities previous to the

accident initiation

11.7 Scram Transient

The scram transient benchmark calculation was run to ensure that MELCOR and the
N Reactor input deck adequately predicted the thermal/hydraulic response to a scram
transient, Two calculations were performed for this benchmark: in one calculation, the
final pressurizer pressure setpoint following scram was 9.25MPa ([129]) and in the other
calculation the final setpoint was 8.46MPa (from Westinghouse Hanford personnel).

MELCOR adequately predicted the trends in pressurizer level, pressurizer pressure
and HPI mass flow during a scram transient. Although a simplified model of the HPI was
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used, the error introduced would not be significant since the severe accident scenarios
that MELCOR was used to exrl'a!),'f' either did not have HPI available or other cooling

mechanisms were available such that HPI was unneeded

11.8 Hot Dump Test

['he hot dump test benchmark calculation was run to ensure that MELCOR and
the N Reactor input deck adequately predicted the response of N Reactor to a transient
in which the V-4 valves open, depressurizing the system. This calculation was chosen
because accurate |zrm]u tion of the «iimlp line behavior can have a significant effect on
the timing and progression of accidents and, ultimately, on the release and retention of

fission products

This test was performed as part of the N Reactor startup. The initial conditions
for 1'?1!\- \” ].( ‘()H i'h]'lll:"ﬁﬁwll were i)nﬂ‘fl on !}um' H\w! 1 a Rll\l” }nﬂ 't‘)l ‘illl:lf’
calculation [129]. The MELC'OR N Reactor model calculated the events that occurred in
the hot leg dump very well. Although the timing was slightly off, the critical parameter
for this benchmark calculation was the mass flow rate through the V-4 valves since the
prediction of radionuclide transport late in time is of primary importance, and MELCOR
predicted this extremely well

11.9 Cold Leg Manifold Break with Failed CV-2R Valve

A fully integrated MELCOR 1.8.0 calculation was done for a double-ended rupture
in the cold leg manifold in which a CV-2R valve fails to open and blocks the ECC flow
from getting into one inlet riser. A comparison was made with the same calculation
[130] done with the RELAP5/MOD2 computer code. Because the RELAPS code was
designed and developed over many yvears specifically to calculate the hydrodynamics of
a reactor primary system, its hydrodynamics results therefore form a good data base for
benchmarking the performance of MELCOR's hydrodynamics,

'he MELCOR hydrodynamic results showed reasonable agreement with the RELAPS
results during both the rapid system depressurization and later after the ECC becomes
fully established. There were some intermediate differences between the results of the two
calculations due to MELCOR’s coarser nodalization, the level of detail in the treatment
of two-phase flow, and underpredicted inertial and interfacial forces. The blocked riser
core volume nodalization was too coarse to correctly predict the temperatures in the fuel:
more vertical volumes would allow the upper fuel to dry out and heat up faster.

The N Reactor LBLOCA was a complex hydrodynamic calculation which is really
RELAPS’s domain and, in fact, gave RELAPS some difficulty. The reason for using
MELCOR in this application was that it could do the entire integrated calculation in
cluding radionuclide transport from the fuel through the primary system and confinement
and release to the environment. This calculation was one of the more difficult N Reactor

calculations done with MELCOR and was only attempted twice. Experience gained in
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lgnoring these difficulties. the equilibrium case appeared to function as intended. For
the nonequilibrium case almost no condensation was taking place because of the use of a
very small interfacial area as the default value, and there is very little liquid entrainment.
This simple test points out a basic problem with MELCOR: for vertical volumes, the flow
path opening heights selected partially determine the void distribution. (This problem
has since been addressed by the MELCOR code developers, )

The conclusion derived was tha. MELCOR 1.8.0 probably cannot handle ECC in

jection problems accurately with the default interfacial area value; although MELCOR

is not really a reflood code, it could be expected that too much liquid and too much
subcooling would enter the lower pienum unless the interfacial rates were increased by a
factor of >10. Because condensation is a flow-regime-specific plhenomenon, such a sin-
gle value of the augmentation factor is inappropriate for all cases. A separate problem
associated with the MELCOR condensation model is the potential of overprediction in
condensation rates for conditions when a steam atmosphere overlies a large quiescent

water pool.

13.3  Air-Water Closed Loop

In another gedanken problem, ten vertical volumes, each 1m high, were stacked with a
much larger tank on the top. The diameter of the volume stack, 0.5m, was chosen as the
flow path opening height, needed to connect vertical mesh cells. A flow path containing
a fan (2.€., a momentum source) connected the top tank volume with the lowest pipe cell
to form a closed loop. The initial condition had half the pipe filled with water before the

fan was activated, while the upper half and the tank were filled with air.

['he results showed each control volvme settling out to a uniform void fraction of 0.5,
entirely due to the opening heights being equal to the mesh cell height divided by 2. The
opening heights uniquely determine the void fraction distribution for this problem

The conclusion drawn in the Peer Review report was that this problem can only be
addressed by designating the full vertical height as an opening height, using one rather
than multiple flow paths as connectors, and developing a more detailed flow map and
interfacial drag package and incorporating them into the code. (The code developers
have addressed this issue recently, as discussed in Section 14.5 for the LOFT LP-FP-2

analysis, in a different fashion. )

13.4 MELCOR BWR Demonstration Calculation

Results of a MEL.COR calculation of a postulated BWR short-term station black

out accident sequence, done by SNL. were provided to the Peer Review committee on
two occasions. The calculations represented the LaSalle County Station, a BWR /5 with

a Mark-1l1 containment, and addressed the full scope of severe accident behavior. i e..
t



in- and ex-vessel aspects of core melt progression, the accompanying containment ther-

mal /hydraulic response, and attendant fission product release and transport to the en

vironment,

The first calculation was performed with MELCOR 1.8.0, and presented very early in

the review process. The second calculation addressed the same BWR accident scenario

and was performed at a later time with a prelirvinary version of MELCOR 1.8.1. The

combination of these two calculations illustrated the strengths and weaknesses of the

current code models, and underscored the developmental status of MELCOR. Noteworthy

findings or observations from the committee’s review are:

| 36

Substantial differences in important calculated results from the MELCOR version
1.8.0 and preliminary 1.8.1 calculations were observed. Some of these differences
indicate improvements in code models or their implementation: for example, large
energy errors in the COR package and mass balance deficiencies in the RN pack
age observed in the MELCOR 1.8.0 calculation appear to have been eliminated
or reduced in the MELCOR 1.8.1 calculation. Other differences, however, clearly
illustrate the lack of maturity and continuing development of some MELCOR mod
els: for example, in-vessel hydrogen differed by 17% in the two calculations, time to
containment failure changes from 48,863s for MELCOR 1.8.0 to 24,631s for MEL-
COR 1.8.1, and radionuclide release to the environment decreased by a factor of 2

to 10, (lv(u'lll]ilm_ on sped 165,

In both calculations, the reactor vessel failed via a penetration failure ~2min after
molten debris began to relocate to the lower plenum; this occurred in spite of the
relatively small mass of molten UQ, entering a large water pool in the lower plenum
and reflects the lack of an in-vessel molten debris-coolant interaction model.

Some details of the calculated in-vessel core melt progression (in particular, results
related to material relocation) were surprising and warrant further investigation.

Large temporal variations in the airborne mass and size distribution of aerosols
throughovt the problem were calculated with no apparent physical explanation;
in particular, the aerosol masses in virtually all sections (size bins) changed in a
near-oscillatory fashion during a period of the accident when relatively little else

was occurring.

Finally, this problem (as well as the experiences of two committee members in
MELCOR application) emphasizes the need for the code user to “adjust™ input
parameters to obtain a plausible sequence of in-vessel events. Melting, relocation
and refreezing of BWR fuel canister and control blade materials were observed to
be strongly dependent on, among other things, the user’s selection of criteria for
oxide shell failure, debris and lower core support plate porosity, and selected melt
structure heat-transfer coefficients, highlighting the need for more extensive user

guidelines and possibly improvements in default values.
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13.5 MELCOR PWR Demonstration Calculation

SANL also |u‘llu:m<'c! a calculation of a Surry station blackout (TMLBY accident with
MELCOR. This was the first fullv-integrated PWR severe accident calculations per
l‘(lllin'li with llu' ‘nl{l' {since |'|l' | \” .nml\\x\ ||H!) 173¢ I~lrlw| ill \c‘“('l i)h(‘lln”l(‘[l(H

In general, the committee was favorably impressed with the overall performance of
MELCOR and the results of the ﬁllll‘\ caleulation; based on station blackout ;nn"]i‘!nnn--
made with other codes, the results appeared reasonable. An exhaustive review was

not performed on the Surry results, primarily because the committee did not allocate

suflicient resources and time to this effluil, Some of the surprising or noteworthy results

from a brief review. are

I. After the steam generators dried out, the pressurizer level rose and remained near
the top of the unit until vessel failure. RELAPS results (132] and hand calcu
lations bothi indicate that entrainment of water when the powet n!n'[‘(::ml relied
valves (PORVs) Iift should lower the water level further after the surge line uncos
ers. Countercurrent flow of water and steam in the surge hine, modelled in CVH
by HNINg a H‘"”’l]ll‘ correlation, should also reduce the wate t level in the |HHL'_ term
Neither effect was very significant in the MELCOR caleulation.

2. Primary systemn gas temperatures were quite low, especially in the coolant loops.
Part of this can be explained by the fact that core/upper plenum and upper
plenum/steam generator natural circulation are not currently represented in MEL
COR. In addition. the lm»[t seals in the reactor coolant puimp suction pipilm did not
clear, even long after vessel failure, so that natural circulation around the entire

primary system was precluded

3. In-vessel hydrogen production was quite low: this may be due, in part, to steam
starvation caused by the failure to model natural circulation between the core and

the upper plenum

1. The reactor vessel failed very soon after debris relocated to the lower plenum. This
reflected a modelling change in MELCOR 1.8.1. Still, the code does not model the
breakup of molten debris as it enters the lower plenum, so there is apparently no

way to mechanistically avoid prompt vessel failure in this sequence

5. One of the advantages of a unified modelling approach was evident in the steam
generator results, After the steam generators dried out, a noticeable natural con
vection flow was calculated between the downcomer and tube bundle. Given the
heat load from fission pl'ulllu L8 :it'[m~-|(w| on the primary side of the tubes this is
to ‘)l' exXped h*ll, )pll! u?h('l‘ Severe ac |«!l‘[|' nn{(‘\ ”lrl! Use a coarse Hl(n(ll‘”i“g ('ul||t!
not explicitly predict this effect. Such a capability would be useful for making es
timates of peak tube temperatures in studies evaluating induced steamn generators
tube ruptures [133].
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internal code logic dictated, the overall behavior predicted was almost unchanged; the
main difference is that, with the unrestricted time step, the heat transfer during a time
step 1s occasionally greater than required to completely vaporize a thin pool of liquid
water on the bottom of the control volume and on the surface of the heat structure
modelling the floor, resulting in occasional temperature overshoots. The decrease in
run time (a factor of 4-5) and the increase in average time step (a factor of ~10) were

substantial.

The HDR V44 transient was analyzed using three different input decks, with varying
degrees of modelling detail. The results show that including more detail in a MELCOR
model does not unconditionally guarantee more accuracy. While each model yvielded
results agreeing better with some facet of the test data than did the others, none of
the three gave obviously superior results for all aspects of the problem. In particular,
the finer-node model gave better results only for the measured peak pressures, which
occur for a very brief period very early in the transient, while the two ccarser models
gave better agreement with the observed pressures, and temperatures and temperature
gradients for most of the problem period thereafter. There was a difference of two orders
of magnitude in the run time required for the coarsest and finest nodings used. The
comparisons with test data for this particular problem suggest that, for overall system
response, the results to be expected using a finer input model for MELCOR often may

not justify the increased costs.

['he results suggest that the turbulent, rather than laminar, heat transfer coeflicient
correlations should be examined more carefully, to determine their impact on the overpre
diction of early-time peak pressures and temperatures. During most of the first minute
(the steam blowdown period), the turbulent natural convection heat transfer correlation
is used for pool heat transfer while heat transfer to atmosphere uses turbulent forced,
mixed and natural convection correlations. The heat transfer arcund the system then
switches slowly to mixed laminar/turbulent natural convection and pure laminar natural
convection conditions later in the problem, when the predicted results are in significantly

hetter agreement with test data.

When we reviewed the MELCOR 1.6.0 input model, the user-specified characteristic
lengths mnput for the heat structures (used in evaluating the heat transfer coefficient
correlations) seemed unexpectedly large, so we did a few studies in which these lengths
were reduced. The pressure predicted using the smallest characteristic lengths agrees very
well with test data, both in the magnitude of the peak and during the early blowdown
period in general, but then underpredicts the late-time pressurization (which the large-
characteristic-length “old basecase™ analyses match well). These results imply that a
single, constant, user-specified characteristic heat transfer length may not be adequate
to represent a wide range of fluid conditions and heat transfer processes.

14.2 LACE LA4 Aerosol Transport and Deposition

The IWR Aerosol Containment Experiments (LACE) program [136] was a coopera
tive effort to investigate inherent aerosol behavior for postulated accident situations for
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which high consequences are presently calculated i risk assessment studies because el
ther the containment is bypassed altogether, the containment function is impaired early
in the accident, or delayed containment failure occurs simultaneously with a large fission
product release. A series of six large-scale experiments has been conducted at the Con

tainment Systems Test Facility (CSTF) at Hanford Engineering Development Laboratory

(HEDL)

I'he MELCOR code has been used to simulate LACE experiment LA4 [57], an integral
acrosol behavior test simulating late containment failure with overlapping aerosol injec-
tion periods [137, 138, 139]. Tn this test, the behavior of single- and double-component.
h‘\'u:tmnpu and uunh_\‘prm«‘-;xi«. .u‘!u«n]-v in a rul::h'ang environment was Umhiturmi
MELCOR results were compared to experimental aata, and to CONTAIN [140] calcula
tions for LACE LA4 [141]. The reason for the difference in predicted suspended aerosol
masses in the two codes 1s the larger aerosol particles calculated by MELCOR: the reason
for the difference in aerosol particle sizes is primarily the different agglomeration shape
factors used

MELCOR calculated the thermal/hivdraulic and aerosol response phenomena ob
served during the LACE LA4 experiment. The lack of any hygroscopic effects in the
MELCOR aerosal treatment is visible mostly as the lack of any caleulated difference in
!}H‘ }H'h.:\ 101 nf lfn' l!\ ZIrOSCOpi ('\()H .|!|:! 1hl' HUH']". ETOSCOPDI( \lll() dt‘!uw-l\ \”l( '()H
predicted aerosol particles generally larger than measured, which then settled faster than
observed, and consequently less suspended aerosols were leaked and/or plated i the

calenlation than in the experiment

Fhe MELCOR LA4 analysis included sensitivity studies on time step effects, wall and
pool condensation, radiation heat transfer, number of aerosol components and sections,
impact of non-defauit values of shape factors and diameter limits in the aerosol input,
and the degree to which plated aerosols adhere to the walls or are washed off by draining
liquid condensate films. The results showed that water should be raodelled as a separate
aerosol component in this problem, and that more sections (size bins) than the MEL
COR default should be used. lucluding atmosphere-structure radiative heat transfer,
even at the relatively low temperatures (300-400K) characteristic of this test, produced
better agreement with data, as did using a detailed volume-altitude table reflecting the
differences in sump pool liquid surface area with elevation in the elliptical lower head.
There was a strong effect of whether plated aerosol mass was allowed to wash off heat
structures with condensate films draining down into the pool. The suspended aerosol
results depended most strongly on the value used for the agglomeration shape factor,
with a much weaker {(but still visible) dependence upon the dynamic shape factor.

Although there has been a lot of discussion recently on numeric effects seen in ot her
MELCOR caleulations, no machine dependencies were seen in this problem, and smooth

convergence in results with reduced time steps was demonstrated.
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14.3 FLECHT SEASET Natural Circulation

The Full-Length Emergency Cooling Heat Transfer Separate Effects and Svstems Ef
J ! | :

fects Test (FLECHT SEASET) program [142, 143] was a cooperative NRC'/EPRI1/Westing-

house effort to investigate heat transfer and hydraulic phenomena in a Westinghouse
PWR primary system. One part of this program [144, 145] consisted of a series of natu
ral circulation tests in a 1:307-(volume- Jscale facility, with prototypic full lengths and full
heights. The FLECHT SEASET test series was selected for assessment of MELCORs
ability to correctly model early-time natural circulation both because it is done in a
larger-scale facility than the equivalent 1:1705-scale Semiscale natural circulation tests
more commonly used for code asscssment [146, 147, 148, 149], and because it covers a
wider range of primary-system-inventory conditions than the equivalent 1:134-scale PKL
natural circulation tests [156, 151, 152]

Steady-state single-phase liquid, two phase and reflux condensation modes of natural
circulation cooling were established, and flow and heat transfer characteristics in the
different cooling modes were identified, In addition, other tests studied the variation of
single-phase liquid natural circulation with changing core power or with different sed
u!u]::!"‘- side heat removal !&\;m!»i!l'll\. and the effect of noncondensables on two Mm“l’

natural circulation flows.

MELCOR version 1.8HN was used for all the calculations in the report [55]. That
report gives resilts of MELCOR calculations for single-phase liquid and two-phase natu
ral circulation conditions. including comparisons to experimental data. sensitivity studies
on time step effects and machine dependencies, and on noding variations and code mod
elling options. The MELCOR code developers provided a discussion of the importance
and generality of some of the code problems encountered during this assessment analysis,

and of ;unw!»lo' fixes

MELCOR correctly calculated the thermal/hiydranlic phenomena observed during
steady-state, single-phase liquid natural circulation. MELCOR predicted the correct to
tal low rate and the flow split between two unequal loops without any ad hoc adjustment
of the input. The code could reproduce the major thermal/hydraulic response character
istics in two-phase natural circulation, after a number of nonstandard input modelling
modifications; MELCOR could not reproduce the requisite physical phenomena with
“normal” input models.

One major input model change consisted of subdividing the steam generator U-tubes
into stacks of multiple control volumes, The top elevations of the control volumes con-
taining the U-tubes were adjusted to lie above the top of the connecting horizontal flow
path opening heights, and small incremental volumes were added in the volume-altitude
tables in those control volumes; this is an input trick to ensure that a minimal atmosphere
is always present and the nonequilibrium physics model always used in the control vol-
ume. Other required input changes included enabling the nondefault bubble rise model
to account for interactions of bubbles with the pool, and increasing the junction opening

heights between vertically-stacked volumes.
g ;
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14.4 ACRR ST-1/ST-2 Source Term Experiment







Sensitivity studies checking for time step and noding effects, and for machine depen
dencies, were done. The major problem identified was a machine dependency associated
with exponentials and very small numbers; it resulted in significantly different releases
being predicted on different machines for refractory species. Other problems associated
with differences in roundoff of small numbers were also found. All these problems were

corrected immediately, and no machine dependencies were found in our final calculations.

14.5 LOFT LP-FP-2

The MELCOR code (version 1.8KA) has been used to model experiment LP-FP-2
(160, 161, 162, 163, 164, 165, 166, 167, 168, 169, 170}, thus simulating many of the primary
system and core thermal /hydraulic conditions that would be expected during a PWR V-
sequence.  These conditions led to uncovering of the core and to severe fuel damage
in the central fuel module (CFM) which contained the test fuel bundle. Temperatures
exceeding the zircaloy melting point were maintained for ~ 260s which resulted in the
release of fission ptul!u(‘h and the generation of aerosols. The relat i\('i}' |(’n';¢' scale of the
test, and the extensive instrumentation used to model the thermal /hydraulic respouse,
the core behavior and the effluent release from the primary system, make the LP-FP-
2 expeniment an important integral source of data for qualifying severe accident code
predictive capabilities. This assessment analysis [56] proved that MELCOR was, in fact,
able 1o calculate most of the thermal /hydraulic, core damage. and source term response

phenomena observed during the LP-FP-2 experiment

Our MELCOR results can be put into perspective best, perhaps, by examining them
in relation to the performance of other codes in predicting this very challenging ex
periment [170]. MELCOR does at least as well as other “best-estimate” (i.e.. SC
DAP/RELAPS) or integral (2.¢.. MAAP) codes in predicting the thermal /bydraulic and
core responses in this experiment; in fact, MELCOR and MAAP appear 1o give the best
agreement with data, especially for clad temperature histories, Further, MELCOR does
at Jeast as well as “best-estimate” fission product codes in predicting the source term
(with a number of such codes having to be run in tandem and driven by test data or other
“best-estimate” thermal/hydraulic and code damage codes to provide results equivalent
to a single, ntegrated MELCOR calculation)

The predicted primary system pressure was generally lower than measured. while the
predicted primary system mass inventory was generally higher than measured. but with
a large uncertainty on the test data. The pressurizer was predicted to empty within
Imin, in good agreement with test data, and the early-time intact-loop mass flow also
was calculated in good agreement with measurement, despite the lack of a complicated
pump coastdown model in MELCOR. Despite the differences in calculated and observed
thermal/hydraulic response, the core uncovery, dryout and onset of clad heatup were
calculated in excellent agreement with thermocouple data.

Sewsitivity studies on parameters which directly affect the thermal /hydraulic response

showed a significant dependence on several break flow modelling parameters, including
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areas, discharge coeflicients and loss coefficients used. Results showed little or no deen-
dence on structural heat transfer, either on the magnitude of the convective heat transfer
coeflicients or on the correlation sets and characteristic lengths used, on the radiative
heat transfer emissivity or path length used. or on the modelling of piping insulation,
on bubble rise physics in flow paths, or on secondary system leakage. The sensitivity
studies did find a strong dependence on the junction opening heights used in flow paths
connecting vertical stacks of control volumes, particularly at the core inlet and outlet,

The core heatup predicted was in very good agreement with test data (even to the
effect of enhanced core cooling and a partial rewet soon after core dryout and uncovery)
until the onset of rapid metal-water reaction late in the transient. This behavior could
not be predicted using the default models and parameters in MELCOR, but required
changing the temperature switching from a low-temperature to a high-temperature set

of zircaloy oxidation rate constants.

Post-irradiation examination (PIE} of the CFM [169] concluded that the material
relocation and stratification in LP-FP-2 resulted in low-melting-point metallic melts near
the bottom of the fuel bundie, a high-temperature (U,Zr)O; ceramic melt region above
this, and a debris bed of fuel pellets near the top of the fuel bundle. The final material
distribution in MELCOR is in reasonable qualitative agreement with the test results, A
debris bed consisting mostly of solid UQ, fragments overlies a central region where much

frozen, with the steel in the other

of the oxidized and unoxidized zircaloy clad has re
structure refreezing at a somewhat lower average elevation and the control rod poison
material flowing down to the lower core and core support plate before refreezing. The
PIE identified a 7T9-86'4 blockage due to material relocation and stratification in LP-FP
2. There is no internal blockage medel in MELCOR. With flow blockage approximated
rea input at > 1400s, predicted clad temperatures are in better agreement with data: the
agreement might be improved further if the blockage could be modelled as occurring at
the “correct” (moving) core elevation, rather than simply at th> CFM inlet.

he hydrogen generated in our MELCOR analyses is in good agreement with data.
['he reference MELCOR calculation, with the inner zircaloy liner of the insulating shroud
assumed to oxidize at the same temperature and rate as the adjacent clad, showed 267g
of hydrogen in the BST, while a sensitivity study in which oxidatien of the shroud inner
liner was neglected gave 218g of hydrogen in the BST. Two experimental data sets are
available for comparison. Grab samples from the suppression pool indicating 205+11g
reflect hydrogen generation during the transient because the tank was isolated just prior
to reflood:; the PIE indicated 63g and 118g of hydrogen, respectively, generated as a result
of zircaloy oxidation in cladding shells and in relocated material in the lower bundle, for
a total of ~181g.

Modelling the CFM shroud proved important primarily because of its effect on pre-
venting radiative heat transfer and coolant temperature equilibration in the two paraliel,
isolated core flow channels. Minor changes were noted varying zircaloy melt temperature
or core axial noding resolution, eliminating a gaseous diffusion oxidation rate limit or
axial conduction, or varying convective heat transfer in the core, refreezing heat transfer
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coefficient values, minimum oxide shell thicknesses for material holdup or other structure

composition (1.€., steel or inconel ),

A significant fraction of the most volatile species (Xe, Cs and 1) were released using
both the CORSOR and CORSOR-M expressions, with all three classes having nearly
equal releases of ~7-11% (with the test data in the lower half of this range, with more |
found released than Cs, Xe and Kr). Ouly the gap inventories were released for the most
hij_',hlA\‘ !"fl‘iu'tm.\' species Le.g., (e, La and i') for all upt:um\. and also for Ru, Mo and Cd
in the CORSOR-M version. CORSOR gave higher releases for several classes (Ba, Mo, Cd
and Sn, and - to a lesser degree - Ru), while CORSOR-M produced significantly higher
release of Te (with data indicating a Te source term somewls re inbetween). CORSOR
Booth predicted significantly lower releases (2-4% ) for the most volatile species (Xe, Cs
and 1) than either of the older CORSOR options, in very good agreement with test data,
while the releases of other species (Ba, Te, Cd and Sn) were intermediate between the
CORSOR and CORSOR-M predictions. Calculations were done with both the low- and
high-burniup CORSOR-Booth default constants, although the CFM fuel in the LP-FP-2
test would (lt‘«ll‘l} lie on the low lulnllll[» side of the EXPressions,

Different gap first-release times calculated with the different CORSOR and CORSOR
Booth options indicate that some differences existed in these calculations prior to clad
failure. Analyses using CORSOR-M showed identical results up to the time of first clad
failure and gap release, but this was not the case in preliminary calculations; a number
ol code problems had to be identified and corrected to obtain this expected result, We
also thought that no differences should exist in caleulations varying assorted MAEROS
parameters prior to clad failure and subsequent aerosol release, but found that small
differences were caused by the effect of the MAEROS input parameier changes on water
droplets present in control volume atmospheres during the first portion of the transient
(confirmed in a sensitivity study with specification of zero fog density throngh sensitivity
coeflicient input.)

Both machine-dependency and time-step studies, and evaluation of the new heat
transfer model for partially covered core cells, indicate strongly that additional time step
controls nmst be developed in the COR and/or CVH packages to avoid what appear
to be unphysical, numerically-driven liquid level oscillations during core uncovery and
dryout, and valve-setpoint over- and undershoots, The Cray, SUN, VAX and IBM gave
very similar results, while the “same” analysis done on a PC gave visibly different results
throughout most of the latter half of the transient, primarily due to the increase in both
number and magnitude of liquid level oscillations during core uncovery. A compiler error
was later found which caused these discrepancies, and more recent code versions now give
nearly identical results on all platforms tested. Increasing the time steps used generally
resulted in progressively larger and more numerous liquid level oscillations.

The results of both the reference analysis and the large number of sensitivity studies
done suggest that more separate-effects assessment of MELCOR is needed, particularly
for break flow in the early-time thermal/hydraulics and for rapid metal-water reaction
during core damage. Numerical effects were significant in both the COR and HS packages
for heat transfer under two phase conditions, in the COR and CVH packages for liquid
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15 PMK Bleed-and-Feed

I'he MELCOR 1.8.1 code has been used at the Atomic Energy Institute in Hungary
Lo “lli)’l]‘th' l]l(' }'\”\ Mf‘l !i zl!lll 'vw'vl "\}n'.'l!lu‘hfw (!HH*' M oa s dlt’ lluul(‘l \ \ ll\' 110 test
facility |59}, with comparison to results from corresponding RELAPS/MOD2 calculations
.\-nl.t‘!f"d‘ln!l '«'»H'lll“« illHl \l'lrll"\ On '~t‘\¢'l'n[ ( u(l(‘ Hlmlt'“tll!.‘ u;u?inn\ were nl\n (inn(', (;tmcl
agreement was found between calculations done by RELAPS/MOD2 and MELCOR 1.8.1
(JY version). The conclusion of this study was that the ahility of the user to “match”
the observed behavior through a small set of nonstandard input modelling changes allows
MELCOR to be used in accident management and PRA studies for VVER-440 rea tors

in which such phvsics are expected to be encountered
pin |

The PMK-2 integral experimental facility [172! is used to understand the effectiveness
of bleed-and-feed manipulations in VVER-440 reactors. The facility design 1s a 1/2007
scale '~ih'.‘]w IHU}' Hml':t‘i va the 6 iuuir \ \ [ l' 110/213 reactor in Y}H' !'.me \lll‘]"dl l'()\‘.'l
Plant, with full heights preserved,

The calculations indicated that the key to correctly simulating the bleed-and-feed
l“-\[)d‘lilllé'll' 15 a detailed representation of the steam generator i the test facility, MEL
('OR was able to luHHli_\ represent the basic M‘.wn\' al ;)iu'nnlln'rm found in the RELAP
calculations, using a detailed heat structure model in the steam generator. To produce
reasonable results, the steam generator primary side was subdivided into three control

columes, and in each volume 16 heat slabs, stacked vertically, were used. So many heat
slabs were used because the steam generator heat sink was very sensitive to the collapsed
lu{mi! level in the steam generator, and because the added expense in vapnmflulml
time for heat structures in this problem was not so high as for increasing the number of

control volumes

During these calculations, some divergencies were found in the heat structure response
with a heat slab node thickness less than 1mm and a large heat source. The calculation
run with MELCOR 1.8.1 (HY version) run on a VAX terminated, but the JY version
(run on a PC) continued running, albeit with unrealistic results. Similar difficulties were

found in the case of horizontal heat slabs with similat thin nodes,
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16 MELCOR Applications in PRAs at SNL

MELCOR has been used at Sandia in a number of PRA applications. lu the NUREG
1150 study [60] reassessing risk at five plants, MELCOR was used to perform containment
response calculations [61]. 1u the phenomenology and risk uncertainty evaluation program
(PRUEP), MELCOR calculations were performed as part of an integrated risk assessment
for the LaSalle ;»]:ml h.’ MELCOR calculations have been done n[nluling the source
term for three accident sequences (AG, S2D and S3D) in the Surry plant [63]. MELCOR
is currently being used in a program assessing risk during low power and shutdown modes
of operation at the Grand Gulf plant (with Brookhaven p('rl'n)l‘mi‘.m a parallel study for

a PWR)

16.1 NUREG-1150 Supporting Calculations

MELCOR was used to help address many phenomenological questions in the acci
dent progression event trees and to provide guidance for the expert opinion studies for
the NUREG-1150 probabilistic risk study [60]. The MELCOR analvses included inte
gral calculations covering an entire accident sequetice, as well as calculations addressing
specific issues that could affect several accident sequences. Analyses were performed for

both PWR and BWR plants

['wo integral MELCOR calculations were performed for a station blackout scenario
at Grand Gulf. The basecase was a station blackout with nominal leakage between
the drywell and outer containment, and no outer-containment burns. A variation was
performed in which a large outer-containment burn was assumed to occur before vessel
breach, creating a large bole in the drywell wall. Additional MELCOR caleulations
were performed using a simplified deck to examine the flatnmability in various regions
of containment, as well as numerous calculations to characterize containment response
to burns initiated over a wide range of conditions. MELCOR and HECTR calculations
were done to examine the effect of spray injection into a steam-filled containment, and
MELCOR calculations were done to investigate the potential for pushing water over the
weir wall onto the (lll\ well floor.

An analysis of the Peach Bottom containment response following vessel breach was
performed using MELCOR, as was a very limited analysis to estimate the timing for
boiling the Sequoyah reactor cavity dry with a coolable debris bed submerged under a
large pool of water. The LaSalle reactor building response following wetwell venting o
drywell fatlure was examined using MELCOR, and an integral calculation for a short-term
station blackout was done.

16.2 LaSalle PRUEP Study

Phenomenological calculations have been done in support of the Level 11/111 portions
of a PRA for the LaSalle County Unit 2 nuclear power plant [62], using detailed integrated
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| 16.3 Surry AG, S2D and S3D
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['he containment was predicted to fail shghtly later in time in the MELCOR calculation
than in the STCP analysis. partly due to a slower pressurization rate and partly due to
a higher failure pressure setpoint, After containment failure and associated loss of ECC,
both codes predicted core damage, lower head failure, and debris ejection to the cavity
['he core degradation process calculated by MELCOR was somewhat more gradual and
extended than that predicted by STCP. Both codes ;)H"ll(t('(l almost all the noble gases
and alkali metal volatiles (CsOH) released, and most of the halogens (1). Significantly
more alkali earth (Ba) release and significantly less chalcogen {Te) releases were calcu-
lated by MELCOR than by STCP. A small fraction (€5%) of the Mo, Cd and Su were
calculated to be released in the MELCOR analysis, with no STCP values for comparison.
Both codes predicted only trace amounts of the refractories (Ru, Ce, La and U) to be

released,

Fission product release results from STCP were not available for the S2D and 83D
sequences for comparison to MELCOR predictions. ['herefore, only timings of major
events could be l'ull]]m:"‘l] in these two cases. Nejther code [H't'(]l(‘lt‘(i containment failure
in either case, primarily due to the continued availability for containment heat removal
via the containment sprayv recirculation system coolers. Time to core uncovery, core
damage and relocation, lower head failure and debris ejection to the cavity were not
all that different. One major difference between results from from MELCOR and from
STCP was the prediction of deflagrations occurring in both sequences in the MELCOR
ana'vses, with associated containment pressure and temperature spikes; there were no

deflagrations in the STCP analyses for either small break sequence,

['he overall fission ;)Iml!)( t source terms calculated ]{\ MEIL( ()R for the S2D and S3D
sequences, and for the AG sequence as well, showed some general similarities in predicted
response. In all three cases alinost all of the noble gases (<99% ) and most (~85-95% ) of
the Cs and I volatiles were released; very I'ttle remained in the RCS and almost all were
in the containment or (for the AG sequence) released to the environment. Intermediate
amounts of Ba, Te, Sn, Cd and Sn (2-30%) were released, and only trace amovuis (<1%)

HQ. 1!10' r--f!'m tories RH. (e, l.ia aml U were }»r('cl‘.( ?r.‘«l to be 1('1(';:~'('ll.

I'his report adds three sequences (AG, 52D and S3D) in the Surry plant, a 3-loop
PWR with subatmospheric containment, to the growing list of various accident scenarios
analyzed using the MELCOR code. In addition to comparing the MELCOR results to
those from previous analyses for these sequences performed using the STCP code, this
report provides substantial documentation on the MELCOR calculations for primary
system thermal/hydraulics, core degradation, containment response, core- concrete in-
teraction, and fission product release and transport, in an attempt to provide reasonably
complete documentation on the source term for future applications such as PRAs,

16.4 Grand Gulf Low-Power Shutdown PRA

The safety of commercial nuclear plants during full power operation has been previ-
ously assessed in many probabilistic safety assessment studies. Recent events at several
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nuclear power generating stations, recent safety studies, and operational experience, how-
ever, have all highlighted the need to assess the safety of plants during low power and
shutdown modes of operation. In contrast to full power aperation, there is very little
information on the safety of plants during low power and shutdown modes of operation.
In the past, the assumption has been that power operation is the risk dominant mode of
operation because the decay energy is greatest at the time of shutdown and then decavs
as a function of time. Thus, the rationale was that during shutdown modes of operation
the decay heat would be sufficiently low that there would be plenty of time to respond to
any abnormal event that may threaten the core cooling function. Furthermore, given the
unlikely event that a release did occur, radioactive decay would lessen the radiological
potential of the release. This argument’s Achilles’ heel is that the technical specifications
allow for more equipment to be inoperable in off power conditions. Thus, while there
may be more time to respond to an accident durirg shutdown, many of the systems that
are relied on to mitigate an accident during power operation may not be available during
shutdown.

To gain a better understanding of the risk significance of low power and shutdown
modes of operation, the Office of Nuclear Regulatory Research at the NRC established
programs to investigate the likelihood and severity of postulated accidents that could oc
cur during low power and shutdown (LP&S) modes of operation at commercial nuclear
power plants. To investigate the hkelihood of severe core damage aceidents during off
power conditions. probabilistic risk assessments (PRAs) were performed for two nuclear
plants: Unit 1 of the Grand Gulf Nuclear Station which is a BWR-6 Mark 111 boiling
water reactor (BWR) and Unit 1 of the Surry Power Station which is three loop, subat-
mospheric, pressurized water reactor (PWR ). These studies consist of the following five
analysis components: accident frequency analysis, accident progression analysis, analysis
of the release and transport of radioactive material (1.e., source term analysis), conse
quence analysis, and a risk integration analysis. A principle product of such a Level 3
PRA is an expression for risk.

The analysis of the BWR was conducted at Sandia National Laboratories while the
analysis of the PWR was performed at Brookhaven National Laboratory. A multi-volume
report [64] presents and discusses the results of the BWR analysis. Volume 1 summarizes
the overall results. Volumes 2-5 present the accident frequency analysis (1.e., Level 1).
Volume 6 presents the Level 2/3 analysis performed under FIN L1679, Part 1 of Volume
6 presents the accident progression, radionuclide release and transport, consequence and
risk analyses. Part 2 of Voluine 6 presents the deterministic code calculations performed
with the MELCOR code that were used to support the development and quantification
of the PRA models.

In that report, the background for the work is summarized, including how determin-
istic codes are used in PRAs, why the MELCOR code is used, what the capabilities and
features of MELCOR are, and how the code has been used by others in the past. Brief
descriptions of the Grand Gulf plant and the configurations and plant operating states
(POS) during LP&S operation, and of the MELCOR input model developed for the
Grand Gulf plant in its LP&S configuration are given. The results of MELCOR analyses
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of various accident sequences for the POS 5 plant configuration are presented. for acei
dents initiated at several different times after scram and shutdown, including shortened
thermal /hydraulic and core damage calculations done in support of the Level 1 analysis
and full plant analyses, including containment response and source terms, supporting
the Level 2 analvsis, MELCOR calculations of various accident scenarios for POS 6
also are given: these include a reference calculation and sensitivity studies on both plant

configuration assumed and on code input options used.

A series of MELCOR calculations were done to support the quantification of the
Level 1 PRA models for POS 5. POS 5 is rigorously defined as: “Cold Shutdown (Op
erating Condition 4) and Refueling (Operating Condition 5) only to the point where the
vessel head is off.” For these calculations, the parameters of interest include the times
to reach various pressure and/or level setpoints, the time to top-of-active-fuel (TAF)
uncovery, the times to core 'nmm;: and clad failure and the time to vessel failure. Several

general scenarios when the plant is in POS 5 have been considered:

. open MSIVs.

low pressure bonlof!.

3. high pressure boiloff with closed RPV lLead vent,

{. high Pressure botlofl with open RPV head vent,

5. large break LOCA,

6. station blackout with failure to isolate SDC,

7. station blackout with firewater addition,

N, station blackout with 10 hr firewater addition followed ]'_\ high pressure boiloff. and

9. station blackout with 10 hr firewater addition followed by failure to isolate SDC.

In all these Level 1 cases, the drywell personnel lock is open; the containment equipment

hatch and both of the containment personnel locks are open.

Calculations were performed for several different times from shutdown for each of
these accident scenarios: 7 hr, 24 hr, 59 hr, 12 days. and 40 days. The first two times
correspond to the times used to determine the decay heats for the first and second time
windows; the third time corresponds to the midpoint of the second time window; the
last time corresponds to the time corresponding to the decay heat level in the third time
window. Because the primary interest was in time to core damage, these Level 1 support
calculations were run until any of the following: vessel failure, code abort or 24 hr of
transient. If any sequence produced no significant core damage within 24 hr for a given
decay heat level, no further calculations were done with longer shutdown time s (7.¢..

lower dec a\ heat levels).



Table 16.4.1. MELCOR Level 2 Support Calculations - Sequences and Relative

Contribution of Plant Damage States to Core Damage Frequency

Plant Damage Time After Fraction Sequence
State Shutdown  Contributed Description
PDS 3-1 10 day 0.33% LBLOCA with flooded containment
PDS 2.2 24 hi 0.242 SBO w/o firewater, break in SDC
PDS 2-1 24 ha 0.170 LBLOCA with flooded contaimment
PDS 2-4 24 I 0.104 Low-P Boilofl with Hooded containment
PDS 1-3 7 h 0.032 SBO w/10 hr-firewater, High-P Boiloff
PDS 1-1 7 hr 0.019 LBLOCA with flooded containment
PDS 1-2 7 hi 0.015 SBO w/o firewater, break in SDC
PDS 15 7 ht (.008 Low-P Boiloff with floeded containment
PDS 2.5 24 hr 0.007 High-P Boiloff with closed containment
PDS 2.6 21 hi 0).006 Open MSIVs with closed containment
PDS 2-3 24 hi 0.051 Same as PDS 2-2, but with potential
to recover A(C powel

PDS 1-4 7 hr 0.005 Same as PDS 1-2, but with potential

{O recovel \( - i“'\\"f

Based partly on the results of the MELCOR calculations done in support of the POS 5
Level 1 analysis, a number of accident sequences were eliminated from consideration as
not resulting in core damage within the first 24 hr from the start of the accident. The
remaining sequences, those leading to core damage within 1 day and with a frequency
greater than the Level 1 truncation frequency, were grouped into plant damage states or
PDSs. The plant damage states are ranked by their relative contribution to core damage
frequency as

Complete MELCOR accident analyses have been done for these sequences in support of
the Level 2 PRA, with results described in detail. (The last two sequences in the table
are identical to other sequences in the table with regard to MELCOR calculations, but
with different recovery assumptions in the Level 2 PRA )

An abridged risk analysis was performed on the early portion of the refueling mode
of operation. In the Level 1 coarse screening analysis this mode of operation is referred
to as plani operating state 6 (POS 6). During a refueling outage, the plant will enter
POS 6 prior to loading fresh fuel (1.¢., going down) and then following fuel transfer on the
way back up to power conditions (z2.c., going up). In this POS 6 study, only the going
down phase is analyzed. POS 6 begins when the vessel head is detached and ends when

the upper reactor cavity has been filled with water. Prior to this mode of operation,
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Table 16.4.1. MELCOR Level 2 Support Calculations - Sequences and Relative
Contribution of Plant Damage States to Core Damage Frequency

Plant Damage Time After Fraction Sequence
State Shutdown Centributed Description
PDS 3-1 40 day (.338 LBLOCA with flooded containment
PDS 2.2 24 hi 0.242 SBO w/o firewater, break in SDC
1S 2-1 24 hr 0.170 LBLOCA witl, looded containment
PDS 2-4 24 hi 0.104 Low-P Boilofl with flooded containment
PDS 1-3 7 hr 0.032 SBO w/10 hr-firewater, High-P Boiloff
PDS 1-1 7 hi 0.019 LBLOCA with flooded containment
PDS 1-2 7 hr 0.015 SBO w/o firewater, break in SDC
PDS 1-8 T by 0.00% Low-P Boiloff with flooded containment
PDS 2-5 24 hi 0.007 High-P Boiloff with closed containment
PDS 26 24 hi 0.006 Open MSIVs with closed containment
PDS 2-3 24 ht 0.054 Same as PDS 2.2, but with ;mh’n!ia]

to recover AC powel

PDS 1-4 7 hi 0.005 Same as PDS 1-2, but with potential

to recover A(C power

Based partly on the results of the MELCOR calculations done in support of the POS 5
Level 1 analysis, a number of accident sequences were eliminated from consideration as
not resulting in core damage within the first 24 hr from the start of the accident. The
remaining sequences, those leading to core damage within 1 day and with a frequency
greater than the Level 1 truncation frequency, were grouped into plant damage states or
PDSs. The plant damage states are ranked by their relative contribution to core damage
frequency as:

Complete MELCOR accident analyses have been done for these sequences in support of
the Level 2 PRA, with results described in detail. {The last two sequences in the table
are identical to other sequences in the table with regard to MELCOR calculations, but
with different recovery assumptions in the Level 2 PRA.)

An abridged risk analysis was performed on the early portion of the refueling mode
of operation. In the Level 1 coarse screening analysis this mode of operation is referred
to as plant operating state 6 (POS 6). During a refueling outage, the plant will enter
POS 6 prior to loading fresh fuel (1.€., going down) and then following fuel transfer on the
way back up to power conditions (1.¢., going up). In this POS 6 study, only the going-
down phase is analvzed. POS 6 begins when the vessel head is detached and ends when

the upper reactor cavity has been filled with water. Prior to this mode of operation,

-
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17 Independent Review of SCDAP/RELAPS5 Nat-
ural Circulation Calculations

SCDAP/RELAPS calculations of the Surry TMLB' accident scenario [66] showed that
natural circulation (both in-vessel and hot leg countercurrent flow) transfers core energy
to other regions of the primary coolant systemn. Furthermore, the SCDAP/RELAPS
code results predicted that either the hot leg pipe or the surge line pipe would fail and

depressurize the system, precluding failure of the reactor vessel at high pressure.

The main objective of this exercise [131] was to review and assess the results and
conclusions in [66]. Because the SCDAP/RELAPS model relied heavily on results from
Westinghouse experiments [176] and from supporting caleulations [177) with the COM
MIX code, those studies also were examined in detail, and use of these results was
identified as a major source of uncertainty in the SCDAP/RELAPS analyses

Some of these uncertainties were examined by building a corresponding MELCOR
model of the Surry plant and performing sensitivity studies with MELCOR on several
modelling parameters. The MELCOR mode! developed for this problem used more em
pirical models than the SCDAP/RELAPS model; in particular, the core was modelled
exphicitly in the SCDAP/RELAPS model but was modelled simply as a voluinetric heat
source in the MELCOR model. Despite such differences, MELCOR results for the base
case TMLB' event were in L‘_}m“ agreement with those of SCDAP/RE] AP5. The MEL
COR model used the same heat transfer and flow loss coefficients as the SCDAP/RELAPS
model as well as the saine steam generator mixing fractions obtained from the COMMIX

caleulation and the Westinghouse test data.

Ihe effect of the hot leg inlet vapor temperature history was examined by varving
the decay heat and the oxidation energy in the reactor vessel core. The effects of various
modelling parameters on the mass flow rate developed in the hot leg countercurrent flow
loop was evaluated by varving flow loss coefficients, including radial heat conduction
between the top and bottom portions of the split hot leg, and modelling heat and mass
transfer between the split hot leg countercurrent flows.

Of all the parameters studied, variation in the decay heat most affected the results.
with a 25% change in decay heat changing surge line failure times by as much as 25min.
Variations of other parameters affecting hot leg countercurrent flow modelling assump
tions altered the predicted failure time times by less than 10min

A total-Joop natural circulation calculation, for a pump seal leak scenario, was per
formed with this MELCOR model. The total-loop circulation flow rate was higher that
the hot-leg/steam-generator circulation flow rate in the base calculation. The surge line
was not heated as much in this scenario and was not vulnerable to failure. Iustead. this
calculation showed that the steam generator tubes are more vulnerable to failure in this

case than found in the case that did not have total-loop natural circulation.

(In addition, to study the relationship between the steam temperatures in the inlet

plenum of the steam generator and the steam generator circulation rate, an independent






18 ORNL Analyses

MELCOR has been used as a severe accident analysis tool for several Qak Ridge
programs. MELCOR has been validated by ORNL as part of the High Flux lsotope
Reactor (HFIR) Safety Analysis Report (SAR) quality assurance program, before using
MELCOR as the primary analysis tool for their Chapter-15 design-basis accident analy-
ses. Problems analyzed during the ORNL V&V effort [68] are discussed in Section 18.1.
As part of a focused severe accident study for the Advanced Neutron Source (ANS)
Conceptual Safety Analysis Report (CSAR), MELCOR is being used at Oak Ridge to
predict the transport of fission product nuclides and their release from containment [69].
as summarized in Section 18.2. ORNL has also completed a MELCOR analysis charac
terizing the severe accident source term for a low-pressure, short-term station blackout
sequence in a BWR-4 [70], as described in Section 18.3. A detailed assessment of the
MELCOR Radionuclide (RN) Package's fuel fission product release models has been per-
formed at ORNL via simulation of ORNL's VI-3, VI-5, and VI-6 fuel fission product
release tests, and comparison of MELCOR's predicted fission product release behavior
with that observed in the tests, as summarized in Section 18.4. Section 18.5 describes
work on a projects to prepare a fully qualified, best-estimate MELCOR deck for the
Grand Gulf facility; duplicate a short-term station blackout sequence with the deck used
for NUREG-1150, and the QAed deck; and to compare the results of the two analvses.

18.1 HFIR SAR MELCOR V&V

A series of calculations were done to validate and benchmark the HFIR MELCOR
severe accident analysis model for application to loss-of-coolant severe accident scenarios
[68] The effort has focused primarily on validation of the reactor coolant system (RCS)
portion of the model. All of the calc ulations described were p('lf'l,ll‘ﬂu'l‘l on an IBM RISC-
6000 Model 530 computer using MELCOR 1.8.1 (specifically, 1.8HN).

18.1.1 Null Transient

A null transient is a calculation in which no forcing functions are applied to the
system and the model’s predictions for steady state operational values (e.g., pressures,
temperatures, etc.) are compared with known operational data. Steady states were
obtained both for full-power operation and for a post-scram state.

The calculated results agree favorably with nominal operating conditions for both
full power and shutdown operation. The agreement between calculated and operating
values ensures that the initial conditions calculated for the large break LOCA transient
are reasonable,
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18.1.2 Adiabatic Null Transient

Due te ;s!uNt‘m\ encountered in trying to ;;>:mnlt‘ (u!l\}";rh'l_\ consistent initial con-
ditions for a complex model such as the integrated HFIR model, and because MELCOR
predicted a significant pressure drop immediately following problem initialization in the
absence of a “steady-state initialization” control volume acting as an auxiliary makeup
svetem, a calculation was done in which all energy sources and sinks were removed from
the model in order to demonstrate whether the RCS model was stable in the absence of

nonequilibrium boundary conditions.

I'he results of this calculation indicate that the model is stable in the absence of
external forcing functions. The results also indicate that the *RCS initialization volume”
is required to provide makeup flow immediately after problem initialization to counter
the coolant temperature decrease associated with heat transfer from the RCS coolant
to the system piping and components: it may be possible in the future to eliminate the
initialization volume by providing additional initial condition information for the RCS

structures and confinement volumes.

18.1.3 CVH Energy Sources

I'his problem 1s an adiabatic heatup in which a known, time-dependent energy source
18 applied to the water in an otherwise adiabatic RCS, to demonstrate that the model can
accurately predict the RCS loop-average temperature increase based on a known energy

i put

['he results of this calculation demonstrate that MELCOR does perform realistic

energy balances on the RCS coolant inventory in the absence of RCS heat sinks.

18.1.4 *“Spring Constant” Experiments

Because water-solid systems such as HFIR s are extremely sensitive to small changes
in water temperature and makeup/letdown system flow, the HFIR's RCS volumetric
expansion coeflicient (“spring constant”™ ) was measured during a series of hydraulic tests
[178]. Two calculations were made in which MELCOR's predictions for the RCS spring

constant were compared to test data and to analytic calculations.

The calculated spring constants are significantly higher than measured values. Since
part of the spring constant is due to expansion/contraction of the RCS loop piping, and
part of the constant is due to the expansion/contra. ion of the water, it is clear that
MELCOR should in fact overpredict the overall spiing constant. An analysis of the
HFIR RCS spring constant was done which evaluated the relative contributions of loop
structural elasticity and water compressibility to the overall system spring constant, The
spring constant results obtained from the MELCOR analysis compare extremely well
with the theoretical predictions in which structural elasticity is ignored
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These two calculations demonstrate that MELCOR significantly overpredicts the RCS
spring constant, due to the code’s inability to model RCS loop structural elasticity. Thus,
MELCOR’s predictions for RCS pressure are significantly more sensitive to RCS mass
and energy sources and sinks than is the actual system, This is believed to be of little
importance for LOCA scenarios in which the system actually depressurizes very quickly:
the significance for non-LOCA severe accident sequences will have to be evaluated on a

case }»A\ caste Inhi\

1I8.1.5 LBLOCA Comparison to RELAPS

Thermal/hydranlic performance parameters are especially important for severe LOCA
sequences at HFIR because the fission product source term for these accidents is char
acterized by a tendency for the volatile fission products to remain dissolved in the (rela
tively) cool primary coolant water: thus, the total source term for these species is a direct
function of the time-integrated leakage of the reactor coolant from the break. The reactor
coulant break flow rate is determined by the pump performance in the broken and intact
loops. Therefore, the MELCOR model must accurately predict the pump performance
during the LOCA, but the simple pump model in MELCOR does not include detailed
calculations of degraded pump performance such as are included in the RELAPS code.
RELAPT has been extensively verified and validated against a wealth of LZWR transient
and e xperimental data, and is believed to provide the best available simulation of LOCA
transient behavior. Agreement of the RELAPS and MELCOR integrated leakage rates
provides added confidence that the MELCOR model can be used for the prediction of
the thermal/hydraulic and fission product source term for the HFIR.

A thermal/hydraulic computational model of the HFIR has been developed using the
RELAPS code [179]. That model includes a detailed representation of the reactor core
and other vessel components, three heat-exchanger/pump cells, pressurizing pumps and
letdown valves and secondary coolant system (with less detail than the primary system);
limited validation has been performed [180] against plant data. This model is being used
to simulaie operational transients and LOCAs in support of the HFIR SAR.

The total integrated effluent mass from the primary system as calculated by MELCOR
and RELAPS differed by ~4% for the first hour following a large break LOCA for the
HFIR, which is excellent agreement between two large codes designed for totally different
objectives. However, the inability of the MELCOR model to predict the intact loop
flows could significantly impact RCS fission product retention estimates for certain other
transients such as a small break LOCA. The differences in cold leg header flows were
insignificant compared to the total mass lost from the system.

I'his result is valid only for the large break LOCA for the HFIR. and caution should
be used in extending the use of MELCOR to other accident types. Also. the RELAPS
calculation did not represent a realistic scenario (1.¢., it did not include fuel melt or decay
heat); its use here was limited to predicting flow rates during a large break LOCA,
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18.2 ANS Containment

As part of a focused severe accident study for the Advanced Neutron Source {ANS)
Conceptual Safety Analysis Report (CSAR), MELCOR is being used at Oak Ridge to
predict the transport of fission product nuclides and their release from containment [69],
with the MELCOR Accident Consequence Code System (MACCS) [181] used to deter-

mine subsequent accident dispersion and radiation exposures.

The report describes the [m\tulah-"l severe accident scenarios, mvt}:n(,lulug}‘ for anal
ysis, modelling assumptions, modelling of several severe accident phenomena, and eval

uation of the resulting source term and radiological consequences,

Due to the early stage in severe accident technology development for the ANS, rel-
evant tools have not been developed for evaluating core melt progression phenomena.
Consequently, three different types of severe accident scenarios were postulated with a
view of evaluating conservatively scoped source terms. To provide initial source term
estimates for the high-consequence, low-probability end of the severe accident risk spec
trum, early containment failure cases are also evaluated for the scenarios analyzed and
reported. In addition, containment response for an intact containment configuration is

also .1I|(|lf\'/(‘f]

'he first scenario evaluates maximum possible steaming loads and associated radionu
clide transport. The core debris is this case is assumed to be confined within a water
pool. At the beginning of the MELCOR calculations, it is assumed that a partitioning
nf hs\fnﬂ p(‘uuin('h héls O HTH“" d” Uf !ht' IIHH(' gFases dmi -'bU'v«-" Hf lh(‘ hd]t')g('n il)\t‘llh)l_\‘
escape from the water and get sourced into the atmosphere of the primary containment
high bay area volume, while the balance of the radionuclides stay behind and deposit

their decay heat into the water, eventually causing steaming.

The next scenario is geared toward evaluating conservative containment loads from
release of radionuchide vapors and aerosols with associated generation of combustible
gases during molten core-concrete interaction, It is postulated, due to the very high
power density of the ANS fuel debris, that during a core meltdown accident core debris
could ablate penetration seals or other structures and relocate onto the concrete floor
of the subpile room: thereafter, the core debris would spread and molten core-concrete
interaction would begin. The containment will get challenged from the resulting loads
arising from combustible gas deflagration and released radionuclides, in addition to other
gases produced from molten core-concrete interaction and steaming (if flooding is em-
ployed). If flooding is employed, it is postulated that steam explosion loads, combined
with aerosol suspension of nonvolatile fission products, will not occur. It is not apparent
that a steam explosion in the subpile room or detonable quantities of combustible gases
could directly threaten containment. From the standpoint of conservatism, the analy-
siz of containment failure during molten core-concrete interaction was included. Several
different containment configurations (including primary and/or secondary containment
failure) ave studied in combination with and without flooding during molten core-concrete

interaction events.
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I'he third scenario follows the preseriptions given by the 10 CFR 100 guidelines; it
was tncluded in the CSAR for demonstrating site-suitability characteristics of the ANS

Various containment configurations are considered for the study of thermal-hydraulic
and radiological behaviors of the ANS containment, These range from an intact primary
and secondary containment (7.¢., containment isolation) to at least partial failure of both
the primary and secondary containment. The worst containment failure mode (v1 2., the
failure of both primary and secondary containment) would occur in such a manner that
a leakage path of some particular size would open to the environment. Severe accident
mitigative design features such as the use of rupture disks were accounted for.

For all the intact containment configurations, including the 10 CFR 100 scenario.
MELCOR predicted that only a negligible amount of radionuclides get released into the
environment. The scenarios with the failure of the primary containment (with intact
sccondary containment ) revealed that about 10% of the noble gas inventory and a few
percent of volatile radionuclide inventories get released into the environment. For the
cases with failure of both primary and secondary containment walls, however, the results
show that about 10% to 20% of mitial inventories of noble gases and volatile radionu
clides are released into the environment. This source term information was used to drive
MACCS for the evaluation of radiological CONSeqUences

18.3 Peach Bottom Plant Analyses

ORNL has completed a MELCOR analvsis whose purpose was to provide best
estimate source terms for two low-pressure, short-term station blackout sequences (with
a dry cavity and with a flooded cavity) and a design-basis loss-of-coolant accident con
current with complete loss of the ECCS in a BWR-4 [70]. The source terms include
fission products and otlier materials generated by core/concrete interactions. The in
containment source terms generated by MELCOR are compared to those developed for
NUREG-1150 [60] using STCP [106]

Ihe plant analyzed, the Peach Bottom Atomic Power Station, is a BWR-4 with a
Mark-1 coutainment. The selected severe accident analyzed, a low-pressure, short-term
station blackont, assumes that all power is lost except the DC power needed to actuate
the antomatic depressurization system (ADS) and the safety relief valves (SRVs).

Version 1.8.1 of the MELCOR code (specifically versions 1 8SHN, IR and KH) and (in
a few calculations) the MELCOR/CORBH package (of which a later version is included
in MELCOR 1.8.2) were used to calculate the best-estimate timing of events and best-
estimate source terms. The CORBH package [182, 183, 184] is a BWR lower plenum
debris bed package developed by ORNL and interfaced with the MELCOR code, which
has a more detailed model of the molten core/debris behavior in the lower plenum.
(Note that then-unresolved problems with the CORBH package prevented execution to
completion, and that the CORBH package was not interfaced with the fuel fission product
release al_L',nl'il hims.)
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terms for Te, Ru and Ce. MELCOR also calculates smaller amounts of nonradioactive

werosols than the values in [185].

Of the three sequences, the LOCA has the highest in-containment source terms for
I (as Csl) and Cs, because the LOCA has the lowest retention of these products in the
reactor coolant system (about 21%). The station blackout with a dry cavity has the
lowest releases of | (as Csl) and Cs of the three sequences and also the largest retention
of these products in the reactor coolant system (about 40%). For the remaining fission
products, the station blackout with a dry cavity has the largest source terms, the station
blackout with a flooded cavity the smallest source terms for Te, La and Ce and the LOCA
the smallest source terms for Ba, Sr and Ru.

The largest release of noble gases into the environment (89%) was predicted for the
station blackout with a flooded cavity; in this sequence, the wetwell failed by high pres-
sure and all the noble gases accumulated in the wetwell escaped. The LOCA has the
largest releases of Cs and Csl into the environment; the LOCA also has the largest in-
containment source terms for Cs and I {as Csl). The station blackout with the flooded
cavity has the lowest releases for all the classes (except for the noble gases). the scrubbing
effect of the water in the flooded cavity and in the wetwell retained most of the fission
products.

The MELCOR results for the timing of significant events (vessel failure, containment
failure. efe.) are compared in [70] to results fron a calculation [186] for the same low-
pressure short-term station blackout sequence at the Peach Bottom plant done using
the BWRSAR [187, 185] and CONTAIN [I89] codes. The environmental source terms
calculated by MELCOR for the station blackout sequences were also compared to STCP
results [60]; MELCOR calculated smaller releases than the STCP calculations.

Several sensitivity studies were done for the short-term station blackout sequence with
a dry cavity as part of this analysis, with results summarized here. The uncertainties in
these calculations are in five different areas: (1) containment failure mode and timing,
(2) vessel failure timing, (3) source terms, (4) plant input data and (5) MELCOR input
parameters.

One sensitivity study looked at the effect of the timing for the ADS actuation to
depressurize the vessel and to “steam cool” the hot core, including a base calculation
with no depressurization and four calculations with ADS actuated at four different times
(when the water level is in the lower plenum or is exactly at bottom-of-fuel, and when
the active fuel is either 1/3 or 2/3 covered with water).

Runs were done with two different core intact component porosities (0.99 and 0.53).
The use of the larger porosity value for the intact components produces a iarge “packed”
volume for the fuel and clad with little or no “free” volume left for relocation of debris.
A porosity value of (.53 (because only about 53% of the core cell volumes are occupied
by solid components) allows free space for relocation of debris into the space between the
fuel canisters, (The grid spacers are assumed to block debris relocation inside the fuel
channels. )
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test was to investigate fission product release at two temperatures (2000 and 2700K)
under strongly reducing conditions (hydrogen-helium atmosphere) to provide a direct
comparison with test VI-3 in steam. The objective of VI-6 test ws to obtain fission prod-
uct release data for fuel heated at 2300K, first in hydrogen (to allow cladding melting
and runoff ), then insteam (to enable oxidation of the UO2 fuel pellets). Total test times

ranged from one to approximately three hours.

The calculations conducted include runs with each of the six basic MELCOR fuel
fission product release options (CORSOR, CORSOR with surface/volume ration correc
tion, CORSOR-M, CORSOR-M with surface/volume ratio correction, CORSOR-Booth
for low burnup fuel, and CORSOR-Booth for high burnup fuel) for each of the three tests.
Time-dependent cumulative releace fraction comparisons were conducted for twelve el-
ements (hr, Cs, Sr, Ba, 1, Te, Ru, Mo, Ce, Eu, U, and Sb). In addition to the base
calculations, several sets of parametric calculations were conducted prior 1o the VI-3
test. This measurement yielded an approximate particle radius of six microns (the de-
fault MELCOR value is 10 microns). The four sensitivity calculations conducted in this
series employed particle radius values of one, three, six, and ten microns. The default
activation energy value in the Booth model is 3.8E5 J/kg-mole. Six additional calcula-
tions were performed for the VI-3 test, in which the debris particle radius was fixed at six
microns, but he activation energy parameter (Q) was varied between half of the defanlt
value and twice the default value

The six most important radionuclides (in terms of health impacts) are 1, Te, Cs, Sr,
Ru, and Ba. None of the existing MELCOR fuel fission product release models provided
final release estimates within the range of data uncertainty for all six of these elements in
any of the three tests. The results of the comparisons indicate that there were only two
cases 1 which a MELCOR fission product release model provided final release fraction
estitnates within the uncertainty range of the data for all three tests, (viz. CORSOR
with the surface /volume ratio correction for Ba; and CORSOR-M and CORSOR-M with
the surface/volume ratio correction for Te.) Thus, none of the existing models reliably
provided final release fraction estimates within the rage of data uncertainty. (Compar-
isons of the time-dependent cumulative release fraction estimates from MELCOR to those
observed in the tests were also conducted and will be documented in the final report.)

The last remaining VI-5 jodine samples were irradiated in March and the data should
be available sometime in April. At this writing (early April 1994) completion of the final
assessment report (an ORNL Letter Report ) 1s pending receipt of the final VI-5 data and
completion of the code prediction/data comparisons for the VI-5 experiment.

18.5 Grand Gulf Fully Qualified MELCOR Deck

This surnmary of work done at ORNL under FIN W6093 was provided for our survey
report by the principal investigator, Juan J. Carbajo (615-574-5856)

Many of the MELCOR computer decks emploved in NUREG-1150 were based on
manipulations of previous input decks, For example, in the case of BWRs, the original
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19 THALES-2/STCP/MELCOR Source Terms in
a BWR Severe Accident

rmed by Japan Atomic Energyv Research |
tute (JAERI) for source terms in a severe accident at a BWR with Mark-1 containment.

using the THALES-2, STCP and MELCOR codes to identify phenomena in which un
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certainties in analyvtical methods have a signihicant ettect on source term evaluation
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1 ] 1 | . 1 . ' > . i
accident sequence analyzed was S;E, a small break LOCA with w0 ECCS or RCIC coolant
injections; the bre ak loc ation was selected at the lowest elevation of a recirculation loot

| >y
and the size of the break was set at 2in diameter

[HALES-2 is a coupled fission product transport and thermal hvdraulic code devel
oped at JAERI [190], while the Souree [erm Code Package (STH 'P) is a set of five codes
106 developed for the U. §. NRC which MELCOR is intended to supercede
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20 VTT Analyses of Plant Transients in TVO NPP

MELCOR calculations have been done for two plant scenarios in the Teollisuuden
Voima Oy (TVO Power Company) nuclear power plant, including a MAAP/MELCOR
comiparison study with the MAAP runs done by TVO and the MELCOR runs done by
Valtion Teknillinen Tutkimuskeskus (VTT), the Technical Research Centre of Finland.
These analyses began using MELCOR 1.8.0 [73] and continued using MELCOR 1.8.1
(74], for the thermal/hydraulic aspects of the accidents. More recently, MELCOR 1.8.2
has been used to expand the TVO plant analyses to include fission product behavior in

two accident sequences [75).

In addition, an initial station blackout with a 10% break in the main steam line
with recovery of power and reflooding of the overheated reactor core with auxiliary feed
water system has been analyzed for the TVO plant using the MAAP, MELC'OR and
SCDAP/RELAPH/MOD3 computer codes ‘\Tfn“

20.1 Station Blackout and Main Steam Line Break Sequences

MELCOR 1.8DN and M \-’\');"""\ R 3.0B/rev 6.05 and 7 were used on a ( 'l’«'zf»' X\”’f 132
and an Acer 1100SX (3865X+387SX) PC, respectively, to calculate two accident se

quences f!l( ”1" I \() power [1!:\]:' 75 l l".v‘ sequences 1}14»*-‘1‘ were:

I. TB sequence - initial station blackout with manual depressurization of the primary
svstermn and simultaneous pedestal flooding at 1hr into the accident; wetwell venting

was assumed to start when drywell pressure exceeded 6bar; and

2. MSL-Break sequence - initial station blackout with a large (200%) break in main
steamn line; ADS operates with normal logic and pedestal flooding valves were

u;wnml at 1800s

In both accident cases, a leak of 5cm* area was assumed between drywell and wetwell,

['he fission product models were not activated in these calculations, because of con
vergence error problems encountered after the core material relocated into the lower head,
Further investigation of the problems with the fission product calculations was postponed
until the new version (1.8.1) of MELCOR would be installed and tested. Also, the mate
rial relocation models used in the core and lower plenum regions seemed to give unrealistic
predictions. The heatup of the core was very rapid in some core nodes, particularly in

the main steam line break case, without any physically reasonable explanation.

['he most significant differences between the results of the two codes were:

]. The debris was assumed to cool in the bottom head water pool in MELCOR,
delaying the RPV failure by several thousands of seconds; in MAAP, the corium
slumps through the bottom head within a minute after core plate failure.
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Core/concrete reaction results were judged to be unrealistic in both cases calculated;

the heavy and light oxide layers kept Hlipping back and forth.

In the MELCOR 1.8.1 runs the fission product models were activated and no problems
discovered. The default values for the numerous aerosol model input parameters were
applied in these calculations, but the number of aerosol particle sections was 15. Jodine
and cesium were modelled to form Csl through the input. However, these fission product
results are considered still very tentative and a closer look is needed in defining the aerosol
model parameters as weil as some sensitivity runs to find out their real significance. Also,
the orientation of aerosol deposition surfaces in the vessel may be occasionally inaccurate

(because all heat structures are either horizontal or vertical).

Recently [75]. MAAP 3.0B rev 9 and MELCOR 1.8.2 were used to calculate two
different accident scenarios for the TVO 1 plant to predict the possible release of fission
!'-’""i‘lrh from the containmen! I'he accident scenarios were a station blackout (TH
sequence) and a main steam line break with initial loss of all power (AB sequence). The
containment venting location was either in the wetwell or in the drywell, and the starting

prescure of the venting was varied to be 6 or 7 bar

MAAP and MELCOR gave reasonably good agreement in timing of the important
events in the course of the calculated severe aceidents (e.g.. core plate failure, reactor

ressure vessel failure, containment failure)
|

Several model parameter runs were carried out with MAAP. The varied sensitivity
parameters were those controlling fission product release from the fuel, revaporization of
volatile fission products, and the in-vessel or ex-vessel release of tellurium. MELCOR
caleulations were performed using default values for radionuclide package sensitivity co-
eflicients. Ten aerosol size sections and one aerosol component per each class were used
in the caleulation. Both MAAP and MELCOR input had three control volumes in the

containment: drywell, wetwell and pedestal.

I'he calculated source terms were higher in the TB cases than in the AB cases. In the
TB cases the temperatures were higher in the primary system. causiug revaporization of
Csl and CsOH from the surfaces of the reactor pressure vessel internals, The revaporized
aerosols coming from the vessel in the TB sequence maintained the airborne aerosol
concentration in the drywell at higher levels than in the AB sequence. 1n the TB sequence,
also, the retention of C'sl in the primary circuit was higher than in the AB sequence. In
the AB sequence most of the ('sl was dislodged from the reactor pressure vessel within
two hours after vessel failure, whereas in the TB sequence the removal of Csl from the
primary circuit continued slowly throughout the calculation. Both MAAP and MELCOR
predicted a similar trend in revaporization from the reactor coolant system.

The results from MAAP and MELCOR calculations showed that in general, with
the default values of sensitivity coeflicients and model parameters, MELCOR predicted
higher source terms from the containment than MAAP. However, if the revaporization
sensitivity coefficients in MAAP were changed in the range suggested by the code devel-
oper, the MAAP prediction of the source term varied within 2 to 4 orders of magnitude,
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21 MELCOR Use at HSK




21.1 MELCOR Calculations for Miihleberg

In the Miikleberg plant a Containment Venting System (CVS) is installed. In over
ROV of all severe accidents radioactivity is released through the CVS, resulting only in
relatively mild consequences to the environment. Risk important drywell failure modes
have been found to be (1) a massive drywell rupture resulting in a large blowdown of
the primary containment into the large and isolated reactor building (secondary con-
tainment ), {2) drywell head Hange lifting, leading to a slow leakage and depressurization
and (3) small and large break interfacing systems LOCAs (ISLOCAs) into the reactor
building. The following accident sequences were simulated with MELCOR:

o Long-term station blackout sequence without ADS, assuming (1) massive drywell

rupture at 0,725 MPa and (2) drywell flange leak at 0.525 MPa,

e Long-term station blackout sequence with ADS, assuming (1) massive drywell rup

ture at 0.725 MPa and (2) devwell flange leak at 0.525 MPa,

o Small break LOCA into the dryvwell, assuming (1) massive drywell rupture at 0.725
MPa and (2) drywell flange leak at 0 525 MPa, and

¢ Small and large break Interfacing Systems LOCA (ISLOCA) into the reactor build

imng i \ "ﬁ"l!ﬂ'ln o)

All calculations were perforimed using the CORSOR and CORSOR-M models for in
vessel fission product release. The base calculations were performed on the VAX 9000
using MELCOR 1.8.0DN. The impact of computer environment on calculated results
was investigated using MELCOR 1.8.0DN on CONVEX, CRAY and several workstations
(SOLBOURNE Series 5/600, IBM RISC Series 300/500 and HP APOLLO 9000 Series
7001, A limited number of calculations were also performed using MELCOR 1.8.1 on the

VAX 9000

Problems encountered with MELCOR 1.8.0DN during the analysis were presented
at the CSARP Review Meeting in May 1991 [192]. The major problems are numerical

instabilities throughout the code, particularly related to CORCON, and dependence of

results on computer environment and minor time step variations. It is felt that the
calculated results also depend very strongly on the quality of the FORTRAN compiler.
In the Miihleberg analysis the problems related with CORCON were eventually bypassed

with small chaniges in concrete composition and deliberate variation of maximum time

steps.

Limited calculations performed with MELCOR 1.8.1 showed that the same major
underlyving numerical problems still exist. The only improvement noticed was in the
treatment of revaporization from the RCS (no revaporization was included in MELCOR
1.8.0). However the full impact of this is still under investigation. lu any case, the

irnproved treatment leads to much larger releases of the more volatile species, including
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MELCOR Calculations
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Both MELCOR 1.8.0DN and 1.8.1 show the same principal deficiencies as in the
Miihleberg analvsis. Some additional problems that were encountered in the Beznau
analvsis include numerical instabilities in thermal-hydraulic calculations in small control
volumes, such as accumulators. An additional specific problem encountered is related
to the CVH/COR coupling for convective heat transfer from fuel, clad and debris. A
“TOO LARGE HEAT SINK™ message followed by excessive time step reduction stopped
some sensitivity analyses with increased power level, An arbitrary doubling of the con-
vective heat transfer hydraulic diameters bypasses the excessive time step reduction error

condition.

Sensitivity analyses to time steps could not be conducted seriously, because the results
could be obtained essentially only after a painstaking effort of finding “good™ combina
tions of time steps. Any other combination which was attempted usually led to premature
failure of the analysis. Contrary to the Milileberg analysis, the CORCON instability
could not be bypassed by using different concrete composition or “good” combinations
of time steps, In some cases, CORCON failure follows shortly after containment failure

50) rlmr source terms mas naot bhe il({l‘tiilyﬂf‘]\ v\HHm!ml

Also, sometimes the code allows a very small fraction of the core (less than 0.5%)
to remain in the lower head. The code becomes unstable under these conditions, both
in the core thermal-hydraulics (temperature and pressure in the lower plenum control
volume oscillate violently), and apparently also in CORCON (the thermal-hydraulics of
the lower plenum are boundary conditions for the cavity). Probably because of this, the
CORCON problem could not be bypassed. Almost all runs failed sooner or later due to
CORCON failure. Doubling the number of ravs in the cavity from 35 to 70 prolongs the
calculations. Any further increase in the number of rays, up to the maximum of 100, is

disastrous

['he results of the base case and sensitivity analyses were compared with the atility
MAAP 3.0B caleulations. Full results of the comparisons will be reported in [194]. In
sumimary, large differences were evident in the predicted vessel failure times for the station
blackout sequence. This is partly due to differences in the lower plenum heat transfer
models, and also as a result of differences in the lower head failure approach of the
two computer codes. The results for containment bypass sequences compared extremely
well, For all other sequences accident modelling differences were too large to allow for an
exact comparison of the containment performance. Approximate comparisons, however,
were favorable. In particular. the prediction of hydrogen generation and containment
pressurization were almost the same in the two analyses. A comparison of the radiological
source terms for some of the relevant sequences is given in Table 21.2.1. In general, the
MELCOR and MAAP calculated releases of volatile species are within a factor of 2, while
the calculated release for refractory groups are within one to two orders of magnitude.

21.3 MELCOR Calculations for Gosgen

Calculations for a large dry, German-design PWR are undeiway. The input model for
this power plant includes more than 10 control volumes in the containment. This detailed
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MELCOR/MAAP Comparisons for Point Beach
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23  Assessment within SNL MELCOR Development

23.1 Marviken-V ATT-2b/ATT-4 Primary System Aerosol Trans-

port and Deposition

A series of five aerosol transport test (ATT) experiments were done in the large-scale
Marviken facility investigating the behavior of vapors and aerosols under typical LWR
primary system accident conditions. The main objectives of these large-scale experi
ments was the creation of an extensive database on the transport and attenuation of
aerosols and volatile fission products within typical LWR primary coolant systems under
conditions simulating severe fuel damage. MELCOR results [T9] have been compared to
experimental data, primarily to the deposited masses recovered from various identitied
portions of the system, and to TRAP-MELT2 [195, 199, 200, 202, 203}, RAFT [205, 206]
and VICTORIA {199, 207] code calculations for these experiments [208]. A large number
of sensitivity studies were done investigating the effects of various MELCOR modelling

varamneters, defaults and assumptions
| I

['hie MELCOR code has been used to analyze two of the Marviken-V aerosol transport
tests, ATT-2b 'l'Ni: and ATT-4 :l"j‘ In test 2h, the system geometry consisted of a
pressurizer and four pipe sections prior to a relief tank, which was used to scrub materials
which would otherwise escape the system; fissium aerosol was injected horizontally, near
the bottom of the pressurizer. In test 4, the acrosol was injected into a simulated reactor
vessel containing internal structures, whose top was connected by piping to the pressurizer

volume and the remainder of the fissium transport system.

MELCOR was able to match most of the vessel, pressurizer and piping gas and
wall temperature histories for both tests, despite the obvious existence of substantial
recirculation eud localized temperature gradients, particularly in the pressurizer in test
ATT-2b and in the reactor vessel in test ATT-4. In both test analyses, the “net plasma
imput” taken directly from the test report energy balance estimates was found to produce
good overall agreement in predicted and measured gas and wall temperature histories.
That “net plasma input” accounts for heat losses in components not included in the
MELCOR model, such as electrode and cable cooling and vaporization chamber wall
losses, but does not include any heat losses in the reactor vessel, piping to pressurizer,
pressurizer, piping to relief tank and relief tank, which are explicitly represented in our
MELCOR model. The good agreement obtained on overall temperature histories without
any input adjustment required on system heating or on system heat losses provides a
validation of the MELCOR thermal /hydraulic model (both input and coding).

['he initial (1.e., injected) aerosol particle size distributions were not well known
experimnentally. As done by others analyzing these tests, we did a sensitivity study for
both ATT-2b and ATT-4 in which the assumed AMMD of the injected aerosol particles
was varied. A value of Sum gave the best overall agreement with the measured aerosol
distribution in test ATT-2b, particular. i the pressurizer, and was therefore used in out

reference calculation and in the rest of our analyses. In general, the retention nearest the
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injection point increuses as the particle size is increased; this increase is 'nost dramatic
for aerosol species, but a similar effect is also seen for vapors in ATT-4 as those species
condense onto the aerosols and settle out with them. For aerosol species, the fraction
of material reaching the relief tank continually declines as the injection particle size is
increased. For vapor species, the fraction of material reaching the tank is minimized
for intermediate values of aerosol pariicle injection sizes, because the corium particles
provide condensation sites for the fissium species: very small (corium) particles do not
grow large enough through either condensation or agglomeration in the primary piping
components for significant retention, while very large (corium) particles settle out so
quickly in the vessel (where the temperatures are too high for significant condensation
of the fissium species onto the corium aerosols) that few large particles are available in
the cooler downstream components to interact with the condensing fissium species.

There are a number of compensating effects visible in the final material distributions
for both test ATT-2b and ATT-4. Gravitational settiing onto floors appears to be over-
predicted while deposition onto vertical surfaces such as walls is underpredicted. The
lack of a bend impaction deposition model is balanced by enhanced deposition in hori
zontal piping. However, the results generally show overall good agreement with retention

in major components (i.€., vessel, piping, pressurizer. tank).

The predicted retention results for the three fission product simulant species (CsOH,
'sl and Te) for the low-temperature test ATT-2b are very similar. as are the experimental
data. The predicted retention results for the two corium aerosol simulant species (Ag
and Mn) for test ATT-4 also are very similar, as are those experimental data. These two
species remained aerosols throughout the transient. MELCOR correctly predicts different
final distribution patterns for the corium species (which remain aerosols throughout) and
the fissium species {which exist in vapor forms at the clev2ted temperatures found in test
ATT-4). In particular, MELCOR correctly calculates reduced retention in the vessel for
the fissium species. Deposition of the fissium species onto the upper vessel walls and
internals is underpredicted; the difference may be due in part to the neglect of vapor
chemisorption, onto either aerosols or structures, since the chemisorption of CsOH onto
stainless steel surfaces is expected to be significant at these temperatures. Instead, there
is much more deposition by gravitational settling of Cs and Te onto the centreplate than
was measured experimentally

In the majority of our MELCOR ATT-2b anelyses, only aerosol particles were consid-
ered, given the temperatures observed in the ATT-2b test. Sensitivity study results for
ATT-2b showed very similar retention patterns whenever aerosols were injected, regard-
less of whether zero or non-zero vapor pressures were used. However, a large difference in
deposition distribution was found when CsOH, Csl and Te were specified to be sourced
in as vapors. The system was not hot enough to maintain vapor conditions and the in-
jected fissium simulant materials quickly condensed into solid aerosol particles. However,
because MELCOR automatically places newly created aerosol particles into the small
est MAEROS size bin available (in this case 0.1-0.154m), the resulting aerosol particles
were much smaller than the 5umi-AMMD specified for aerosol injection. In fact, the final
aerosol distribution predicted for ATT-2b assuming injected vapors is quite similar to
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that calculated assuming injection of aerosol particles with initial sizes of 0.1-0.5pum.

In most of our MELCOR ATT-4 analyses, MELCOR’s built-in properties for the
vapor pressures of ('sOH, Cs] and Te were used. This was counsidered necessary, given
the temperatures in the ATT-4 test. (The silver and manganese have zero vapor pressure,
so that only aerosol particles are considered for the corium simulants.) In most of our
ATT-4 analyses, the fissium species were sourced in as vapors and the corium species
as aerosols. As for ATT-2b, a sensitivity study was done evaluating the importance
of condensation/evaporation effects for the fissium species. When injected as aerosols
with zero vapor pressures, the retention patterns of the three fissium species closely
resemble that calculated for the corium simulant species, as would be expected. Thus,
neglecting the vapor pressures of the fission product simulants substantially overestimates
the retention in the vessel of these three species because, at the temperatures attained
in the Marviken test vessel, these materials can and do exist as vapors: overestimating
the retention in the vessel by treating the CsOH, Csl and Te as always aerosols then
results in underestimates for retention further downstream in the system. as might be
expected. The final distrib tion patterns are very similar whether the three fissium
species are injected as eithier vapors or as aerosols, as long as the MELCOR vapor-
pressure values are used, because the temperatures in the vessel are high enough to
vaporize these species if injected as aerosols, However, injecting all species (1.¢., Ag and
Mn as well as (sOH, CsI and Te) as vapors produces resuits similar to those found in
the corresponding sensitivity study calculation in the ATT-2Zb analysis — the retention
is significantly reduced in the vessel, piping and pressurizer, and most of the material
ends up in the relief tank. Also as found for our ATT-2b analvsis, the results resemble
those for sensitivity study calculations in which much smaller aerosol particle injection
sizes are assumed, because the corium materials injected as vapors that have zero vapor
pressure immediately condense, and MELCOR assumes that the condensed particles are
created at the smallest size represented in the MAEROS size distribution.

No significant effects were found in test ATT-2b when the number of MAEROS aerosol
components was varied from 1 (the default) to 2 {a separate one for fog) to 4 (a separate
component for each class present). For test ATT-4, there was no change in results
increasing the number of components from 1 to 2, because theie was no fog present in
the mostly superheated control-volume atmospheres. When 6 components (one per class)
were used, somewhat different answers were obtained. AMMD plots best show the source
of the different results calculated using six components. The two “alwayvs-aerosol” corium
species (Ag and Mn) have AMMDs throughout most of the transient slightly larger than
their injection AMMDs of 5um. The condensed fissium species, especially CsOH and Te,
have much smaller average particle sizes (<1pm during most of the injection period),
as these vapor-injected classes initially condense into the smallest MAEROS size bin
available, and then further condense and agglomerate. (Different components can have
different maxirma in their size distributions.)

The predicted results vary smoothly as the number of MAEROS sections (i.e.. the
resolution detail in the aerosol size distribution) is varied, with 10 sections appearing to
offer a good compromise between accuracy and run time. The MELCOR results also
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varied smoothly with the aerosol density asswned

There was little effect found on final material distributions and retention factors when
varying the wall radiation heat transfer emissivity between 0.3 and 0.9, for either test
ATT 2b or test ATT-4. Using an emissivity of 0 (2.€., no radiation heat transfer) did cause
a significant change in results, especially for test ATT-4, by increasing volume atmosphere
temperatures while reducing adjacent heat structure wall temperatures, which shov'd
significantly change deposition due to diffusiophoresis and thermophoresis.

The control-volume noding used in these MELCOR ATT assessment analyses 1s sig
nificantly more detailed than would be used in modelling corresponding components in
plant analyses. This is common in assessment against experimental data, where the
noding is often driven by instrumentation location and resolution. However, to deter
mine the effect of coarser CVH noding more typical of plant models, control volumes
were progressively combined into fewer, larger volumes and flow paths were combined
and eliminated accordingly. The number of heat structures was left unchanged, but the
one-on-one relationship generally prevailing between control volumes and heat structures
in the reference, finer-node input models was lost, with multiple heat structures secing
a single average boundary volume, Combining control volumes in this way obviously
affects the atmosphere and wall temperatures being calculated. The point of interest is
how mruch losing detailed resolution of thermal/hydraulic conditions affects predictions

of aerosol Hilll.\]n)('l and (lt'p«hliiuh

Simplifying the control-volume noding used for test ATT-2b causes the distnibution
patterns o fall into three main groups., Using two or three control volumes in the pres
surizer gives similar, ~40% retention in the pressurizer, probably because even a 2-node
representation can resolve the temperature gradient existing because of the energy source
at the injection point in the bottom of the pressurizer. The retention in the pressurizer
then decreases to >30% when a single control volume is used for the pressurizer (with
a single exception). The retention in the piping does not vary greatly, and the varying
amounts reaching the relief tank pool are a direct result of the pressurizer and piping
deposition calculated using these different control-volume models. In one input model
variation, the retention in the pressurizer was only about 15%. The important difference
in this case was that an uninsulated wall heat structure was included in the same control
volume as other, well-insulated pressurizer and piping heat structures, which significantly
increased the heat losses from that volume. The better approach is to include the all the
uninsulated piping volumes in the same control volume, allowing the insulated portions
of the facility (the pressurizer and the LO4 pipe) to see one average temperature and the
uninsulated portions of the facility (the LO5 and LO6 pipes and downstream) to see a

different, lower average temperature,

A similar noding study was done for test ATT-4. The biggest change observed is
a substantial reduction in vessel retention for all species going from a 2-volume model,
with its ~500K temperature gradient from the lower to the upper vessel, to a 1-volume
model with a single average temperature. This modelling simplification affects the aerosol
results slightly, reducing the floor and lower wall deposition, but has no effect on the
fissium species (for which no floor or lower wall deposition is predicted). The increase
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in upper-vessel atmosphere and structure temperatures eliminates any settling onto the
center plate for Cs and Te (there was none for 1 in any case) and also eliminates deposition
of C's on the upper wall and internals; the deposition of Te on these upper internals and
wall 15 unchanged, and there was no deposition of I in any case. Since the temperatures
of the upper wall, internals and center plate heat structures are very similar in each
calculation, the change in temperature obviously affects gravitational settling (through
changes in carrier gas deusity and flow velocity) to a different degree than it affects
plating due to thermophoresis and diffusiophoresis, and affects condensation of vapors
onto vertical structures differently than condensation onto horizontal structures.

The retention predicted for test ATT-4 in the piping connecting the vessel and pres-
surizer does not change very much as the control-volume modelling is simplified, for most
of the species. There is a total variation of <1% for the Ag and Mn, <3% for Te and
<5% for Cs. There is a strong correlation between the iodine deposition and the local
heat structure surface temperatures. The highest temperatures are seen for those models
which exhibit the lowest iodine deposition. The behavior in the pressurizer and in the
piping from the pressurizer to the relief tank is generally similar to the results seen for

test ATT-2b

These results indicate that more detailed control-volume modelling may be a benefit
in calculating radionuclide retention factors in regions with both high temperatures and
significant ternperature gradients between adjacent regions. There appears to be an
overall net decrease in retention in the primary system as coarser control-volume nodings

are used.

There has been a lot of discussion recently on numeric effects seen in various MEL-
COR calculations, producing either differences in results for the same input on different
machines or differences in results when the time step used is varied. Identical calculations
for both tests were run on a Cray, SUN and IBM workstations, VAX and 486 PC, and
otherwise identical calculations were run using the code-selected time step and with the
user-input maximum allowed time step progressively reduced by factors of 2, 5 and 10,
te identify whether any such effects existed in these assessment analvses. No machine

dependencies or time step effects were seen.

As part of this Marviken-V ATT MELCOR assessment effort, results from other
computer code calculations have been reviewed. The Marviken ATT experiments have
been analyzed with several versions of TRAP-MELT?2 (by Battelle [202], by the UKAEA
[198, 199, 203] and by ENEL (200, 204]), with RAFT [205, 206) and with VICTORIA
[201, 207]. This review indicated that all the codes are predicting essentially similar
behavior. All the codes predicted that the deposition patterns for Cs, 1 and Te under
the conditions found in test ATT-2b are virtually identical. Many of the analyses done
for test ATT-4 considered only a subset of the test system so that detailed, quantitative
comparison is quite difficult but, in general, all the codes appeared able to predict some
difference in retention of aerosols vs volatile species in test ATT-4.

The Marviken aerosol transport tests have been analyzed at AEE Winfrith using the
UK enhanced version of the TRAPMELT-2 computer code. Their results are qualita
tively very similar to many of our MELCOR results, and include underprediction of wall
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deposition, and the lack of a bend impaction deposition model being partly offset in the
code by exaggerated sedimentation ~ates. Total cesium retention in the reactor vessel in
test ATT-4 was predicted to be about half the experimental value (as in our MELCOR
results); the difference was explained as due in part to the neglect of vapor chemisorption,

onto either aerosols or structures.

Comparisons of code predictious with selected Marviken ATT project experimental
results (and with other results pertinent to turbulent deposition of particles) also have
been done by Battelle Columbus for TRAP-MELT2.2. The results found were generally
similar to the results from our MELCOR analyses and/or the UK TRAPMELT-2UK
analyses: good agreement for those system components dominated by settling, much
greater deposition predicted on the centreplate in the vessel than observed and, in gen-
eral. wall deposition greatly underpredicted by the code, while gravitational removal is

somewhat overpredicted.

[he review of other code (tllel]f\ ses for the Marviken aerosol transport tests show MEL-
C'OR generally producing similar behavior to the results from “best-estimate™ aerosol
transport codes, with the additional advantages of also predicting self-consistent. inter-
dependent thermal /hydraulic and aerosol response in a simple, single integral calculation
rather than the multi-stage process often required by the more detailed, best-estimate

(Hli(‘\.

23.2 PNL Ice Condenser Tests 11-6 and 16-11

MELCOR has been used to simulate ice condenser tests 11-6 and 16-11, two of a series
of large-scale experiments conducted at the High Bay Test Facility (HBTF) at Pacifi
Northwest Laboratories (PNL) to investigate the extent to which an ice condenser may
capture and retain air-borne particles [209]. Experiment 11-6 was a low-flow test with
some natural recirculation, while experiment 16-11 was a relatively high-flow test with no
recirculation; in both tests, ZnS was used as the aerosol and temperatures and particle

retention were monitored,

MELCOR results [80] have been compared to experimental data, and also to the
results of CONTAIN calculations [210, 211] for these two tests. MELCOR version 1.8LF
was used for the final calculations.

Agreement was very good between MELCOR predictions and PNL experimental data
MELCOR particle retention results agreed qualitatively with the data in that the value
began at one and decreased quickly, levelled out during the time that the ice was melting,
and then finally began decreasing again late in the experiment when the ice supply had
been exhausted. Quantitative agreement with the experimental results was also excellent,
based on the few values given for the experimental particle retention. Agreement with
temperature data was also excellent, with MELCOR results usually falling within the low-
temperature/high-temperature experimental data envelope given at three axial locations;
the time at which all of the ice in a region melted also was well-predicted by MELCOR.
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I'he MELCOR results were in better agreement with experimental data for particle
retention than the CONTAIN results. On average, MELCOR and CONTAIN results
were quite sinilar for the diffuser inlet and outlet temperatures, although differences in
nodalization complicate the comparison. Unfortunately, there was no CONTAIN data
published or available for temperatures in the ice-condenser region, the region of most
interest .

A number of sensitivity studies were performed for each experiment simulation, also
The results of a time step study showed a small time step dependency with the results
clearly converging with reduced time steps. No machine dependencies were observed
when mmning the same problems on a Cray-XMP/24, SUN Spare2, IBM RISC-6000
Model 550, VAX 8650 and 436 P(.

I'hermal /hydraulic sensitivity studies examined the effects of varying flow loss coef-
ficients, equilibrium vs nonequilibrium thermodynamics, and the possibility of including
SPARC bubble rise physics. Parameters associated with the aerosol input examined
through sensitivity studies included number of aerosol components, number of aerosol
sections, acrosol particle density and aerosol particle size range. The last set of studies
done studied the impact of varying input parameters associated with the ice condenser
model directly, and included varying the energy capacity of the ice, the ice heat transfer
coefhicient multiplier, the ice heat structure characteristic 'ength, the number of nodes in
the ice condenser heat structure, and radiation heat transfer for the ice condenser heat

structure,

Separating different aerosols into different components was found to be desirable in
the MAEROS-components study. The gain in accuracy and the more accurate physical
representation is usually worth the additional computer time required. This conclusion
was also reached in other assessment studies involving the RN package (57, 79]. In the
MAEROS sections study, using five sections (the MELCOR default) was adequate in
this case: using 10 sections mupm\‘vt! the results but incurred an additional cost, while
using 20 sections did not change results significantly but doubled the computer time,

[he acrosol results were also quite sensitive to the value input for aerosol density.

The parameters that set the energy capacity of the ice affected the time to complete
ice melt much more than they affected the calculated temperatures or aerosol results.
The ice heat transfer coefficient multiplier affected both the ice meli rate and the tem
peratures, The study on varying the ice heat structure characteristic length found that
this parameter affected the results the most - temperatures, ice melt rate and particle
retention were all sensitive to this parameter, A length representative of a =ingle ice cube
in the condenser seemed 10 be the most reasonable and most accurate value. In the heat
structure noding study, results showed that using two nodes gave the most predictable
and accurate behavior, because the MELCOR ice condenser model does not remove ice
in a cell as in a moving boundary model but rather, when all ice in a cell is melted.,
replaces the ice with another heat structure matenal, affecting both the ice melt rate of
cells further in and the energy exchange between the ice heat structure and its adjacent

control volume,
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23.3 Direct Containment Heating Tests IET-1 and IET-6

The MELCOR computer code has heen used [81] to analyze several of the IET direct
containment heating experiments done at 1:10 linear scale at Sandia [213, 214, 215, 216,
217, 218] at at 1:40 linear scale (219, 220, 221, 222] at Argonne National Laboratory.

Note that these MELCOR calculations were done as an open post-test study, with
both the experimental data and CONTAIN results [223, 224, 225, 226, 227, 228, 229
available to guide the selection of code input. Most individual parameters in our MEL-
COR input models were not separately adjusted in each of our MELCOR IET experiment
analyses to best match data for each individual experiment. Instead. the basic control-
volume/flow-path /heat-structure model was kept the same for all SNL/IET experiments
analyzed, and a single set of debris source, distribution and interaction time parameters
was used for all the SNL/IET experiments analyzed. The only test-specific changes made
were to set the initial pressures, temperatures, gas composition, and liquid pool heights
to match individual experiment itial conditions. A similar approach was taken for the

ANL/IET analyses.
The processes modelled in the MELCOR FDI/HPME/DCH model include oxidation

of the metallic debris components in both steam and oxvgen, surface deposition of the
airthorne debris by trapping or settling, and heat transfer to the atmosphere; first-order
rate equations with user-specified time constants for oxidation, heat transfer and settling

are used to determine the rate of each process.

A single set of charactenistic interaction times was specified for all the seven of the
:10-scale tests éillal)‘/fe'(l (SNL/IET-1 lhl'nil}.{}l \\l/ [ET-7). The characteristic tunes for
settling of debris in the control volume atmospheres onto floor heat structures were based
upon free-fall times for the various volume heights, and therefore proportional to volume
heights and constant in the various tests; there could be some test-to-test variations in
turbulent flow circulation patterns, thermal buoyancy effects, ¢fe., but these were as-
sumed negligible, The characteristic oxidation and heat transfer times were assumed to
depend primarily on parameters such as average airborne or deposited particle concen-
trations, which in a given geometry should be approximately constant for identical melt
debris and blowdown steam sources such as used in the tests analyzed

The characteristic times for oxidation and heat transfer of debris in the control vol-
ume atmospheres, as well as a characteristic time for oxidation of debris deposited on
heat structures, were selected after a number of iterations in sensitivity studies as giving
reasonable agreement with a subset of test data (in particular, vessel pressure, sub
compartment temperature and hydrogen production and combustion) in the SNL/IET
experiments simulated. Note that there is no reason to assume that the debris source and
interaction input parameter set used in our reference analyses is unique (1.e., the only set
to provide reasonable agreement with the selected test data). It is also not guaranteed
that the iterative procedure followed results in an input parameter set that yields the best
agreement with data, or agreement with data for the “correct” reasons (1.€., representing
the actual behavior). For example, freezing some of the parameter values early in this
iterative process undoubtedly affected the values assumed for other parameters. Further,
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experiment ambiguities may have led to incorrect modelling assumptions that would also
affect the values chosen for various parameters (such as the characteristic oxidation time.

as discussed below).

The results of the MELCOR reference calculations for the Surtsey l:10-scale tests
correctly reproduce the subdivision of the pressure response into two major families,
caused by the effect of hydrogen combustion, as seen in the test data. with a peak
pressure rise of ~100kPa due to HPME and an additional pressure rise of ~150kPa due
to hydrogen combustion. The results also correctly reproduce the lack of any significant
effects of presence vs absence of pre-existing hydrogen or presence vs absence of basenient
condensate water,

The hydrogen production and combustion calculated by MELCOR is generally in
reasonable agreement with test data (after careful adjustment of the BUR package input,
as described below). However, it is difficult to quantitatively compare the measured and
calculated hydrogen production and combustion because of the basi assumption made
by the experimenters that all oxygen depletion was due to reaction with hydrogen. The
experimenters assumed in their data analysis that debris reacted only with steam, not
with free oxygen, whereas MELCOR assumes that oxidation of metals with free OXYygen
occurs preferentially to oxidation with steam. Therefore, throughout this report, pairs of
values are given for the hydrogen production and combustion caleulated by MELCOR,
presenting both the actual amounts of hydrogen caleulated to be produced by HPME
steam/metal reactions and burned. and the amounts of hydrogen produced and burned
that would be calculated using the initial and final oxygen and hydrogen moles from the
MELCOR analyses in the same formulae as in the experiment data analysis,

I'he two sets of MELCOR values differ by twice the number of moles of O, consumed
by direct metal /oxygen reactions. There is little difference found in the hydrogen produc
tion evaluated using the experimental procedure and actually calculated by MELCOR
in the tests with little or no free oxygen present (i.c., SNL/IET-1 and SNL/IET-1R);
however, note that, for those two tests and for SNL/IET-5, assumning all oxygen de
pletion was due to combustion reaction with hvdrogen does result in a small mass of
hydrogen calculated to be burned, similar to the experimental results, The actual moles
of hydrogen produced and burned in these MELCOR analyses appear generally less than
measured values, especially in the experiments with hydrogen combustion, while the hy
drogen production and combustion caiculated using the experimental procedure on the
MELCOR results are generally greater than measured. Also, the actual amount of hy
drogen calculated to be produced by MELCOR is lower in the tests with oxygen initially
present (SNL/IET-3 through SNL/IET-7) than in the experiments with no significant
oxygen initially present (SNL/IET-1 and SNL/IET-1R). However, deriving the amounts
of hydrogen produced and burned in the MELCOR calculations by assuming that all
oxygen depletion is the result of hydrogen burning yields greater hydrogen production in
SNL/TIET-3 through SNL/TIET-T than in SNL/IET-1 and SNL/IET-1R, reproducing the

trend seen in the tabulated experimental data.

Overall, the “correct™ answers are likely to lie somewhere between the two limiting
assumptions. It is unlikely that there is no oxidation of metal with free oxygen at all (as
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of 210 from their default values, to enhance convective heat transfer from the control
volume atmospheres to the heat structure surfaces. (The control volume flow areas are
used only to obtain volume velocities for use in the calculation of convective heat transfer
coefficients; changing control volume flow areas does not affect flow path calculations at
all.) The convective heat transfer was enhanced for two reasons:

First, our preliminary calculations showed that the flow through the system in these
calculations was primarily that associated with the steam blowdown only, flowing from
the steam accumulator through the cav*v and chute volumes 1o the subcompartments
and then to the dome. The MELCQ~ HYPME/DCH mode! (oes not model transport
of debris between and throogh olu. t instead dej osits the debris directly at its
ultimate destination, using the same time-dependent deposition in all volumes regardless
of their distauce from the debris source. Thus, instead of debris being transported into
an “upstream” volume with the blowdown steam and the resultant additional heating
adding to the driving force pushing flow further “dov stream”, the MELCOR logic does
not represent this additional flow driving force & ontrast has debris appearing
“upstream” and heating the atmosphere in upstre. «umes, if anything contributing
a retarding force to the expected flow. This results in lower velocities, and is more
benign than the transient HPME blowdown actually occurring in the experiments, with
transport of hot debris together with the steam blowdown. Decreasing volume flow areas
resulted in increased volume velocities more characteristic of the turbulent conditions
that might be expected during HPME, and the associated turbulent forced convection
heat transfer to structures.

In addition, the MELCOR FDI/HPME/DCH  del does not account for any radi-
ation directly from airborne debris to surrounding structures (or from deposited debris
directly to atmosphere). Although radiation heat transfer was included in the MELCOR
input model, there is little or no calculated atmosphere-structure radiation heat transfer
early in these transients (except in IET-5), because MELCOR only considers radiation
heat transfer for steam and /or CO; in atmospheres, In IET-5, some atmosphere-structure
radiation heat transfer is calculated hecause of the large amount of CO; used to inert the
system; however, in most of the experiment simulations there is very little steam present
early in the transient, because any blowdown steam is consumed in debris oxidation soon
after arrival, and very little CO, present at all. The lack of steam and/or 'O, in the
atmosphere would if anything enhance radiation heat transfer from airborne debris to
structures because there would be little absorption in the intervening atmosphere. Hand
calculations indicate that this could be a significant heat transfer mechanism. early in
the transient. Because there is no way in MELCOR to model this effect. too much en-
ergy may be deposited in the atmosphere by the airborne debris: because there is no
convenient way to enhance atmosphere-structure radiation heat transfer in general, we
relied on increasing convective heat transfer instead to help remove that energy.

(Again, while this could be done with the standard CVH package input for these
experiment analyses, the same input modification could not be made in plant analyses,
because the non-standard input would affect the results calculated both before and after

the HPME period. This problem also was addressed through new input capabilities,
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adding a sensitivity coefficient to the CVH package that optionally multiplies the volume
velocities in any given control volume during the HPME period only.)

The MELCOR FDI/HPME/DCH model does not model transient transport of debris
into and through the system, but instead immediately places the debris at its ultimate
destination. MELCOR uses a single function for the time-dependence of the melt injec-
tion in all control volumes and heat structures; iu reality, the melt reaches the subcom-
partments later than the cavity, and the dome later than the subcompartments. The
time period over which melt injection was specified to occur was varied in sensitivity
study analyses, and the time-dependence of the melt addition in the MELCOR input
was adjusted to match the rate of pressure and temperature increase in the vessel. Based
upon results results for vessel pressure, hydrogen generation and subcompartment tem-
peratures, our analyses were run with a melt injection period of 1s, with most of the
injection occurring during the second half of that period. This <ls melt injection period
is in reasonable agreement with test observations indicating molten brass, steel and ther-
mite entering the cavity between 0 and ~0.3s, and debris entrainment from the cavity

into the subcompartments between about 0.4s and 0.8s.

The total debris mass collected in these experiments was usually greater than the
initial thermite charge due to melting of the inner wall of the crucible, vaporization of
the fusible brass plug, ablation of concrete in the cavity and structures, and oxidatim of
metallic debris. Thus, despite the careful duplication of the initial thermite charge, the
different amounts of debris collected from the melt generator and from the vessel result in
some uncertainty in the actual amount and composition of melt injected into the vessel.
The majority of our MELCOR analyses simply specified the original thermite charge
mass, neglecting both the retention of any debris in the melt generator and the addition
of any debris due to melting. vaporization, ablation, and/or oxidation. To determine
the effect of the injection mass source uncertainty, calculations were done varying the
melt mass. As would be expected, the vessel pressurization increases slightly as more
melt mass is injected during the HPME; there is also a small increase in both hydrogen
production and combustion with increasing melt injection amount, and a small increase

in subcompartment temperature,

Sensitivity studies varying the debris temperature showed, as would be expected, that
increasing debris temperature increases the vessel pressures calculated, but has very little
effect on either the amounts of hydrogen generated or burned. The debris temperature
variation has the strongest effect on the subcompartment temperatures predicted, with
a 1000K increase in debris temperature producing a ~500K increase in subcompartment
peak temperatures.

The MELCOR FDI/HPME/DCH model does not model transient transport of debris
into and through the system. but instead immediately places the debris at its ultimate
destination. The debris fractions placed in each control volume and on each heat structure
are controlled solely by user input. In these IET analyses, the debris injected was all
placed in various control volume atmospheres and then allowed to settle out onto floor
heat structures; no debris was specified to be deposited directly onto any heat structures.
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The debris distribution was kept the same in our MELCOR input for all tests analyzed,
because there were only small differences in the test data debris distributions.

However, in most plant analyses, there will be no equivalent data set providing guid-
ance on HPME melt distribution. To evaluate the effect of the debris distribution as-
sumed on the overall DCH behavior calculated, calculations were done in which the
experimental debris distribution for each test was used, and in which most of the debris
was placed either in the cavity and chute or in the dome. The major difference is seen
for the calculation with most of the debris specified to go into the vessel dome, a volume
with a longer characteristic settling time (proportional to the volume height), which al-
lows more time for oxidation and especially {or heat transfer from airborne debris to the
atmosphere; assuming most of the debris goes to the dome results in much less hydrogen
production calculated for most of the tests because then most of the debris is oxidized
by the relatively large amount of free oxygen available in the dome.

The effects of varying the characteristic debris interaction times were also investigated.
With a very long characteristic airborne debris oxidation time, the overall pressurization,
and both the hydrogen production and combustion, are all underpredicted. Using shorter
characteristic airborne debris oxidation times (<0.1s) gives generally similar results be-
cause in all these cases the oxidation is mostly limited by the availability of oxygen and /or
steam. As would be expected, control volume temperatures are affected most by varying
the airborne debris characteristic heat transfer time; the control volume atmosphere tem-
peratures increase as the airborne debris characteristic heat transfer time is shortened:
the vessel pressurization also increases, and there is decreasing hydrogen production and
combustion. The effect of increasing the airborne debris characteristic settling time is
to increase the vessel pressures and temperatures calculated, as well as the amount of
hydrogen both produced and burned, because this increases the available time for both
oxidation and heat transfer to occur.

After work on these analyses had been in progress for some time, we became concerned
about the interaction of debris with heat structures. In the original HPME model added
to MELCOR, any debris immediately deposited onto a heat structure or later settled
onto a heat structure essentially left the problem; there was no subsequent interaction of
any kind for that debris, except for decay heating of the structure surface. This was iden-
tified as a major potential problem area, especially given MELCOR’s emphasis on mass
and energy conservation. For example, the lack of any thermal interaction of debris with
structures could adversely affect the ability to correctly predict late-time revaporization
of volatile fission products. Also, the lack of any oxidation of deposited debris meant that
the total amount of hydrogen producable during HPME was very highly dependent on
the user-specified initial debris distribution and on the characteristic settling time con-
stants - any debris deposited or settled could not continue to generate hydrogen through
further oxidation, regardless of oxygen and/or steam availability or debris temperature
and/or amount. Therefore two effects were added to the original HPME model: heat
transfer to the structure surface from deposited hot debris, and the continued oxidation
of the deposited debris. The heating of the structure surface by deposited hot debris
is controlled by a heat transfer coefficient adjustable through sensitivity coefficient in-
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put, and the continued oxidation of the deposited debris is controlled by a user-input
structure oxidation characteristic time (distinct from and usually much longer than the
characteristic time input for oxidation of airborne debris). With these input and cod
ing modifications, HPME debris deposited on structures now can continue to affect the
overall system response through several potential interactions.

In these IET experiment analyses, there was generally little effect on either the peak
or the long-term pressurization as the deposited debris characteristic oxidation time was
varied. The total amount of hydrogen generated increased as the characteristic oxida-
tion time for deposited debris decreased, as would be expected, because more hydrogen
accumulates late in the transient as the debris settled and/or deposited onto structures
continues to oxidize. There was little effect seen on the amount of hydrogen burned,
however, because the hydrogen combustion primarily occurs early in the transient, on
a time scale of a few seconds or less, as the airborne debris provides an ignition source

during the high-pressure melt ejection.

Much of this “lack of effect”™ of ('lc‘[msm'ti debris oxidation is [)Iuhd],»].\ due to the
fact that the values of most of the other input parameters used in the MELCOR input
were set in earlier sensitivity study calculations, before this effect was included in the
MELCOR FDI/HPME/DCH model. A longer characteristic interaction time constant
for oxidation of airborne debris (which would probably be more reasonable on physical
grounds) would have left more debris unoxidized during the first few seconds of the
transient and thus would allow more oxidation of deposited debris later in the transient.
Oxidizing less airborne debris withiu the first few seconds and more deposited debris
later in the transient could also potentially allow both high enough hydrogen generation
and combustion and low enough vessel pressurization and subcompartment temperatures
to match the measured test data, without requiring as large an increase in heat transfer

to structures early in the transient.

Several counterpart tests to the IET direct containment heating experiments done
at Sandia in the 1:10 linear scale Surtsey facility were performed at ANL in the 1:40
linear scale COREXIT facility, in an experimental program to investigate the effects
of scale on DCH phenomena. The results of the 1:40-scale IET experiment MELCOR
simulations were generally inconclusive, The vessel pressures predicted in our SNL and
ANL counterpart-test calculations were quite similar when both the geometry and the
characteristic interaction times in the FDI HPME input were scaled, but the test data
showed a number of non-scaled effects. In particular, the results of both our limited review
of the facility and data scalability and of our ANL test simulations suggest that, in the
experiments, the DCH energy-transfer efficiency is greater at smaller scale, that there is
less pressurization due to hydrogen combustion at smaller scale, and that there appears
to be a greater effect of pre-existing hydrogen in the ANL 1:40-scale tests than in the
counterpart SNL 1:10-scale tests. These scale-dependent differences are not reproduced
in the corresponding MELCOR analyses. Other sensitivity studies indicated that some
of the greater pressurization due to DCH at small scale observed in the experiments but
“missing” in our MELCOR calculations may be due to diferences in heat transfer to
structures at smaller compared to larger scale, that the pressure dropoff rate in the ANL
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data clearly would be matched better by assuming a recirculation flow area greater than
the 10% value assumed in the SNL experiment analyses, and that the data for those
tests in which hydrogen combustion occurred could not be matched by using the same,
non-default hydrogen burn package input that gave good agreement with test data for

the 1:10-scale test simulations.

The reference MELCOR calculations for the 1:10 linear scale IET experiments done in
the Surtsey vessel have been compared to similar calculations done with the CONTAIN
code, when available. The CONTAIN DCH model is quite different from the MELCOR
FDI/JHPME DCH model, being a more detailed, more mechanistic treatment rather
than a more parametric approach. Despite these differences, the results obtained with
the two code models are generally quite similar: in particular, a pressure rise of <100kPa
was calculated by both for tests with no significant hydrogen combustion, and a larger
pressure rise of ~200-250kPa for cases with substantial hydrogen buru.

Several calculations have been done to identify whether any numeric effects exist in
our DCH 1ET assessment analyses, producing either differences in results on different
micchines or differences in results when the time step used is varied. The SNL/IET
reference calculations were run, using the same code version. on an IBM RISC-6000 Model
550 workstation, on an HP 755 workstation, on a SUN Sparc2 workstation, on a CRAY
Y-MPR/864, and on a 50MHz 486 PC. There is generally excelient agreement among
results generated on these various hardware platforms. The SUN and PC were always
slowest in run time required; the IBM, HP and Cray were all significantly faster with the
HP the fastest for these analyses. In addition, otherwise identical MELCOR SNL/IET
calculations were rut on a SUN Sparc2 workstation with both the user-input maximum
allowed time step and the initial time step size for HPME initiation simultaneously
reduced by factors of 2, 10, 20 and 100 from the basecase values. The results showed
about half of the SNL/IET experiment analyses fully converged for all these time steps,
with the other half demonstrating convergence with reduced time steps.

23.4 ACRR DF-4 In-Pile Core Damage and Relocation

MELCOR has been used to model the ACRR DF-4 damaged fuel experiment [82]. The
DF-4 test [230] provided data for early-phase melt progression in BWR fuel assemblies,
particularly for phenomena associated with eutectic interactions in the BWR control
blade and zircaloy oxidation in the canister and cladding.

The MELCOR basecase input model for the DF-4 experiment consisted of 4 control
volumes, 4 flow paths, and 15 heat structures: 14 core cells were modelled in a single ring,
with 9 cells in the active fuel region. Of the non-default MELCOR input parameters used
in the basecase input model, the most important were the activation of the new eutectics
model, those that changed the zircaloy melt temperature and the transition temperature
for zircaloy oxidation rate, and enabling a new code option for calculating heat transfer
between core radial bounda.y heat structures and the core control volume atmosphere.

In addition to comparison with test data, the results of the basecase MELCOR cal
culation were compared to results of DF-4 analyses performed using 4 more mechanistic
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codes (APRIL.MOD3 [231], BWRSAR/DF4 [232], MELPROG-PWR/MODI
SCDAP/RELAP5/MOD2 (234)).

['he basecase MELCOR model underpredicted cantrol blade temperatures in the early
parts of the experiment by almost 200K but, in later stages of the experiment when all
the core damage was taking place, calculated control blade temperalures corresponded
almost exactly to measured values. Control blade failure times in most of the test bundle
were predicted almost exactly compared to experimental data, Cladding temperatures
were predicted almost exactly compared to experimental data at all times and at all
levels except for the uppermost axial level: MELCOKRK overpredicted temperatures in the
uppermost axial levels by close to the same amount (~250K) as other codes did during
the middle of the experiment, leading us to believe that the power coupling relationship
did not predict power coupling well in this part of the core. Fuel failure times calculated
by MELCOR corresponded almost exactly to experimental data. Calculated canister
temperatures were also very close to experimental data, after correcting this data for the
time and temperature lags associated with the slow-response thermocouples used for the

canister.

Material distribution plots for the melting and relocation portions of the experiment
very clearly show the effect of the B,C-stainless steel eutectic interaction in the control
blade. This reaction resulted in the first control blade failure arovnd 7450s, which was
within 10s of the first observed failure in the experiment. Eutectic dissolution of the
canister wall was also evident and was responsible for the calculated failure of lower
portions of the canister. Evidence of canister failure was seen in the postirradiation
examination (PIE) of the DF-1 test bundle.

The material distribution plots also showed clearly that, in the MELCOR DF-4 cal-
culations, core materials relocated by axial level and not by component. That is, all
components at a single axial level (fuel, clad, canister and control blade) melted and
relocated before significant component relocation at other levels. This behavior could
be significantly affected by code input parameters. For example, the default candling
heat transfer coeflicients resulted in the control blade material refreezing quite close to
the axial location from which it melted. Behavior would be quite different if the control
blade materials were allowed to candle to the bottom of the test bundle, as they did
during the DF-4 test. These results are important when considering the possibility of
reactivity excursions due to control poison relocation without accompanying relocation

of fuel material,

The amount of hydrogen production calculated by MELCOR was 36.4gm. which
was within the amount derived from the PIE (38.0+4.0gm). MELCOR calculated the
autocatalytic oxidation reaction to begin sooner than was measured, and predicted 5gm of
hydrogen produced before the autocatalytic stage, compared to no hydrogen produstion
measured in the experiment during that time; other codes predicted early hydrogen
production and early transition to the autocatalytic stage as well,

A large number of sensitivity studies were performed on MELCOR input parameters,
most of which were in the COR package but also some in the HS and CVH packages.
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A study which deactivated the eutectics model showed clearly the benefits of using this
new model, as deactivating it predicted much different behavior of the B,C and did
not show any canister dissolution. Hydrogen production without the eutectics model
was well below both the measured and the MELCOR basecase values. A sensitivity
study which varied the eutectic temperature of the B,(-stainless steel reaction by 450K
showed little variation of results. A study which used the default heat structure bound
ary fluid temperature option (which uses bulk atmosphere temperature instead of local
dT/dz temperatures for calculating heat transfer between the core and its boundary heat
structures) resulted in much earlier component failure and poorer temperature agreement
withe experimental data; this study showed the usefulness of the new HS boundary fluid
temperature option. Finally, a study on minimum oxide shell thickness and two other
core material relocation parameters in the COR package showed no variation in results
until the critical minimum thicknesses for intact zircaloy and stainless steel were set to
zero; after these parameters were changed, the final core material configuration showed
the fuel pellet stacking observed in the PIE, but did not relocate any of the ZrQ, that
resulted from cladding oxidation. Other studies showed sensitivities to zircaloy proper
ties, COR component view factors, allocation of canister mass to either the canister or
canister-b component, candling heat transfer coefficient, COR and CVH nodalization.
and slight sensitivity to COR and overall time steps. No sensitivities were found to min
imum component mass, ByC' oxidation modelling, HS outer boundary temperature, and
the machine used to run the problem.

This assessment analysis resulted in improvements to the COR d7T/dz model. in
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23.5 Surry TMLB® with and without DCH

As part of the MELCOR Peer Review process [2], Sandia performed and presented a
demonstration calculation of a Surry station blackout (TMLB’) accident with MELCOR.
This was the first fully-integrated PWR severe accident calculation performed with the
code (since the earlier TMI analysis only included in-vessel phenomena). That calculation
was done using the release version of MELCOR 1.8.1. The calculation has been rerun
with the release version of MELCOR 1.8.2 [84], allowing direct comparison of predicted
results for the same problem. That analysis also has been used as a standard test problem
to investigate problems identified by the Peer Review (e.g., lack of pressurizer draining
prior to vessel breach) and to evaluate the impact on the results of model improvements
and extensions (for example, adding the CORSOR-Booth fission product release model)
and of new models (such as radial debris relocation, material eutectics interactions, and
direct containment heating due to high pressure melt ejection),

No input changes were required between running with the releas: versions of MEL-
C'OR 1.8.1 and 1.8.2. Input changes made in the basecase mode) (o ‘ake advantage of
new models and /or upgraded models included using step functions in valve area-vs-time
tables, and enabling the new eutectics model (not used as the default): the new debris

119



radial relocation model is enabled by default. Other input changes for various sensitivity
studies included specifying high-pressure melt ejection debris distribution and interac-
tions, varving the fission product release model option, varying the interfacial momentum
exchange length in some flow paths, and changing in-vessel falling debris heat transfer

pararmeters.,

The results of the same transient run with MELCOR 1.8.1 and 1.8.2 show generally
very similar early-time behavior, for the steam generator secondary inventory hoiloff, for
the pressurizer filling and venting through the PORV, and for the core uncovery and initial
clad failure and gap release. The vessel was calculated to fail ~1hr earlier by MELCOR
1.8.2 than by 1.8.1; of that difference, >0.5hr was due to correcting the “levitating water”
problem diagnosed and corrected during our LOFT LP-LP-2 MELCOR assessment [56]
while <0.5hr was due to incorrect failure of the blocked core plate in the MELCOR 1.8.1
analysis (corrected in 1.8.2), More hydrogen was generated in-vessel in the MELCOR
|.8.2 analysis than in the MELCOR 1.8.1 analysis, but the total hydrogen generated
(addirg together in-vessel and in-cavity production) by the two code versions was within
5%. There was verv little change in calculated containment response, with a pressure
spike at vessel breach shifted in time due to the different vessel failure times, but the
same long-term pressure and temperature response precdicted by both MELCOR 1.8.1 and
1.8.2. (Note that this direct comparison did not use the new direct containment heating
model added in MELCOR 1.8.2, but even with that model enabled there was simply
an increase in the containment pressure spike at vessel failure, and no other significant

long-term differences i predicted system response. )

During the MELCOR peer review [2], questions were raised concerning the failure of
the pressurizer to drain until the time of vessel failure and subsequent primary system
depressurization in the MELCOR 1.8.1 Surry TMLB' demonstration calculation; there
was general agreement that this appeared to violate physical intuition, and might reflect
a code problem. In particular, concern was expressed by members of the peer review
committee that the failure of the pressurizer to drain was a result of the inadequacy of
the momentum exchange model in MELCOR, leading to an incorrect two-phase coun-
tercurrent flow limit (CCFL). In response to this problem (and to other concerns), a
number of modifications were made to the code including treating the momentum ex-
change length as a separate variable from the inertial length, defaulted to the buoyancy
force characteristic dimension; user input can be used to override the default if desired.
As part of evaluating the current momenturmn exchange model, the Surry TMLB' analysis
which originally highlighted the pressurizer drainage problem was rerun with input ap-
propriate to the new interfacial momentum exchange model in MELCOR, in a number
of sensitivity study calculations, The results of this sensitivity study indicate that the
ability of the user to change the interfacial momentum exchange length through input
added in MELCOR 1.8.2 obviously allows wide variation in countercurrent flow limits
and associated pressurizer drainage rates, but the question of the “correct” value to use
remains open.

Another code model added in MELCOR 1.8.2 is a debris radial relocation model.
Previous versions of MELCOR would predict each radial ring in the core package model



responding independently, with artificial “stacking™ of debnis columns often observed.
['his new model was added to relocate molten and/or particulate debris between rings
(and axial levels), based upon hydrostatic head equilibration. Sensitivity study results
for the Surry TMI1 B’ sequence show more coherent behavior among rings when the debris
radial relocation model 1s enabled. There 1s no effect on early core heatup or nitial clad
failure and gap release, but a slightly faster core damage progression and earlier lower
head penetration failure (at 11.219s with the debris radial relocation model, vs 12,5315
with that model disabled).

The core state at vessel failure is also greatly affected by the new debris radial relo
cation model. With the debris radial relocation model disabled, there is much less debris
in the lower plenum at the time a lower head penetration first fails; in particular, the
amount of debris in the lower plenum corresponds quite well to the mass of material ini-
tially present in the active fuel region in the ring whose core plate failed just previously
(2.€., the first, inner, high-powered ring). In the reference calculation with the debris
radial relocation model enabled, the mass of debris in the lower plenum at the time
a lower head penetration first fails is much greater, about half the total mass initially
present in the active fuel region. Also. in the reference calculation with the debris radial
relocation model enabled, 1nost of the material remaining in the active fuel region is *in
tact” (either still in its initial location or refrozen onto intact components). However, in
the sensitivity-study calenlation with the debris radial relocation model disabled, almost
all of the material still in the active fuel region (1.¢., above the core support plate) is
predicted to be particulate debris. This is the old problem of “stacking”™ of debris in sep
arate columns, seen in MELCOR 1.8.1 calculations; without the debris radial relocation
maodel, debris in the outer two nings cannot move sideways to the empty inner ring and
move down to fall through the failed core plate in that innermost ring.

['he capability to model a variety of material eutectics interactions (such as inconel
and zircaloy, zircaloy and stainless steel, B, and stainless steel, zircaloy and Ag-In-Cd,
U0, and ZrO,, and By and zircaloy) was also added to the core package modelling
in MELCOR 1.8.2. Earlier versions of MELCOR treated each material melting as a
separate process, although there was coding for a specified fraction of solid material to
be relocated by molten Zr or steel, to represent dissolution of UO, and/or ZrQ; in melts;
the new model has a better treatment of the dissolution of solid material by eutectics
melts, based on phase equilibrinm and dissolution rate limits, proceeding sequentially as
determined by a solid dissolution material hierarchy.

Using the new eutectic materials interaction model generally had only a small effect
on the results for the Surry TMLB" station blackout sequence. Both earlier core support
plate failure (11,1785 vs 11,675 ) and earlier vessel lower head penetration failure (11,219s
vs 11,685s) were calculated when the model was enabled, but the difference is quite small
(<500s). The biggest difference found was in the lower plenum structural response.
Without the eutectics interactions modelled, most (~80%) of the steel structure in the
lower plenum melted and fell into the cavity; the behavior predicted by MELCOR 1.8.2
with the euntectics interactions not modelled was very similar to the results previcusly
obtained using MELCOR 1.8.1. With the eutectics interaction model enabled, Zr and



stainless steel debris in the lower plenum melted at lower temperatures and flowed to
the cavity somewhat sooner, with less heating of the lower plenum steel structure due to
the lower melt temperature and shorter residence time of the debris; thus, most (~70%)
of the lower plenum structure remained in the vessel throughout the entire transient
period analyzed, The larger amount of stainless steel transferred to the cavity in the
case without the eutectics interactions modelled resulted in a thicker metallic layer in
CORCON existing for a longer time period, and the increased concrete ablation then
resulted in slightly higher (€£5%) containment pressures at late times.

A set of MELCOR Surry TMLB’ assessment analyses were run with different fission
product release model options enabled in MELCOR, as a sensitivity study on fission
product source term. These include the CORSOR and CORSOR-M models, each with
and withont a surface-volume correction term, and the new CORSOR-Booth model with
Jow- and high-burnup coefficient sets, for a total of six possible variations (although
obviously only the high burnup version of the CORSOR-Booth model should apply to
most plant analyses). In-vessel, the CORSOR and CORSOR-M options result in similar
releases of the Xe, (s and 1 volatiles. The CORSOR expression and constants give
higher releases for many classes (Ba. Ru, Mo, Ce, La, Cd and Sn), while the CORSOR
M expression and constants produce siguificantly higher release of Te, with no release
at all of Mo, La or ("d. The new CORSOR-Booth model predicts lower releases for
the most volatile species (Xe, Cs and 1), as well as for Ba, Te and U, than either of
the older CORSOR options, while the releases of some other species are intermediate
between the higher CORSOR and lower CORSOR-M predictions. The effects of using
various CORSOR options ar» less evident in the total-release comparisons, because the

later ex-vessel release can somewlLat compensate for in-vessel differences.

In two cases in this source-term sensitivity study (using CORSOR without the §/V
term and using the low-burnup form of CORSOR-Booth), there was no high-pressure
melt ejection of debris immediately following lower head penetration failure, but instead
debns falling into the lower plenum water pool was sufficiently quenched that it remained
in the lower plenum for ~2.000-3,000s before reheating sufficiently (to melt) that it could
fall into the cavity. The delay ir debris ejection in these two cases affects the releases
the lower plenum, because there is more debris in the lower plenum for a longer period
of time to contribute to the released source term. The delay in debris ejection in these
two cases also affects the melting and ejection of the structural steel mass in the lower
plenum, because there is more debris in the lower plenum for a longer period of time
to heat the structural material there. The increased retention of steel mass in the lower
plenum n the other four calculations resulted in a smaller, thinner metallic layer in
the cavity, which was completely oxidized by the end of the transient. The VANESA
code, which is used to calculate ex-vessel releases in MELCOR, has no provision for a
disappearing metallic layer; therefore, as the metallic layer in the cavity goes to zero,
the releases of radionuclide species associated with that layer (i.e., Te, Ru, Cd, Sn, and
unoxidized Zr and Fe) can begin growing exponentially.

Similar problems with a vanishing metallic layer in the cavity and associated expo-
nential releases of some radionuclides were seen in several of our other MELCOR 1.8.2
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sensitivity study calculations. This problem is inherent in the VANESA formulation it-
self, not in MELCOR, but is more likely to be encountered with MELCOR 1.8.2 than
with MELCOR 1.8.1 because of the increased likelihood of more retention of lower plenum
structural steel in-vessel with the new eutectics model enabled. That increased retention
of lower plenum structural steel (together with the increased robustness of MELCOR
1.8.2, which makes it easier to run long transients to completion without code failure)
results in an increased likelihood of oxidizing the entire cavity metallic layer before the
end of the transient period of interest,

I'he new direct containment heating model added in MELCOR 1.8.2. which models
high pressure melt ejection from the vessel into containment, also has been use: in these
PWR TMLB' analyses. These Surry TMLB® DCH analyses relied heavily on modelling
insights and code improvements from the earlier MELCOR DCH assessment analyses of
the TET experiments [81].

Initial calculations showed a rapid, brief pressure and temperature spike in contain
ment immediately upon high-pressure melt ejection and direct containment heating., The
effect was not extremely pronounced, because only ~15% of the available core material
was predicted to be ejected during the high-pressure melt ejection phase in our reference
Surry TMLB’ calculation.

The amount of melt in the lower plenum at failure is a concatenation of early-time
core damage, core plate failure criteria, falling debris heat transfer and possible quench
it the lower plenum, and lower head penetration heat transfer and failure criteria. The
core plate and bottom head penetration failure temperatures, and the falling debris and
lower head penetration heat transfer coefficients were all set to their default values in
the MELCOR reference calculation. Sensitivity studies were done varying some of these
parameters, but there is little data available for these phenomena. either for evaluation
of the MELCOR models’ adequacy or for guidance on the values to use for the various
input parameters controlling predicted response. In addition, caleulations were done in
which the peaking factors uscd were adjusted until ~60% of the available core material
was predicted to be ejected during the high-pressure melt ejection phase; this was not to
represent “correct” values for core power peaking, but simply to allow a comparison of
DCH behavior in otherwise similar calculations with different amounts of high-pressure
melt ejection.

Sensitivity studies also have been done varying the relative amounts of melt deposited
directly in the cavity, in the various containment volume atmospheres, and on various heat
structures in the cavity, basement and containment dome. As would be expected, deposit-
ing more debris directly into the cavity or onto heat structures reduces the magnitude
of the pressure/temperature excursion, while increasing the amount of debris deposited
in the containment atmosphere increases the magnitude of the pressure/temperature
excursion. In addition, varying the relative amounts of debris deposited into various
containment control volume atmospheres changes the relative magnitude of the pres-
sure/temperature excursion predicted: specifying more debris into the cavity at mosphere
(a relatively small volume) results in a very large pressure and temperature spike in that
local volume, but much smaller pressure/temperature excursions throughout the rest of
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containment, while specifying more debris into the containment dome atmosphere (a rel-
atively large volume) results in a significantly smaller pressure and temperature spike

mote uniformly throughout the containment

Ineluding DCH in the Surry TMLB' analvsis also affects the amount of material in the
cavity (because some debris settled onto heat structures outside the cavity) and hence
the amount of concrete ablated, and affects the source term because release of fission
products from air-borne debris and from debris settled onto heat structures (instead of
into the cavity) is neglected in the MELCOR model. This may or may not be a reasonable
assutiption. Debris dispersed throughout containment is quickly cooled and quenched,
and fission product release is a strong function of temperature. However, the dispersal of
debris into relatively small fragments during the HPME/DCH process, fragments which
then undergo rapid oxidation. could conceivably facilitate fission product release from

the greatly increased debris surface area.

In response to concerns raised on numeric effects seen in various MELCOR calcula-
tions, producing either differences in results for the same input on different machines or
differences in results when the time step used is varied, several calculations have been
done to identify whether any such effects exist in our Surry PWR TMLB' assessment
analyses, and to evaluate their impact on the accident sequence prediction. The reference
analysis has been run on a Cray, SUN Sparc2, HP Model 755 and IBM RISC-6000 Model
550 workstations, and on a 50MHz 486 PC, and with the code-selected time step and
then the maximum allowable time step set by user input to 5, 2.5 and 1s. Similar, mi-
nor differences were found in both numeric studies, including: 1) accumulating offsets in
both steam generator secondary and pressurizer relief valve cycling early in the transient:
2) timing shifts in clad failure and gap release, and core support plate and lower head
penetration failure; 3) variations in amounts of radionuclides released: 4) magnitude and
timing offsets in cavity and containment response; and 5) variations in hydrogen burn
frequency and duration. However, despite the number of small differences observable,
no significant branching into different response modes was found in the time-step or

machine-dependency studies.

The differences seen in timing of key events such as clad failure, core plate failure,
lower head penetration failure, etfe., in these machine-dependency and time-step studies
vary by much smaller times (on the order of 10-100s) than the timestep-variation results
observed by BNL for their Peach Bottom station blackout analysis with MELCOR 1.8.1
(which often varied by 1,000-10,000s) [12]. The fraction of core materials relocated and
the amount of debris in the lower plenum at vessel failure vary in otherwise-identical
calculations run on different hardware platforms and with different time steps, but the
range found +6-7% of the total core mass in the active fuel region, not a large variation;
the debris temperature in the lower plenuin also varies somewhat, over a <200K range.
The fraction of zircaloy oxidized by the time of vessel breach varies irom >20% to <40%,
with most of the numeric-effects sensitivity study calculations predicting <30%; the
fraction of steel oxidized by the time of vessel breach also varies in these analyses, from
0.2% to 0.4%. with most of these calculations predicting <0.3%. A large part of this
reduction in numeric sensitivity represents the significant efforts of the code developers
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and /or TRAC modelling approach (and also significantly different than the corresponding
MARCH modelling approach), and the biggest differences found in the results were in
the predicted times to core uncovery. which then propagated throughout the remainder
of the accident sequence. The maximum and average core heatup rates in the various
calculations were generally sirmilar, if best-estiinate calculations without in-vessel natural
circulation were used as the comparison values: including in-vessel natural circulation
tends to slow the core heatup and degradation process somewhat.

The MELCOR calculations generally showed core damage and relocation at lower
temperatures than the MELPROG, MELPROG/TRAC or STCP analyses using default
failure temperature and other failure criteria, but the various failure criteria are ad
justable through mput. Because of this, MELCOR also generally seemed to have less
debris in the lower plenum at the time of vessel failure (although there is some ques-
tion of the exact definition of the quantities being compared), but since MELCOR can
continue to lose debris from the vessel to the cavity throughout an integral transient
calculation, this difference may not be as significant as at first glance. The greater core
damage predicted before vessel failure in the STCP calculations resulted in significantly
higher in-vessel releases of most fission products than in the reference MELCOR 1.8.2
calculation (although similar to the results from some sensitivity study calculations, no-
tably caleulations with the debris radial relocation model disabled). However, the added
ex-vesse] release of the volatiles in MELCOR produced similar total releases of noble
gases, (s, | and Te; the release fractions for more refractory species such as Ba, Ru and
La varied greatly in the various STCP analyses with the MELCOR result somewhere in
the range found,

'he atmospheric pressures calculated in the containment by MELCOR and by STCP
have also been compared, Differences in vessel failure timing are reflected as timing shifts
in the early-phase containment responses predicted. Two of the STCP analyses avail-
able show qualitatively similar containment response to each other and to MELCOR.
An initial pressurization due to PORV outflow followed by a much greater pressurization
upon vessel failure; the containment pressure then drops somewhat until a slow pres-
surization is resumed, to eventual failure. Even the change from rapid pressurization
while boiling off cavity water to slower pressurization during core-concrete interaction
can be seen in one of the STCP calculations. Quantitatively, the containment pressure
in the MELCOR analysis is generally lower than the STCP results, especially during the
first portion of the TMLB' transient analyzed. until after ~16hr when MELCOR begins
significant core-concrete interaction.

Comparisons with CONTAIN are complicated by the fact that the vessel failure tim-
ing and debris ejection, as well as the steam and hydrogen outflow and the containment
conditions at vessel failure, may not be the same in the integral (internally-calculated)
MELCOR analysis as in the (externally-defined ) source(s) assumed to begin a CONTAIN
calculation. However, given this uncertainty, the peak pressure rise predicted during DCH
by CONTAIN and by MELCOR agreed well in a comparison with no additional pressur
ization from enhanced hydrogen burn during DCH; the numeric problems found in the
burn logic in MELCOR precluded quantitative comparison with a calculation including
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is initialized in a fully blocked configuration, which is supposed to prevent downward
relocation of the ;n\!‘?il'ulﬁh’ debris. (A new option to initialize core components in a
degraded state has been added to the MELCOR code as part of this task. With this
new option, the user is allowed to initialize core materials in any state allowed by the
MELCOR COR package. In particular, this allows an initial core configuration which
contains particulate and conglomerate debris. This new input is available beginning
with production version 1.80D, and thus is not included in the version of MELCOR
1.8.2 (1.8NM) released in mid-1993.)

In general, MELCOR did a fairly good job predicting temperature and relocation phe-
nomena in the MP-1 and MP-2 experiments, considering the relatively coarse modelling
in the code. For MP-1, temperatures in some parts of the debris region were underpre-
dicted by 250-500K during part of the experiment, but peak temperatures were predicted
within 250K at all debris region levels. Crust region temperatures were overpredicted by
no more than 200K at all levels. Stub region temperatures werc substantially overpre-
dicted at all levels, due to downward axial heat conduction in the cladding component
and the lack of radial heat losses in the grid spacer. The poor agreement with data in the
stub region was not considered important, because this test arrangement was not repre-
sentative of a typical severe accident geometry. No melting or relocation was calculated
for MP-1, compared to a small amount of material melting observed in the debris region
in the experiment, This was probably due to skewing of power peaking factors into the
crust and stub regions, and would explain the under- and overprediction of temperatures

in the debris and crust regions, respectively

In MP-2, debris region temperatures were also underpredicted, by as much as 500K
at some levels. The calculated axial temperature gradient in the centerline of the bundle
was a maximum of 500K, compared to a measured gradient of ~900K. Temperatures in
the crust region were predicted within 100K in the outer two rings and within 200K i the
inner ring, while stub region temperatures were high, again because of axial conduction

within core components.

Material relocation from the crust to the stub region and within the debris region
was close to the observed final material state in MP-2, MELCOR predicted a melt pool
surface in the debris region at 21.75cm, compared to the observed surface at 21em. The
calculated penetration of debris region materials into the crust region was within 0.3cm
of measured penetration (compared to a COR cell height of 1.17cm in that region).
MELCOR predicted the relocation of lower melt point crust materials to the bottom of
the stub region. and the refreezing of material onto the rod stubs, in appropriate amonnts,
but only after the candling model in MELCOR was modified to be more representative
of the MP experiment geometry and behavior.

Fifteen sensitivity studies were performed on various COR, C'VH and HS package
imput parameters. Sensitivities to minimum component mass indicated the need to use
more appropriate values for small-scale experiments, since the defaults were chosen to
be appropriate for full-scale plant analyses. Turning off axial heat conduction in the
C'OR package resulted in less heat transfer from the crust region downward, raising crust
and debris region temperatures substantially. As noted above, the use of a new candling
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model option resulted in better material relocation agreement with test data, Enabling
the eutectics model made agreement worse for material relocation, due to the retention
of lower melt point materials in the crust. Inserting helium-filled gaps in the insulation
heat structures, which was more representative of the experiment configuration, resulted
in higher core temperatures, as expected. Using non-default core component radiation
heat exchange view factors also affected results somewhat, due to radiation being the
dominant heat transfer mechanism between core components in these tests. In general,
no unexpected sensitivities were found in the MP-1 and MP-2 input models,

Little or no sensitivity was found to particulate debris diameter, candling model
refreezing heat transfer coethicients, convective heat transfer coefficients, gamma heating.
time step or computer platform. Making the nodalization finer resulted in little change
in temperature profiles, while reducing the number of core cells and control volumes

smoothed out temperatures between core regions.

[he results of the MELCOR MP-1 and MP-2 basecase calculations were compared
to corresponding results obtained by the DEBRIS [247] and TAC2D [248] codes, which
were run by the same group performing the experiments. These other codes predicted
temperatures more accurately than MELCOR, particularly in the stub region, where heat
transler downward and radially outward through the grid spacer to the cooling jacket
was important. Axial heat transfer down through one of the radial insulating lavers and
into the grid spacer was also modelled better by the other two codes. This was to be
expected, due to the full two-dimensional modelling in those codes. Material relocation
was not predicted much better by the DEBRIS code, while TAC2D performs only heat
transfer calculations.

23.7 GE Large Vessel Blowdown and Level Swell

The MELCOR computer code has been used to analyze a series of blowdown tests
performed in the early 1980s at General Electric (GE) [85]. The GE large vessel biowdown
and level swell experiments [249] are a set of primary system thermal/hydraulic separate
effects tests studying the level swell phenomenon for BWR transients and LOCAs. This
experiment series includes both top blowdown tests with vapor blowdown, characteristic
of accidents such as steam line breaks, and bottom blowdown tests with ]iquid and two-
phase blowdown, more charactenstic of recirculation line breaks. Assessment against this
data allows an evaluation of the ability of MELCOR to predict the inventory loss, and
hence time to core uncovery and heatup, in the early stages of transients and accidents in
BWRs. Also, an implicit bubble separation algorithm has been implemented recently in
the CVH package in MELCOR, since the release of MELCOR 1.8.2 in mid-1993. Analysis
of the GE tests was intended to validate this algorithm for general use.

I'he caleulated pressure transients generally agree well with the measurement. In the
top blowdown tests, there is a relatively fast depressurization for the first few seconds.
with progressively slower depressurization later in the transient. Qualitatively, the MEL-
COR calculations correctly reproduce the increase in vessel depressurization rate as the
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nozzle throat diameter and area increase, in the top blowdown experiment set. Quantita-
tively, there is progressively more difference between the calculated and measured vessel
pressures as the nozzle throat diameter and area increases and the depressurization rate
increases, This difference is due partly to the fact that the single value of form loss and
discharge coefficients used in all these basecase calculations may not be optimum for all
test conditions (as indicated by sensitivity studies), and partly due to increased discrep-
ancies between measured and predicted level swelling as the nozzle throat diameter and

area, and hence the depressurization rate, is increased.

The test data from the top blowdown tests show the two-phase mixtutre levels in-
creasing more rapidly early in the transient as the nozzle throat diameter and area, and
hence the depressurization rate, is increased, and also shows the two-phase mixture level
reaching progressively greater maximum heights before beginning to drop off: for the test
with the largest blowdown nozzle dimensions, the observed two-phase liquid level reaches
above the top of the dip tube. The two-phase mixture, or swollen, levels calculated
by MELCOR correctly reproduce the observed initial swelling, and the predicted two.
phase levels initially increase at about the rate determined from measurement in each
test; MELCOR correctly reproduces the qualitative trend seen in the test data that the
measured two-phase liquid levels peak progressively earlier in the transient as the nozzle
throat diameter and area, and hence the depressurization rate, is increased. However, the
vessel swollen levels calculated by MELCOR for tne different nozzle dimensions all reach
a similar maximum value which is significantly below the maximum two-phase levels in
the test data, and the two-phase levels begin decreasing earlier in the calculations than
observed in the test, The swollen liquid levels in the calculation later decrease less rapidly
than ohserved for the measured two-phase liquid levels, for all these top blowdown tests.
After the swollen levels begin to drop, the MELCOR calculations show progressively
lower swollen levels at any particular time as the nozzle throat diameter and area, and
hence the depressurization rate, is increased; the test data in contrast show the two-phase
mixture levels in tests with larger blowdown nozzle diameters remaining above two-phase
mixture levels in tests with smaller nozzle diameters throughout the entire period when

test data are available,

The discrepancies found in measured vs calculated two-phase mixture levels in the
basecase calculations for the top blowdown tests are generally all attributable to the
limiting in the MELCOR CVH package of the maximum allowed pool bubble fraction
to 40%. The maximum swollen levels in each of the four MELCOR top blowdown test
analyses correspond to the bubble fraction in the pool reaching a value of <0.40. As the
blowdown nozzle dimensions and hence the vessel depressurization rates increase, the
swollen vessel level is predicted to reach that limiting value earlier in the transient and
the swollen liquid level of the pool in the vessel then drops more rapidly as the vessel
loses inventory more rapidly drops, due to continued inventory loss out the blowdown
line, to maintain that pool bubble fraction of ~0.40.

The calculated pressure transients generally agree very well with measurement for
the bottom blowdown tests. There is a relatively slow depressurization for the first

<20s seconds, followed by a more rapid depressurization beginming to slow again late in
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the transient. The relatively slow depressurization in the first phase of the transients
correspords to the time period where the two-phase mixture level is above the entrance
to the blowdown line, so that liquid is being lost directly out the blowdown line. The
subsequent more rapid depressurization begins when the mixture level drops below the
blowdown line elevation, so that vapor blowdown can occur, As with the vessel pressure
histories, the calculated mixture level transients for the bottom blowdown tests generally
agree very well with measurement, both during the earlier liguid blowdown and the
later vapor blowdown periods. The agreement of predicted level swell with test data is
much better in this bottom blewdown test analysis than in any of the top blowdown test
analyses because the pool bubble fraction is not being controlled within MELCOR by
the maximum allowed value of 40%. There is significantly less level swell in this bottom
blowdown test than in any of the top blowdown tests, and the pool bubble fraction is
not affected by the maximum allowed value of 40% until very late in the transient. when
little pn(i’ is left.

Sensitivity studies show that the blowdown flow and vessel depressurization are
strongly dependent on the break discharge coefficient used, and weakly dependent on
the form loss coefficient used in the blowdown line. The basecase calculations used a
discharge coefficient of 0.85 for the top blowdown test analyses and 0.75 for the bottom
blowdown test analyses, with a form loss coefficient of 1.5 applied to the nozzle throat
area. Other sensitivity studies indicate that the nonequilibrium thermodynamics model
must be enabled to calculate any level swell, and that the magnitude and timing of the
level swell is dependent on the values used for the maximum allowed pool bubble fraction
and for the bubble rise velocity assumed in the bubble separation model (not user input,
but variable through sensitiv ity coefheient input). Comparison to test data suggests that
the default maximum allowed pool bubble fraction of 40% is too low for the top blow-
down tests, but that the default bubble rise velocity of 0.3m/s produces generally good
agreement with data for both top and bottom blowdown tests, The underprediction of
level swell in the basecase calculations for the top blowdown tests does not appear to
have any significant adverse effect on the code’s ability to correctly calculate overall break

flow and vessel depressurization.

The resinlts nroved imsensitive to (‘Hél}s!illg fl((‘ uptiu:ml H},\“( h(lll})lf‘ rise p}l) 108
model, which accounts for finite transit time through and interaction with any intervening
water pool in the downstream volume. This bubble rise model does not contribute to
the behavior response being predicted by MELCOR for these blowdown and level swell
experiment analyses, even though two-phase conditions exist for significant periods in
the test vessel, because he model only affects vapor flowing out of a flow path into a
two-phsse pool region: in the GE large vessel blowdown and level swell experiments, the
two-phase conditions are on the upstream, inlet side of the flow path and the downstream
sink volume consists of only atmosphere.

The basecase MELCOR inpui model fur thiese GE large vessel blowdown and level
swell experiments used a single control volume for the test vessel. This 1s standard
modelling in MELCOR, where multiple control voluines are used to subdivide regions
only if there is sonie obvious change in geometry or flow pattern. Unlike best-estimate
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codes such as TRAC or RELAP, MELCOR does not necessarily give better results

'HHI]MH"IIln or volumes are ‘\'l}itil\'i(!l“l\ most \”l "()“ Hl“l]l‘l\ assumne l:!igt" ]lnll}u'ti
component volumes. A sensitivity study was done in which the single vessel control
volume was subdivided into a stack of multiple control volumes, with vertical flow paths
added as needed to connect the stacked volumes, The heat structure modelling the vessel
cylinder was subdivided correspondingly, also. This is a noding move typical of TRAC
and/or RELAP than for MELCOR analyses. Since there 1s no obvious geometrically
“correct” value for junction opening heights in flow paths connecting such a stack of
volumes in MELCOR, both large (1ft) and small (1eni) junction opening heights were

tried

Subdividing the blowdown vessel into a stack of multiple control volumes has no
significant effect on the vessel depressurization in the top blowdown test analyses. The
results for two-phase level calenlated using the single-volume basecase noding are in better
quantitative agreement with test data in all of these top blowdown experiment anaiyses
than the swollen levels caleulated using a subdivided, stacked, multiple control velume
model, even though the exact degree of level swelling 1s underpredicted with the basecase
model, For bottom blowdown tests, using a subdivided noding ‘\il'](l~ stall differences
b G ARSI ZALIGN histary, a smwoother break flow, and little or no difference in overall
vessel level swell compared to test data or to basecase results when large junction opening
heights are used.  For both the top and bottom blowdown test analyses, using large
junction opening heights {equal to the volume heights) in the flow paths connecting the
subdivided, stacked control volumes in the finer noding produced much better agreement
with both test data and with the 1-volume basecase results than did using small junction
opening heights, However, the results of this sensitivity study demonstrate no significant
improvement in agreement with test data using a subdivided, stacked, multiple control
volume vessel model rather than a single large volume, The results with the subdivided
finer noding show more level swell at the bottom of the stack than further up, which
seems counterintuitive. There appear to be no benefits and significant drawbacks found
in subdividing the vessel into multiple, stacked control volumes, especially given the

increased run times required

Several calculations have been done to search for differences in results for the same
input on different machines or differences in resalts when the time step used is varied in
our GF large vessel blowdown and level swell assessment analyses. We also compared
results obtained with a recent code version (1.801) which includes a new implcit bub
ble separation algorithm with results obtained using the release version of MELCOR
].8.2, 1,.ANM (in which the bubble rise calculation is explicitly coupled to the rest of the
thermal/hydraulics analysis)

The GE large vessel reference calculations were rerun, using the same code version and
input models, on an 1IBM RISC-6000 Model 550 workstation, on an HP 755 workstation,
on a SUN ‘p.x ¢2 workstation  CRAY Y -MPE/861, anc 1 on a S58MHz 4856PC (IBM
clone). There is very little or no (h'fc'rvnw found in the results obtained on any of these
hardware platforms, The SUN and PC are always slowest in run time required: the IBM,
HP and Cray are all smmhmntlj\' aster with the Cray the fastest by a small fraction for
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these analyses. There is also generally little or no difference found in the results obtained
as the user-specified maximum allowed time step is progressively reduced and, as would
be expected, reducing the time step and thus increasing the number of eycles required
correspondingly increases the run times required.

An implicit bubble separation algorithm has been implemented recently [?] in the
CVH package in MELCOR. Prior to the implementation of this algorithm, MELCOR
was experiencing problems with natural circulation phenomena in the COR package; it is
expected that the problems with calculating natural circulation will be eliminated with
the implementation of the implicit bubble separation algorithm. A sensitivity study has
been done on the effect of this implieit bubble separation algorithm comparing results
fromi MELCOR version 1.801 to results from the release version of MELCOR 1.8.2. which
was MELCOR 1.8NM. The results of that study indicate that there are no major dif-
ferences in vessel blowdown and/or level swell calculated by either the release version of
MELCOR 1.8.2 (1.8NM) or by MELCOR version 1.801 after an implicit bubble sepa-
ration algorithm has been added. The results and conclusions of this assessment study
should apply equally well to either the release version of 1.8.2 or to later versions.

One noticeable difference is that with the release code the vessel pool bubble fraction
always increases to the maximum allowed value, albeit more slowly for larger bubble
rise velocities, while with the new implicit bubble separation algorithm the vessel pool
bubble fraction equilibrates at lower values for the larger bubble rise velocities. With no
difference in vessel depressurization, blowdown flow or collapsed liquid level, this results
in higher swollen liquid levels calculated with the release eode version than with the new
imiplicit bubble separation algorithm for bubble rise velocities increased above the code
default of 0.3m/s. (There is not much difference in swollen liquid levels calculated with
the release code version and with the new implicit bubble separation algorithm for the
default bubble rise velocity of 0.3m/s.)

The GE large vessel blowdown and level swell tests have been used to validate both
best-estimate thermal/hydraulics codes such as TRAC-B [250, 251, 252) and other en-
gineering integrated, engineering-level severe accident analysis computer codes such as
MAAP [253]. The results obtained with MELCOR have been compared to available re-
sults obtained using those other codes. The MAAP and MELCOR results for these GE
large vessel blowdown and level swell tests are generally similar. Both codes underpredict
the level swell observed at certain periods in the tests, but with little overal] effect on
the ability to calculate vessel depressurization during BWR accident scenarios.

TRAC-B correctly reproduces the observed two-phase level behavior., with initial
swelling of the level up to the break, due to flashing, followed by a drop in level due
to inventory loss. TRAC-B thus calculates a relatively faster depressurization rate in
the first few seconds corresponding to steam blowdown, slower depressurization as the
mixture level swells up to the blowdown tube inlet which results in two-phase carryover,
and finally sustained depressurization corresponding to high quality steam blowdown as
the mixture level in the vessel drops back below the blowdown pipe inlet. As already
noted, the two-phase mixture levels calculated by MELCOR correctly reproduce the
observed initial swelling in each of the top blowdown tests: however, the vessel swollen
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24 Benchmark Problems

Small demonstration problems used to verify the most basic MELCOR models are
being developed, collected and documented. Some of these problems are repeats of
problems from the 1986 MELCOR V&V program at Sandia [4] sumimarized in Section 2,
updated to the latest code version and platforms used and with expanded sensitivity
studies: others were collected from the code developers’ test problems and documented;
still others were developed for this exercise. A series of reports is being generated in
which a number of simple gedanken problems are presented, with results compared to

analytical solutions

Problems described in the first volume [86] include a saturated liquid depressuriza
on, the adiabatic flow of hvdrogen, transient heat flow in a semi-infinite solid with
convective boundary conditions, cooling of rectangular and annular heat structures in
a fluid, the self-initialization of steady-state radial temperature distributions in annular
structures, and establishment of flow in a pipe. Problems described in the second volume
(N include manometer oscillation, control volume mass and energy sources, natural con
vection, flooding (1.¢., countercurrent flow limit), compressible pipe flow and emptying
wine bottles. The third volume, also in progress, will consist of problems related to the
BUR and ESF packages (hydrogen burn and sprays and fans).

Fach of these problems has been run on a Cray XMP/24, IBM RISC-6000 Model
550, SUN Sparc2, VAX 8650 or 8700, and a 386 PC to check for machine dependencies.
['ime step studies, nodahzation studies and studies on code modelling options were also
done when appropriate. All code problems identified during these analyses have been

corrected. Input listings for the various problems are given as appendices.

24.1 Saturated Liquid Depressurization Test

This problem tests the CVH/FL/CVT packages and the HS package. It was originally
run and documented as part of the 1986 MELCOR V&V effort [4]. Those results were
for MELCOR 1.6.0; the final resuits given here are for MELCOR 1.8.1 (version 1.8]G).

The results show good agreement between MELCOR predictions and analytical solu-
tion, demonstrating MELCOR s ability to predict the depressurization of a reactor vessel
into its containmeni with the associated involvement of very rapid flashing of saturated
vater within the vesscl

No major machine dependencies were found. A problemn with the heat structure pack-
age time step control due to roundofl problems on some machines was noted. This affected
the run efficiency, but did not significantly change any results calculated. The problem
has been reported to, and solved by, the MELCOR code developers, and corrected in
version 1.8JG. In the meantime, a minor input modification bypassed the problem.
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24.2 Adiabatic Expansion of Hydrogen, Two-Cell Flow

MELCOR calculations for the adiabatic flow of hydrogen between two control vol
umes have been run. and are compared to a closed-form analytical solution. This problem
tests the CVH/FL/CVT packages and the NCG package. It was originally run and doc
umented as part of the 1986 MELCOR V&V effort (4], Those results were for MELCOR
1.6.0: the results given here are for MELCOR 1.8.1 (version 1.8IM)

[hese results show good agreement between MELCOR predictions and analytical so
lution, demonstrating MELCOR's ability to predict the adiabatic expansion of a noncon
densable gas. The slight differences sometimes visible between the MELCOR predictions
and the analytic solution are in part due to using temperature-dependent heat capacities
in MELCOR. which introduces some minor deviations from the ideal gas assumption in

the analytical solution, and partly due to the time step selection.

24.3 Transient Conduction in a Semi-Infinite Solid Heat Struc-
ture

Predictions of the hieat conduction models in the MELCOR heat structures ]J;ntl\‘n‘."‘
have heen compared to exact analytical solutions for transient heat flow in a semi infinite
solid with convective l”"i!l'!‘llv\ conditions H:r‘ accuracy -.vl‘ Yl!" IH‘M conduction HHHL‘I\
i« demonstrated and the effects of various node spacings and time steps are investigated.

[he ability of MELCOR to predict the exact solution depends on the fineness of the node

spacing and the time step used, and the precision of the computer

['his problem primarily tests the HS package, and was originally run and documented
as part of the 1986 V&V effort [4). Those results were for the MELCOR 1.1 code; two
of the cases were later run with MELCOR 1.6 with no significant differences from the
MELCOR 1.1 results presented in [4]. The results given here are for MELCOR 1.8.]

A

(version 1.81M).

Results obtained with MELCOR 1.8.1 appeared more accurate, in general, than the
earlier. MELCOR 1.1 analyses of this problem. Errors increased as noding detail was
decreased. in both MELCOR 1.1 and MELCOR 1.8.1, However, errors remained nearly
constant with MELCOR 1.8.1 as the time step was increased over a very wide range, a
substantial improvement over MELCOR 1.1 where the error had increased as the time

step was increased,
24.4 Cooling of Structures in a Fluid

MELCOR calculations for the cooling of two heat structures in a fluid have been
comipared the results to an exact, analytic solution. Both rectangular and cylindrical

geometries were tested. This problem primarily tests the implementation of the internal

heat conduction methodology in the absence of internal or surface power sources in the
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HS package, and was originally run and documented as part of the 198 MELCOR

V&V effort (4], Those results were for MELCOR 1.6.0; the results given here are for

MELCOR 1.5.1 (version 1.8IL"). The good agreement between the MELCOR results and

the exact analvtic solution show that the finite-difference methods used in the MELCOR
: :

Huce accurate results

]l\ jrau L.q\L’i' ;)Ivn

24.5 Radial Conduction in Annular Structures

MELCOR predictions of the steady-state temperature distributions resulting from ra

dial heat conduction in annular structures were compared to results obtained from exact

analytic solutions. Two sets of boundary conditions and two evlinder sizes were consid
ered. In addition, a transient calculation was done with an initially uniform temperature

profile to test whether MELCOR can achieve the correct steady-state temperature profile,

| his ;:Zw]h'-‘tl. ;»I!Hmll]& tests the HS rén kage, and was originatly run and documented
as part of the 1956 MELCOR V&V effort ; Those results were for MELCOR 1 6.0
the results given here are for MELCOR 1.8.1 (version 1 .8IV). The agreement between
MELCOR results and the analvtic solution is excellent in all cases

\ Hr*lnllnu error was (lr“.l;'! i1 \” I‘-I N which :mw‘d Hnl" vii”i("‘ 01 a \\\ \\!I"“
no control volumes were present i1 t hie input maodel I'his [n:u‘slt-riv was corrected

MELCOR version 1.81Q

24.6 Flow Establishment

MELCOR 1.8.1 predictions for the establishment of flow in a pipe connected to a
large resevoir after a valve is suddenly opened have been compared to results obtained
from exact analvtic solutions, for both the final. asymptotic velocity attained and for the
time required to establish this flow. Several variations in controlling parameters were

considered,

[ his I:erm ;»!I(Im!il_\ tests the CVH/FI [rac kage. The results given here are {or
MELCOR 1.8.1 (version 1.81R}. The results of this problem show that the flow solution
algorithm in MELCOR can correctly calculate both the flow startup and subsequent

steady-state flow in a pipe fed from a liquid resevoir,

During this analysis, an error was found and corrected in the time-independent
control-volume logic. Even after this error was corrected. there was still a umlmu Se1181
tivity to the values used for the junction opening heights, but it affected the results by

< oz
1 7.

24.7 Simple Manometer

I'his problem compares MELCOR calculations with analytic results for a simple un

damped manometer. It exercises the CVIH and FL packages, and tests the implementation
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requires enthalpy to be input in the source definition rather than temperature.) There is
currently no direct association of an enthalpy source with particular H;O mass sources in
the user input (again, unlike for noncondensable gas mass/energy sources). One option
would be to “bind™ an enthalpy source to a water mass source, and use the pressure in
the target volume to determine the saturation state. A more general option is to allow
a flow path “connected to”™ a source; this would allow interaction of gases with pool if
introduced below the pool surface, and could be extended to allow interaction of liquid

with atmosphere if introduced above the pool surface.

24.9 Flooding

This problem compares MELCOR calculations with analytic results for a simple coun
tercurrent flow problem. It exercises the CVH and FL packages, and tests the form and
implementation of the two-phase momentom exchange, as well as relative gravitational
terms belween pool and atmosphere flows. The results given here are for MELCOR 1.8.2
(version 1.8NE).

Fhis calculation tests the form and implementation of the momentum exchange and
relative gravitational terms between pool and atmosphere fows, and the results confirm
that the code model is now properly implemented, at least for vertical flow paths. No
significant machine dependencies or time step effects were found. The results for MEL
COR 1.8.1, also included, show substantially less countercurrent flow; in fact, the state
of the system jumped from simple upflow of air to downflow of liquid so quickly that
the flooding curve was not well defined, and might actually lie below the plotted line.
(Old versions of the MELCOR code, such as 1.8.1, contained both a different default
momentum-exchange length and a coding error which mtroduced an additional factor of
that length.)

A sensitivity study was done evaluating the effect on the predicted flooding curve of
varying the junction opening heights, The default flow path opening heights were used
in the basecase analysis; for a vertical flow path, this corresponds to the radius of a
circle whose area is equal to that of the flow path (in this case 0.127m). Values used
in this sensitivity study ranged from much larger (10m) to much smaller (0.01m). The
two largest junction opening heights considered, 10m and 5m, respectively are greater
than and equal to the adjacent control volume heights and therefore truncate to the
adjacent control volume heights, These two cases give different results because these
opening heights are large enough to include the liquid accumulating in the bottom of
the test section in their average junction void fraction. Opening heights of 1m and
0.1m give results very similar to those obtained for the basecase, default mcdel, and
also give results in good agreement with the theoretical Wallis flooding curve for this
problem. The smallest junction opening height tried, 0.01m, shows some deviation from
the expected result, possibly due to relatively large reductions in the buoyancy and
momentum exchange terms compared to inertial terms in the momentum equation.

The recommended flow path inertial length was used in the basecase analysis; for a
vertical flow path connecting vertically-stacked control volumes, this corresponds to the
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distance from the midpoint of one volume to the midpoint of the other volume, in this
case a length of 5m. The inertial-length values used in our sensitivity study ranged from
much larger (25m) to much smaller (0.01m). There is very little effect on the flooding
behavior predicted over a wide range of flow path inertial lengths in MELCOR 1.8.2
However, here. again, some deviation 1 seen when the inertial term is made extremely

large

The default value for the momentum exchange length was used in the basecase anal-
ysis; for a vertical flow path, this corresponds to the distance between the lowest point
in the flow lmlli and the highest |min?_ as defined by the junction elevations and the
opening heights), in our problem 0.1128m for a vertical flow path with junction opening
heights of 0.0564m. As would be expected, in general changing the momentum exchange
length directly affects the amount of countercurrent flow possible and thus shifts the
predicted flooding eurve. Shorter momentum exchange lengihs allowed much greater

countercurrent flow.

24.10 Natural Convection

['hi« problem compares MELCOR results to known correlations for free convection
flow in a volume between Lot and cold walls. It tests the CVH/FL/HS packages as well
as the NCG and TF packages. This problem was developed by Randy Cole. The results
given here are for MELCOR 1.8.2 (version 1.3NM)

I'he results of this test problem evaluate the internal consistency of MELCOR formu
lations and correlations, and its ability to reproduce known resuits for free convection.
['he simple case here may be analyzed directly by any undergraduate heat transfer stu-
dent. but most cases of real interest ate not so simple, and no relevant correlations exist,
In practice, results for the more complicated problems are obtained by constructing a

multi-volume, multi-flowpath nodalization and solving the fluid equations. The calcu

lated behavior will involve a balance of buoyant and frictional forces and a balance of

advective and boundary layer heat transfer. The ability (or inability) of MELCOR to re
produce expected results for simple cases should enhance confidence in results calculated

for more complicated cases.

The differences found in the different cases studied are generally moderate or minor,
not bad for a temperature-driven problem. The relatively good agreement between the
results of calculated convection and direct application of a free convection correlation for
this simple case gives some confidence that MELCOR calculations will not be in serious
error for more complicated cases of free convection. (Most cases of real interest are driven
by heat sources, 1.e., by heat fluxes, and any reasonable heat transfer mechanism will

move the correct amount of heat,)
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24.11 Compressible Pipe Flow

I'h I"'-l"-". COmpars MELCOR results to analvt S0l

packages a We as the NCG and o l packagoes l' S proboierr o

Cole. The results given here are for MELCOR 1.8.2 (version 1.8NM

he hvdrodynamics equations in MELCOR 1.8.2 do not incl
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24.12 Bottle Emptying
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26 MELCOR ABWR Analyses

A number of MELCOR caleulations have been do 2 for severe accident sequences in
the ABWR and the results compared with MAAP calculations for the same sequences
[89]. The program task was to run the MELCOR program for two low-pressure and
three high-pressure sequences to identify the materials which enter containment and are
available for release to the environment (source terms), to study the potential effects
of core-concrete interaction. and to obtain event timings during each sequence. The
source terms include fission products and other materials such as those generated by
core-concrete interactions. All caleulations, with both MELCOR and MAAP, analyzed
loss-of-cooling accidents in the advanced boiling water reactor (ABWR) plant.

All caleulations, with both MELCOR and MAAP, analyzed loss-of-cooling accidents
in the ABWR ple«m‘ [he LCLP-PF-R-N and LCLP-FS-R-N sequences are accidents
starting with a loss of all core cooling and with vessel failure occurring at low pressure; the
LCHP-PF-P-M, LCHP-FS-R-N and LCHP-PS-R-N sequences also are accidents starting
with a loss of all core cooling but with vessel failure occurring at high pressure. In all
these sequences, the passive flooder automatically floods the lower drywell. The contain
ment depressurizes as planned through a relief rupture disk, except in the LCHP-PF-P-M
sequence where containment failure is through penetration leakage. In the LCLP-FS-R-N
and LCHP-FS-R-N se(uences, the firewater spray |)I«;\Mt'\ additional containment cool
ing: in the LCHP-PS-R-N sequence, the drywell spray provides additional containment

sunilllL’

MELCOR generally reproduced the event sequences predicted by MAAP, albeit usu
ally with timing shifts. The major differences found were in core degradation and vessel

failure time. and in core-concrete interaction and containment depressurization time,

In all cases, the core was predicted to uncover slightly later by MELCOR than by
MAAP, at 2Tmin for MELCOR compared to 18min for MAAP. The core degradation
process also was slower in the MELCOR analyses than for MAAP - MELCOR calculated
vessel failure to occur later than in the MAAP analyses, at 3.3kr vs 1.8hr for the LCLP
sequences and at 4.5hr vs 2.0hr for the LCHP sequences. However, both MELCOR and
MAAP predict vessel failure to occur earlier in sequences with ADS depressurizing the

srimary svstem than in scenarios where the vessel fails at pressure,
| y 8

The core debris in the cavity is quenched by the passive flooder in the MAAP analyses,
so ittle or no core-concrete interaction occurs. MELCOR does not have an ex-vessel
de’sris quench model, so the core debris in the cavity remains unquenched and hot in the
MELCOR calculations, resulting in significant and continued core-concrete interaction
predicted. This in turn results in faster containment pressurization and earlier rupture
disk opening predicted by MELCOR, due both to more generation of noncondensables
in core-concrete interactions and to continued boiling of the cavity water pool by contact

with the hot, unquenched debris.

Both MELCOR and MAAP predict release of almost all the noble gas initial inven-

tory and small releases of all other fission products in the sequences failing through the
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VVER Analyses in Russia



I'he results of MELCOR 1.8.0 calculations for the small break LOCA in the pri
mary circuit have been checked against resulis from the RELAPS/MOD?2 code, and for
most points they are compatible; the MELCOR containment results were compared with
results from STCP-VVER, and the results of the comparison are satisfactory

Checking the input deck validity and models describing the core degradation process,
coupled with VVER-440/213 containment behavior, is completed, The full severe acci
dent calculation using MELCOR 1.5.0 showed several nonphysical results and numerical
solution problems. Input modifications were made to try to avoid some of these problems,
keeping in mind the physical sense of the results. Detailed descriptions of the problems

encountered and resolved during the course of the calculation are given in [258]

- |
i i

Several of the problems were connected with simulation of material relocation and

Hur l\,’:ut- Processes iH 1hc~ active core nhr] iu\.'v.o'r ;;,’l-nu[n rrgiuy:'« ‘Hl" lavk (tf all ih
vesse] debris heat transfer model in MELCOR 1.8.0 accounting for debris falling into and
through a water pool in the lower plenum was noted as an unresoived problen: such a

model has been provided in MELCOR 1.8.2. Still-unresolved problems identified in [258]
are lac " of condu tion heat transfer for ;m!!i« ulate debris i m!jm".’;? core ('PH\, Ih(l-.‘ of a
reflood model, and lack of melting in core steel structures which were modelled as heat

structures and calculated to be heated above ti:e melting point.

I'he des ri;tll(nn of the bubbler tower is identified as the most difficult part ol the
VVER-440/213 containment thermal/hydraulic analysis. Explicit description of the
steam flowing through the water layer in the bubbler trays leads to a nonphysical high
pressurt difference between the bubble: tower primary side and the air volume of the

|

ut modifications

Il 11

travs. This plut’»]«-n; was resolved through in

Validation of the COR model against results of a CORA-VVER experiment is undet
way. Due to the lack of a model in MELCOR 1.8.0 to simulate the power distribution
in the experimental assebly during the course of the experiment, the results of the MEL
C'OR 1.8.0 calculation are valid only for the first stage of the experiment. Investigation
of this ﬂl'c]t-tf will continue after receiving MELCOR 1.8.2 (which has an electric heater

rod modelling capability [24], as noted in Section 4.4)
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28 ERI MELCOR Assessment

NRO has funded several MELCOR assessment activities at Energy Research, Ine
including a review of the existing heat and mass transfer correlations in MELCOR in-
cluding identification of potential heat and mass transfer correlations for inclusion in the
MELCOR code [90]. sensitivity studies varying heat and mass transfer correlations in
plant calculations for selected accident scenarios (a station blackout and a LBLOCA in
the Surry plant) [91]. and calculations for FIST BWR thermal/hydraulic experiments

65B2C and TIQUN j""

28.1 Sensitivity Studies on Heat and Mass Transfer Correla-
tions

[ he Impact of selected heat and mass transfer correlations on results of kev accident
stgpnatures caleulated 9)“, MELCOR 1.8.2 has been assessed by }u‘:"u'!!:xiil‘_‘ a number of
eonitiviin ] .l;v ' f t WO ' T Al \]. 1 R T 2 3 2 1011 ‘fi I 1t a0l
ensttivity calculations lor two severe accident scenarios (7.6, a station blackout and a

large break LOCA) in the Surry plant. [9]

I'he input model used is that developed by Sandia for the station blackout analyses
summarized in Section 23.5 and documented in [84].

ERI recommended a number of heat transfer correlations in [90} as candidates for

sensitivity studies, In this study, only a selected subset of the recommended correlations
were implemented into test code for use in sensitivity studies. These include correlations
for natural and forced convection adiacent to heat structures, boiling heat transfer in
rod bundles, natural and forced couvection in debris beds, and condensation on heat
structures. The limited scope of this study dictated the extent of the sensitivity studies
done: therefore, the impact of other lnu!n-[;ri.x]]) important heat transfer Processes, such as
natural convection and radiation in the COR package and natural convection for internal

flows, were not studjed.

['he numerical sensitivity of MELCOR 1.8.2 was assessed by varying the user-input
maximum time step from 0.5s to 10s. Some differences were noted in the timing of ke
events during severe accident progression; however, these differences were found to be

much smaller than those observed using earlier code versions

Sensitivity studies performed using the modified correlations for natural convection on
external surfaces (without changing the correlations for other phenomena such as conden
sation ) revealed little sensitivity of key severe accident signatures, including containment
pressure as a function of time, time of containment failure and radiological source terms.
The sensitivity of the calculated results was more pronounced for the modifications in
volving the use of forced convection heat transfer correlations on external surfaces; in
this case, smali differences in containment pressure as a function of time were noted.

Replacement of the existing boiling heat transfer correlation in the MELCOR COR
package showed little impact on reactor vessel pressure, fuel rod temperature and fuid

temperature.



Two simplified correlations for natural and forced convection in debris beds were
tested for the large break LOCA scenario; results indicated little or no sensitivity of
primary system pressure and debris temperature to the modified correlations. The most
pronounced sensitivity was observed for in-vessel hydrogen generation, for which the
sensitivity study showed 16% more hydrogen generated as compared to that based on
the existing MELCOR correlation.

lest implementation of two replacements for the existing condensation models in
MELCOR, consisting of either a heat and mass transfer analogy, with the inclusion of
the film resistance, or a diffusion model that includes a convection correlation based
upon experiments, showed differences in the calculated containment pressure and the
containment failure time for both the station blackout and the LBLOCA scenarios. Lower
containment pressure trends were observed for the sensitivity studies, due to the higher
condensation heat fluxes calculated by the test correlations. For the two cases examined,

MELCOR results appeared to be most sensitive to the tested condensation correlations.

Even though the complexity of the thermal/hydraulic integrations and the possibility
of compensating errors appear to reduce the influence of heat and mass transfer corre
lations on the global accident signatures, based upon the limited cases investigated in
this study, the authors conclude by strongly recommending upgrading the existing heat
and mass transfer correlation set in MELCOR. on the grounds that condition might be
encountered for other accident sequences or plant types where larger sensitivities could

he envisioned.

28.2 FIST BWR Thermal/Hydraulics Tests 6SB2C and T1QUV

The MELCOR code lLas been used, successfully, to simulate the 6SB2C and the
FIQUV experiments performed in the Full-Integral Scale Test (FIST) facility [92]. The
release version of MELCOR 1.8.2 {1.8NM) was used.

Fhe FIST program [259, 260, 261] investigated heat transfer and thermal/hydraulic
phenomena during the early stages of a reactor transient and/or accident in a simulated
GE BWR facility. More than twelve different tests were conducted in the test facility,
which is a full-height, 1/642-(volume)-scale model of a BWR/6-218. The BWR core was
simulated using electrically heated rods.

I'he 65B2C test was a simulation of a small break LOCA in the recirculation piping of
a BWR/6-218, with ADS and low-pressure ECCS assumed to be operational. MELCOR
correctly simulated the gross features of the test. With an input model developed only
from the available facility descriptions and drawings, MELCOR predicted the correct
svstem pressure behavior and provided a qualitative prediction of system water inventory.
However, there are differences between the code calculations and the test data insofar
as rod and peak cladding temperatures are concerned. The differences between the code
predictions and the test data for the rod temperatures can be attrib .ted to the absence
of models in MELCOR for the spray cooling by LPCS and the top reflood heat transfer
irom the heater rods.
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The system pressure behavior predicted by MELCOR 1is judged to bhe in excellent
agreement with the test data; associated with the system pressure, the break flows pre-

dicted by MELCOR are also in good agreement with test data.

A reasonable agreement was observed in the MELCOR prediction of the liquid in
ventory in various control volumes as a function of time. The qualitative behavior of
the MELCOR predictions are comparable to the test data, and all the major trends
and phenomena are predicted. However, quantitative differences exist between the code

predictions and the test data for the liquid inventory.

The rod temperatures at the lower elevations of the heater rods were predicted well,
at least qualitatively, by MELCOR. The MELCOR predictions were no worse than the
I'RAC calculations, at least as far as the temperatures in the lower elevations are con-
cerned. However, the MELCOR code was unable to predict the spray cooling and the top
reflood process as observed in the experiment. Hence, the rod temperatures calculated
by MELCOR for the top 24in of the heater rods were in minimal agreement with the
test data.

Of more interest to the prediction of the rod temiperatures is the reflood phenomena.
Ihe fuel rods in the test were cooled [b.n!f!r‘l“} }[\ top reflood, :‘:"\ the LPCS, and Il}‘
bottom reflood from the bypass by LPCL MELCOR does not have a core spray model,
['he coolant added i’f‘ core sprays and LPC] i\!\\‘ia_\\ filled the core channels “*bottom IJ]!".
\s a result, the top reflood behavior observed in the test (that caused the upper elevations
«.f‘ t}at' t'm'l [‘t:ti\ to u.n-i tln\\'n }n-ful'e' !}:v Hli(is“(‘ f‘]t'\gnlnh uf lht‘ r()(lﬁ) was not pl‘('di(‘((‘si
by MELCOR. Hence, MEI COR showed that the higher elevations of the fuel rods to be
hotter than the middle elevations, with the result that the peak clad temperature occurs

at a higher elevation than that observed from the measured data.

Fhe TIQUV test is a simulation of a transient with a failure to maintain water level.
[nventory loss occurs through the SRV at high pressure. A reasonable agreement was
obtained between the MELCOR predictions and the data for system pressure. Only a
minimal agreement was obtained between the MELCOR predictions and the test data for
water levels and rod temperatures. However, differences were noted between the decay
power input to the code and the test data. A simulation was performed by reducing
the decay power input to the FIST heater rods by 20%. and a better comparison was

obtained between the predicted rod temperatures and the test data.

Several time step and machine dependency sensitivity studies were also performed. A
small effect of the time step on the results was noted for the 65SB2C test, The calculations

were repeated on two different computers
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30 Summary and Conclusions

['his review of MELCOR verification, validation and assessment to date reveals that
most of the severe accident phenomena meodelled by MELCOR have received or are
receiving some evaluation. Figures 30.1. 30.2 and 30.3 summarize the available MEL
COR assessment against experimental test daia for primary system thermal /hydraulics,
in-vessel core damage and fission product release and transport, and ex-vessel and con-
tainment phenomenology, respectively. Only analyses that are completed or already
underway are included; analyses scheduled but not yet begun are not included

30.1 Primary System Thermal/Hydraulics

Primary systemn loop natural circulation flows are the focus of the FLECHT-SEASE1
natural circulation test analyses. MELCOR results showed excellent agreement with
multi-loop, single-phase liquid natural circulation data; however, significant code prob
lerns were encountered in the two-phase flow portions of the transient. While it was
possible through a number of nonstandard input changes to force the expected behav

ior, and while some of the code problems found have since heen resolved, the ability of

MELCOR to predict two-phase natural circulation remains very questionable.

ORNL has validated MELCOR against RELAPS results for several LBLOCA sce-
narios as part of their HFIR licensing analyses. with very good agreement between the
two codes’ results in most cases. The LOFT LP-FP-2 assessment analysis done by SNL
a'so evaluated MELCORs ability to calculate break flow, albeit indirectly (i.e., no break
flow measurements were available for comparison); however, the generally good agree-
ment found for primary system depressuriztion, inventory loss and core uncovery could
not have been achieved without reasonable prediction of the multiple break flows in this
test, The FIST assessment analyses done by ERI provided information on MELCOR's
ability to model thermal /hydraulic response in the early stages of BWR severe accidents;
the MIST assessment analyses done by LANL will do the same for the early stages of
severe accidents in BEW PWRs. Early-time thermal/hydraulics in a BWR geometry
also are evaluated in the GE level swell separate effects test modelled during the MEL-
COR Peer Review, and more recently using MELCOR 1.8.2, and the conclusiot. was
that MELCOR seemed adequate 1n predicting most blowdown scenarios, with generally
satisfactory results.

The LOFT LP-FP-2 analysis, the FLECHT SEASET simulation, the GE level swell
test simulations and a gedanken test problem done for the Peer Review all showed a
strong modelling sensitivity to values input for flow path opening heights in junctions
connecting vertically-stacked control volumes. The results showed no conclusive pattern
on the "correct” values to be used, and this remains an area of concern,

Heat transfer in heat exchangers connecting primary and secondary systems was stud-
ied in the ECN analvses of UCB tests on heat transfer degradation and steam condensa-
tion in the presence of noncondensables, and in calculations for the PMK bleed-and-feed
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experiments. Both these analyses included noding studies. and both demonstrated con
vergence to test data as the control-v ulume and/or heat-structure modelling detail was
progressively refined (as was found in the FLECHT SEASET natural circulation analy
ses, also). The good agreement found when comparing to RELAP5/MOD?2 results for the
PMK bleed-and-feed tests and to test data demonstrate MELCOR s dl«bl!”.\ LO corred !!_\

model the required thermal/hydraulic phenomena.

30.2 In-Vessel Core Damage

Core heatup, degradation and relocation mechanisms dominate the PBF SFD 1-1 and
1-4 tests and the NRU FLHT-2, FLHT-4 and FLHT-5 tests analyzed by BNL; the ACRR
DF-4 early-phase core damage and MP-1/MP-2 late-phase melt progression experiments
used for code assessment by Sandia: and the PHEBUS B94 and CORA 13 core damage
experiment simulations done by SNL as international standard problem submittals, for
ISP-28 and ISP-31 . respectively: Spain and Taiwan also submitted MELCOR calculations
for the PHEBUS B9+ ""Il”‘l‘illif'lil (ISP-25). The results of all these calculations (and of
the integral LOFT LP-FP-2 analysis) showed MELCOR representing the test behavior
quite well in most cases, with results generally similar to those predicted by SCDAP,
SCDAP/RELAPS, and other best-estimate core damage codes. Noding and time-step
studies showed converging results. The major lacks noted 11 several of these analyses were
the lack of a ballooning and/or blockage model in MELCOR, leading to mis-prediction
of hydrogen generation rates and amounts. Several of these analyses found the onset of
rapid metal-water reaction calculated to occur later than measured (aslo seen in many

of the 4--!‘!"\[“%“}1“& best-estimate code results).

30.3 Fission Product Source Term

PBF SFD 1-4 and the NRU FLHT-2 and FLHT-4 tests also study fission product
release, which is the main «'!:11»12.\91.\ of the ACRR ST-1/ST-2 test series ('llld‘}/""i }l}
SNL and the VI tests analyzed by ORNL. The ACRR ST-1/ST-2 assessment analyses
showed the new CORSOR-Booth release model producing generally less release of the
volatiles than either CORSOR or CORSOR-M, and releases of more refractory species
often intermediate between the releases predicted by the other two models. A major
machine dependency affecting release rates calculated was identified and corrected during
these analyses. Both the ACRR ST calculations and the LOFT LP-FP-2 integral analysis
showed generally good agreement with data, with the standalone CORSOR code, and
with best-estimate codes such as l\‘\](;”\\'\ or \[‘ll(”“\

30.4 Fission Product Transport and Deposition

Aerosol transport and deposition in containment geometries were investigated in the
old ABCOVE AB5. AB6 and ABT test simulations (now being rerun with the most recent
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code version as a graduate research project at University of New Mexico), and the recent
LACE LA-4 experiment analysis done by SNL;: fission product and aeroscl transport
and deposition (r primary system components {upper plenum, hot leg, pressurizer and
PORV piping) have been investigated in the Marviken-V ATT-2b and ATT-4 simulations
done by SNL. The results show generally very good agreement with data for deposition
and retention patterns; in particular, the differential retention of volatile fission products
(such as Cs, 1 and Te) and aerosols such as Ag and Mn in the various primary systemn
components in the ATT-4 test was calculated. The results also showed convergence with
refined MAEROS aerosol size distribution resolution, and with reduced time steps. The

only problems found primarily involved inconvenient input /foutput processing.

30.5 Countainment Response

Containment thermal/hydraulic response 18 the emphasis of the HDR V44 steam
blowdown experiment and of the four Battelle-Frankfurt hydrogen mixing tests analyzed
by SNL, and the BMC-F2 experiment simulated by the UKAEA and by the Polyvtechnical
University of Madrid; the Polytechnical University of Madrid also used MELCOR for the
DEMONA F2 containment problem. Containment thermal /hydraulic response also was
assessed in the HDR T31.5 steam blowdown and hydrogen mixing experiment analyzed
by SNL in the I1SP-23 exercise, in the HDR Eil.2 steam blowdown and hydrogen mix
ing experiment analyzed by the UKAEA in the ISP-29 exercise, in the M-4-3 NUPEC
hydrogen mixing and distribution test analyzed by NUPEC and in the M-7-1 NUPEC
hydrogen mixing and distribution test analyzed by NUPEC and by TRACTEBEL in
the ISP-35 exercise. The results generally indicated difficulties in accurately predicting
localized, detailed thermal/hydraulic response in complex geometries, although overall,
long-term hehavior was generally in good agreement with data; this was identified as a
general problem for any control-volume code, rather than a problem specific to MELCOR

alone.

Assessment il}.u!}. ses have heen l"u!:i;l|t‘h'<l for two of the PNL ice condenser tests,
evaluating both temperature and ice melting predictions, and aerosol particle retention,
with excellent agreement with test data and with CONTAIN calculations. This assess
ment produced a number of user guidelines for this new MELCOR model, and resulted
in a number of coding errors being corrected before distribution to external users. As
sessment analyses have also been completed for several of the IET direct containment
heating experiments, with comparison to test data and to CONTAIN, with generally
good results.

30.6 Plant, Integral, Calculations
Reactor coolant system thermal/hydraulic response, core heatup and degradation,

and fission product and aerosol release and transport in a PWR geometry all were studied
at full plant scale in the TMI-2 accident analysis, and are important in LOFT LP-FP-2



However, there i1s no experiment (not even the TMI accident) which represents &l
features of a severe accident (2.¢., primary system thermal/hvdraulics; in-vessel core
damage; fission product and aerosol release, transport and deposition; ex-vessel core
concrete interaction; and containment thermal /hydraulics, and hydrogen transport and
combustion ), and only the TMI accident is at full, plant scale. 1t is therefore necessary
for severe accident codes to supplement standard assessment against experiment (and
against simple problems with analvtic or otherwise obvious solutions) with plant calcu-
lations that cannot be fully verified, but that can be judged against expert opinion for
reasonableness and internal self-consistency (particularly using sensitivity studies) and
also can be compared to other code calculations for consistency, Table 30.6.1 summa-
rizes the plant analyses done with MELCOR mentioned in this assessment survey report,
with sensitivity studies and /or code-to-code comparisons. Again, only analyses that are
completed or already underway are included; analyses scheduled but not vet hegun are

not included

30.7 Identified Needs

['his review of MELCOR assessment to date reveals that most of the severe acci
dent phenomena modelled by MELCOR have received or are receiving some evaluation.
However, in many of these areas, the assessment to date does not cover all phenomena
of interest, or is based on a limited number of experiments and analvses which may
be insuthcient to cover the scale(s) of interest and which may be insufficient to allow

identification of experimernt-specific problems vs generic code problems and deficiencies.

There has been no assessment at all of MELCOR for ex-vessel melt phenomena such
as core/concrete interactions or debnis bed coolability (although the core/concrete inter-
action has had some "second-kand™ assessment in the standalone CORCON assessment
activities done ), although assessment using the SURC-2 data will begin as soon as the im
plementation of CORCON-Mod3 in MELCOR is complete, Furthermore, there has been
no assessment as yet for fission product scrubbing by pools, sprays and filters, although

several analyses i this area are now in progress or planned at Sandia.

Although SNL has assessed the new ice condenser and direct containment heating
models, to date there has been no assessment against test data done for hydrogen burns
or for engineered safety features such as containment sprays and/or fans (except for
a few limited MELCOR/HECTR plant-analysis code-to-code comparisons done some
time ago). There has also been no assessment done evaluating MELCOR’s capability of
modelling passive containment cooling or flooded-cavity behavior, features important in
new reactor (il'“i&!!!‘
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Table 30.6.1.

Plant Scenarios

Iy pe Analvzed

BLW PWR
BWR /5. Mark 11 Station blackout (SBQO)
-loop PWR | w/o DCH

\GL 8,0, 84D

d-loop PWR I'MLB' w/surge-line-breal

BWR/4, Mark | Seation Blackotit
BaW PWR LOCA. TMLB®
C'E 3-loop PWR
i-loop PWR

BWR /4, Mark | Station blackout
LBLOCA
2-loop PWR SBO
BWR /4, Mark 1 FQUX, Al
BWR/7, Mark 1 S;E SBLOCA
BWR I'B, MSLBreak
1074 SBLOCA
BWR /4, Mark | “BO w/ and w/o ADS
V-sequence, SBLOCA
2-loop PWR SBO, V-sequence, SGTR

HL SBLOCA, IBLOCA, LBLOC.

3-loop PWR SBO
BWR/6. Mark 111

3-loop PWR AB-and V-sequence, SGTR
BWR/3, Mark 1 SBo

MELCOR Plant Calculations

Codes Owner

‘. .lr}l;;\.g}r(f

SNI

\_'\‘l

SCDAP/RELAPS, SNI

MELPROG/TRAC, SN

CONTAIN (DCH SNI

- E SNI
SCDAP/RELAPS, Uk AEA
CONTAIN UK AEA

oL CT BNI
STCP BNL

BNI

MAAP BNI
BWRSAR/CONTAIN ORNI
ORNI

MAAP UWist
NUPEC

[HALES-2, STCP JALERI
MAAP VT
MAAP, SCDAP/RS VT
HSK
MAAP

HSK

HSK

apatn

MAAP Spain



Bibliography

{4

|

1ol

R. M. Summers ¢t al.."MELCOR 1.8.0: A Computer Code for Severe Nuclear Re
actor Accident Source Term and Risk Assessment Analyses”™, NUREG/UR-5571,
SANDS0-0364, Sandia National Laboratories, January 1991.

B. E. Bovack, V. K. Dhir, J. A. Gieseke, T. J. Haste, M. A. Kenton, M. Khatib
Rahbar, M. T. Leonard, R. Viskanta, *“MELCOR Peer Review”, LA-12240, Los
Alamos National Laboratory, March 1992,

L. N. Kmetyk, “MELCOR Assessment Plan”, letter repert (draft) to R. B. Foulds,
NRC, March 1, 1990.

C. D. Leigh, ed. *"MELCOR Validation and Verification - 1986 Papers”, NUREG;/
C'R-4830, SANDS6-2689, Sandia National Laboratories, March 1987,

. K. Madni, *MELCOR Simulation of the PBF Severe Fuel Damage Test 1-17, Pro
ceedings, 26th National Heat Transfer Conference, Philadelphia, AIChE Symposium

Series, No. 269, Vol, 85, 1989

I. K. Madni, *"MELCOR Modelling of the PBF Severe Accident Test 1-47, Proceed-
ings, lnternational Conference on Probabilistic Safety Assessment and Management

(PSAM), Beverly Hills, CA, Feb. 4-7, 1991

. K. Madni, X. D. Guo, *"MELCOR Modelling of the NRU Full-Length High-

‘[rm;u']‘(\lurv 2 l_f\iu'li”ll'}l:“. Nuclear Te }1[11!‘,“!1‘\' 1992 (1n press ).

I. K. Madni. X. . Guo. *MELCOR Simulation of the Full-Length High

[emperature 2 Experiment”™, BNL Technical Report A-7777, Brookhaven National
Laboratories, September 1991,

I. K. Madni, X. D. Guo, “*MELCOR Simulation of the Full-Length High
lemperature 4 Experiment”, Brookhaven National Laboratories letter report to R,
Foulds, NRC, November 26, 1991,

I. K. Madni, X. D. Guo, "MELCOR 1.8.2 Simulation of the Full-Length High
Femperature 5 Experiment”, SRED-25 (draft ), Brookhaven National Laboratories,
()( !ll]»l‘[ l‘)”:‘

I, K. Madni, “MELCOR Simulation of Long-Term Station Blackout at Peach
Bottom™, NUREG/CP-0113. Proceedings, 18th Water Reactor Safety Information
Meeting, Gaithersburg MD, October 1990.

. K. Madni, “Analyses of Long-Term Station Blackout Without Automatic De

pressurization at Peach Bottom Using MELCOR (Version 1.8)", NUREG /CR-5850.
BNL-NUREG-52319, Brookhaven National Laboratory, to be published.

160

I B B " T - N . B -G D EE o G 0 S EE S ae



—




P |

(29

(361

S. 1. K. Bradlev, M. 1. Robertson, “Final Report on MELCOR Calculations for ISP
297, PWR/SATRG/P(92)L.55, AEA RS 5236, AEA Technology, Culcheth, February

]|"l’;’

P. N. Smuth, P. L. Mason, "AEA Assessment of MELCOR 1.8.1 Using Calculations
for TMLB' Accident Sequences™, AEA RS 5484, UK AEA Winfrith Technology
Centre, March 1993,

J. V. Lopez Montero, A. Alonzo Santos, *DEMONA F2", CTN-42/9]1, Catedra
de Tecnologia Nuclear, E. T, 5. Ingenieros Industriales, Universidad Politecnica de
Madrid, Madnd, .'\1@\ 1991,

S. Aleza Enciso, J. V. Lopez Montero, J. Gonzales Pindado, C. Serranc Santamaria,
“*Contribution to 1SP-28 by the Polytechnical University of Madrid {Chair of Nu
clear Technology) with the MELCOR Code (Theoretical Analyvsis of PHEBUS CSD
B94 Experiment)”, CTN-78/90, Catedra de Tecnologia Nuclear, E. T. S. Ingenieros

IIH‘.“I*'!MI.PM {.I‘Y".l‘bi«fm] I'n Itecnica cit‘ _\}«!li!!li_ \Lniltli_ l)(‘vc‘v:li’c'i 1 99¢()

K. Fischer, M. Schall, L. Wolf, “"CEC Thermal-Hydraulic Benchimark Exercise on
FIPLOC Verification | Xperiment F2 in Battelle Model Containment, l‘.\}n'HHu’:l‘ﬂ.'!
Phases 2, 3 and 4 - Results of Comparisons™, BF-R-67.249-2, Battelle-Institut e, \
Frankfurt am Main, December 199]

Letter from I'. Martin Fuertes to L. N. hme ty k. dated June 11, 1993.

I. Shepherd, A. Jones, C. Gonnier, 8. Gaillot, *Phebus-FP: Analysis Programme
and Results of Thermalhydraulic Tests”, Proceedings. 21st Water Reactor Safety
Information Meeting. Bethesda MD. Qctober 2527, 1993 (to be published)

S. Aleza, J. A. Fernandez, F. J. Gonzales, J. V. Lopez, F. Martin-Fuertes, 1. Mas,
J. M. Sanchez, “Comparacion Termohidraulica y de Degradacion del Nucleo para
res Secuencias con Dano Severo en un W-PWR 900MWe", presented at the 18th
Annual \ghlm\h Nuclear Soq ety Meeting, Jerez de la Frontera, October 28-30. 1992

A. Alonso, 5. Aleza, J. A. Fernandez, J. F. Gonzales, £. Montandn, J. V. Lopez,
F. Martin-Fuertes, 1. Mas, J. M. Sanchez, “Analysis with MELCOR of FPs and
Core Materials Release and l(ri!zﬂmr'( during Three Accidents in a PWR Plamt”.
presented at the 20th Water Reactor Safety Information Meeting, Washington DC,
October 21-23. 1992

S. Aleza, J. A. Fernandez, J. ¥. Gonzales, E. Hontanon, J. V. Lopez, F. Martin
Fuertes, 1. Mas, J. M. Sanchez, A. Alonzo, ".\!ui:"\\;» of Three Severe Accident Se
quences (AB.SCTRand Viina3l Loop W-PWR 900 MWe NPP with the MELCOR
Code™, CTN-35/92, Catedra de Tecnologia Nuclear, E. T. S. Ingenieros Industriales,

Universidad Politecnica de Madrid, Madrid, August 1992 {preliminary draft)

i - O - - S - O R - R R R e O S - . e



(38

30

0]

[16)]

F. Martin-Fuertes, J. L. Jimeno, J. M. Fernandez, A. Alonzo. “Study of Hydrogen
Distritbution and Deflagration within a Large Dry PWR Containment System with
Venting and Inertization under LOCA Conditions”, CTN-79/92, Catedra de Tec
nologia Nuclear, F. T. S. Ingenieros ludustriales, Universidad Politecnica de Madrid.
Madrnid, December 1992 (restricted).

R. M. Bilbao, J. M. Ferndndez Salgado, J. A. Fernandez Benitez, J. V Lopez, A. A.
Alonzo Santos, “Severe Accident Phenomenology in BWR's and The Role of Phebus
FP7, CTN-65/92, Catedra de Tecnologia Nuclear. E. T. S. Ingenieros Industriales,
Universidad Politecnica de Madrid. Madrid, November 1992 (restricted )

S. Spoelstra, “Validation of MELCOR Condensation Models Against UCB l‘.\']wr
imental Data (ECN Task 5, WHS 3.7.1)7, ECN-CX 91-062, Petten. August 1991

(proprietary mformation ).

K. Akagane, “Preliminary Calculations by MELCOR 1.8.0 for Experiment Analysis
and Plant Analysis™, presentation by Nukatsuka Shigehiro, Nuclear Power Engineer
ing Center of the Japan Institute of Nuclear Safety (NUPEC/JINS). to the NRC,
August 9, 199].

Letter from Kenii Takumi. NUPEC. 10 S, | hompson, SNL, dated May 31, 1993

H. Okada, F. Ohshita, M. Yoshino, *Numerical Results Due to MELCOR with
Fully Double Precision™ (attachment to letter from Kenji Takumi. NUPEC. to S. L
Thompson, SNL, dated Mav 31, 1993)

H. Okada, T. Kasuva, “Numerical Results of MELCOR 1.8.2 with DEMO Problem”.
]!!"‘*"Hl'"! (lll!llxﬂ NUPEC visit to Sandia National Laboratories., October 1993

l ””"‘»“‘ ” Vl('/'ill\:'l. \ .\Illll’”el. ".\h A\Iii‘xl".‘\'[\ uf ,\']']ll'(“.\ “"Hl!“ﬂt'[] .\1“‘“““
and Distribution Test M-4-3 using MELCOR 1.8.1 Code”, 1SP35.024, March 1993
(attachment to letter from Kenji Takumi, NUPEC, to S. L. Thompson, SNL. dated
Mav 31, 1993)

NUPEC/CSD, “Au Analysis of NUPEC's Hyvdrogen Mixing and Distribution Test
M-7-1 using MELCOR 1.8.2 Code”, presented at Second 1SP-35 Workshop, Japan,
November 5. 1993,

H. Tezuka, T. Hirose, K. Takumi, K. Ajisaka, T. Onishi, M. Rodgers. H. Morota.
*MELCOR Analyses of NUPE("s Large Scale Hydrogen Mixing and Distribution
Test with Visualizations”, abstract submitted for presentation at 1994 ANS Winter
Meeting

Kikuo Akagane, “Phebus FPT-1 Containment Calculations: Thermal Hydraulic Cal
i

culations for the Containment by MELCOR 1.8.17, May 1992 (attachment to lette
from Kenji Takumi, NUPEC, to S. L. Thompson, SNL, dated May 31, 1993)

163



48]

Y. Takechi, *“MELCOR Code Analysis Results of Selected Severe Accident Sequences
for PWR Plant™, presented during NUPEC visit to Sandia Naticnal Laboratories,
()I'[\»}N'I‘ :')l'.s

N. Tanaka, *MELCOR Analysis of Reference BWR Plant (MELCOR 1.8.1)7, pre
sented during NUPEC visit to Sandia National Laboratories, October 1993,

M. Auglaire, “ISP-35 Benchmark: NUPEC’s Hydrogen Mixing and Distribution Test
M-7-1; MELCOR 1.8.2; Results”, presented at Second ISP-35 Workshop, Japan,
November 5. 1443,

M. Auglaire, “ISP-35 Benchmark Calculation; NUPEC's Hydrogen Mixing and Dis
tribution Test M-7-17, Tractebel Energy Engineering, Brussels, September 30, 1993.

L. A. Miller, G. D. Wyss, D. M. Kunsman, S. E. Dingman, E. A. Boucheron, M. K.
Carmel. C. ] \imuf‘}‘ \ Reactor Prohabilistic Risk Assessment 5@1}""'”'““ Calcu-
lations; Volume I: Main Report™, SAND=RY-2101/10f3, Sandia National Laboratories.
June 1990

L. N. Kmetvk,J. H. Lee, 8. W. Webb, R. M. Summers, J. C. Cleveland, “Preliminary
Design Considerations for Safe, Ou-Orbit Operations of Space Nuclear Reactors™,
SANDRT-0865, Sandia National Laboratories, February 1994,

*“MELCOR 1.8.0 Assessment: HDR Containment Experiment V447, letter report to
R. B. Foulds, NRC, from L. N. Kmetyk, Sandia National Laboratories v arch 20,
| 990

L. N. Kmetyk, *“MELCOR 1.8.1 Assessment: FLECHT SEASET Natural Circula
tion Experiments™, SAND91-2218, Sandia National Laboratories, December 1991,

I.. N. Kmetvk. “MELCOR 1.8.1 Assessment: LOFT Integral Test LP-FP-27,
SAND92-1373. Sandia National Laboratories. December 1992

. N. Kmetyk, “MELCOR 1.81 Assessment: LACE Aerosol Experiment LA4"
SAND91-1532, Sandia National Laboratories, September 199]

L. N. Kmetyk, “MELCOR 1.8.1 Assessment: ACRR Source Term Experiments S
| /ST-2", SANDY1-2833, Sandia National Laboratories, .'\;il‘!] 1992

G. Gvenes, *“MELCOR 1.8.1 Assessment. Prelimimary Calculations for PMK Bleed
and Feed Experiment (RELAP-MELCOR Comparison)”, Atomic Energy Research
Institute, Hungary (draft report)

“Severe Accident Risks: An Assessment for Five U, S. Nuclear Power Plants™,
NUREG-1150, U, S. Nuclear Regulatory Commission, June 1989.

S. E. Dingman, C. J. Shaffer, A. C. Payne, M. K. Carmel, “MELCOR Analysis for
Accident Progression Issues”, NUREG/CR-5331, SANDS9-0072, Sandia National

lL.aboratories, January 1991.

164



(621

‘hl

,“\.

HY

[70]

C'. J. Shaffer, L. A. Miller. A. C. Payne, Jr. “Integrated Risk Assessment for the
LaSalle Unit 2 Nuclear Power Plant: Phenomenology and Risk Uncertainty Evalu
ation Program (PRUEP); Volume 3: MELCOR Code Calculations™, NUREG/CR
5305. SAND90-2765, Sandia National Laboratories, October 1992,

L. N. Kmetyk, L. N. Smith, “Summary of MELCOR 1.8.2 Calculations for Three
LOCA Sequences (AG, S2D, and S3D) at the Surry Plant™, NUREG/CR-6107,
SAND93-2042, Sandia National Laboratories, March 1994,

L. N. Kmetyk, T. D. Brown, “Evaluation of Potential Severe Accidents During
Low Power and Shutdown Operations at Grand Gulf, Unit 1: Evaluation of Severe
Accident Risks for Plant Operational State 5 During a Refueling Outage; Volume
6, Part 2: Supporting MELCOR Calculations™, NUREG/CR-6143, SANDY3-2440,

Sandia National Laboratories, to he [Hlllll‘*}ﬂ'\’i
.\':'l”'v(;v'('l( 6144

P. D. Bayless, “Analvses of Natural Circulation During a Surry Station Blackout Us
ing SCDAP/RELAPS", NUREG/CR-5214, EGG-2547, ldaho National Engineering

l,rl’ﬂll(l“ll_\'. October 198K,

G. M. Martinez, R. J. Gross, M. J. Martinez, GG. S. Rightley, “Independent Review
of SCDAP/RELAPS Natural Circulation Calculations™, SAND91-2089, Sandia Na

tional Laboratories, January 1994,

R. Morris. S. Fisher. S, Greene, “HFIR MELCOR Model Validation and Bench
marking”, C-HFIR-91-001, Oak Ridge National Laboratory, 1991.

S. H. Kim. R. P. Talevarkhan, "Analysis of Containment Performance and Radio-
logical Consequences under Severe Accident Conditions for the Advanced Neutron
Source Reactor at the Oak Ridge National Laboratory”™, ORNL/TM-12333, Oak
Ridge National Laboratory, January 1994.

J. J. Carbajo. “Severe Accident Source Termn Characterization for a Low Pres
sure, Short-term Station Blackout Sequence in a BWR-4", NUREG/CR-5942,
ORNL;/TM 12229, Oak Ridge National Laboratory, September 1993.

A. Hidaka, M. Kajimoto, K. Soda, K. Muramatsu, T. Sakamoto, “Comparative
Study of Sources Terms of a BWR Severe Accident by THALES-2, STCP and MEL
COR”, Proceedings, 27th ASME/AIChE/ANS National Heat Transfer Conference,
San Diego, August 9-12, 1992,

A. Hidaka, M. Kajimoto, K. Soda, K. Muramatsu, T. Sakamoto, “Comparative
Study of Sources Terms of a BWR Severe Accident by THALES-2, STCP and MEL
COR", JAERI-memo 04-082, Japan Atomic Energy Research Institute, March 1992,

I. Lindho!m, H. Sjovall, “MELCOR and MAAP Code Comparison in Case of Two
Accident Sequences of TVO Power Plant™, VARA-14/91, Nuclear Engineering Lab
oratory, Technical Research Centre f Finland, March 1991,

165



(74)

\[:

[. Lindholm, “*Main Steam Line Break and Station Blackout Accident Sequences for
'VO NPP Calculated with MAAP and MELCOR Codes™, VARA-6/92, Nuclear

Engineering Laboratory, Technical Research Centre of Finland, June 1992

I 1. Lindholin, H. Sjévall, J. Jokiniemi, J. Makynen, "A Comparative Study of Fission

Product Behavior in TVO | Nuclear Power Plant”™, VARA-15/93, Nuclear Engineer
ing Laboratory, Technical Research Centre of Finland, November 1993,

[. Lindholm, E. Pekkarinen, H. Sjovall, “Application of Codes MAAP, MELCOR and
SCDAP/RS for TVO NPP in Case of 10% Main Steam Line Break with Reflooding of
Overheated Reactor Core”, VARA-3/93. Nuclear Engineering Laboratory, Technical
Research Centre of Finland, May 1993,

“HSK/ERI Contribution to Survey of MELCOR Assessment™, letter from U,
Schmocker and ” P lsm‘tk. ”\l\ to L. N. !‘;llu'?_\ k. g\'\l July 3, 1992,

K. M. Nordt, *"MAAP/MELCOR Comparison: Station Blackout at the Point Beach
Nuclear Power Plant™, master’s thesis, University of Wisconsin, 1992.

L. N. Kmetyk, "MELCOR 1.8.1 Assessment: Marviken-V Aerosol Transport Tests
ATT-2b/ATT-47, SANDY2-2243, Sandia National Laboratories, January 1993.

R. J. Gross, *"MELCOR 1.8.1 Assessment: PNL lce Condenser Experiments”,
SANDA2-2165, Sandia National Laboratories, August 1993

L. N. Kmetyk, *“MELCOR 1.8.2 Assessment: [ET Direct Containment Heating Ex
periments”, SANDY3-1475, Sandia National Laboratories, October 1993.

[.J. Tautges, “MELCOR 1.8.2 Assessment: the DF-4 BWR Fuel Damage Experi-

ment”, SAND93-1377. Sandia National Laboratories, October 1993,

1. J, Tautges, "“MELCOR 1.8.2 Assessment: the MP-1 and MP-2 Late Phase Melt
Progression Experiments™, SAND94-0133, Sandia National Laboratories, to be pub
lished.

L. N. Kmetyk, “MELCOR 1.8.2 Assessment: Surry PWR TMLB' (with a DCH
Study)”, SAND93-18949, Sandia National Laboratories, February 1991.

| L. N. Kmetyk, *MELCOR 1.8.2 Assessment: GE Large Vessel Blowdown and Level

Swell Tests™, SAND94-0361, Sandia National Laboratories, to be published.

L. N. Kmetyvk, *“MELCOR 1.8.1 Assessment. Gedanken {Baby) Problems, Vol. 17,
SAND92-0762, Sandia National Laboratories, Janunary 1993,

L. N. Kmetyk, R. K. Cole, *MELCOR 1.8.1 Assessment: Gedanken (Baby) Prob-
lems, Vol. 27, SANDY92-0965, Sandia National Laboratories, to be published.

| L. N. Kmetyk, “Air Ingression Calculations for Selected Plant Transients Using

MELCOR™, SAND93-3808, Sandia National Laboratories, January 1994,

166



(89] L. N, Kmetyk, *“MELCOR 1.8.2( ‘alculations of Selected Sequences for the ABWR™,
.\ \\l)'” (H‘l. Silll‘!l%l \(\!lwn,i! .,;1*-nhl1iﬂ'i('-‘. Lo l)l' illl}tilk)ll‘ll.

(90] R. Vijaykumar et al., “Review of Existing Heat and Mass Transfer Correlations
and ldentification of Potential Heat and Mass Transfer Correlations for Use in the
MELCOR Code”, ERI/NRC 92-1112, Energy Research Inc, November 1992

91] R. Vijaykumar, J. Ptacek, M. Khatib-Rahbar, “Sensitivity of MELCOR Results to
Heat and Mass Transfer Correlations for Selected Accident Scenarios™, ERI/NRC
93-210, Energy Research Inc, December 1993,

[92] R. Vijavkumar, J. Ptacek, S. Ali, M. Khatib-Rahbar, *“MELCOR 1.8.2 Assessment:
FIST Experiments 65B2C and TIQUV™, ERI/NRC 93-211, Energy Research Ine.
December 1993,

93] K. D, Bergeron el al., “User's Manual for CONTAIN 1.0", NUREG/CR-4085,
SANDSRL-1204. Sandia National Laboratories. May 1985

194 B E. Dingman. *"HECTR Version 1.5 User's Manual”, NUREG/CR-4507, SANDS6
(101, Sandia National Laboratories, Apnil 1986,

195] F. Wind, “Versuchsprotokoll Blowdown-Versuch Containment Versuchsgruppe
CONT-DAMPF Versuchs V447, PHDR Report No. 3.333, Kernforschungszentrum

Karlsruhe, Germany, 1983

96, G. Langer, R. Jemior, H. G, Wentlandt, “Experimental Investigation of the Hydrogen
Distribution in the Contamment of a | Iu}l' Water Reactor Following a Coolant Loss
Accident™, NRC Translation 801, BF-F-63.363-3, Battelle Institute e V. Frankfurt,

CGrermany, 1980,

97 “Research Project 150.375, Experinental Investigation of the Hydrogen Distribution
in a Model Containment (Preliminary Experiments [1)7, NRC Translation 1065, BF
F-64.036-1, Battelle Institute .V, Frankfurt, Germany, May 1982,

98] L. D. Buxton, D. Tomasko, G. €. Padilla, *“An Evaluation of the RALOC Computer
Code”, NUREG/CR-2764, SANDS2:.1054, Sandia National Laboratories, August
1982

199) M. J. Wester, A. L. Camp, "An Evaluation of HECTR Predictions of Hydro
gen Transport”™, NUREG/CR 3463, SANDS3-1814, Sandia National Laboratories,
Hc'pl":n!wl‘ 1983

1100] R. K. Hilliard, J. D. McCrmack, A. K. Postma, “Results and Code Predictions
for ABCOVE Aerosol Code Vahdation lest ABS", HEDL-TME 83-16. Hanford

Engineering Laboratory, 1983

(101} R. K. Hilliard, J. D. McCormack. L. D. Muhlestein, “Results and Code Predictions
for ABCOVF, Aerosol Code Validation Test ABG with Two Aerosol Species”,
HEDL-TME 84-19, Hanford Engineering Laboratory, December 1984

167



11021 R. K, Hilliard, J. D, McCormack. L. D \‘H}:['“('!!;,"H"Hi}'-dmz("“it’l’{'(lﬂfi"ln
for ABCOVE Aerosol Code Validation with Low Concentration NaOH and Nal
Aerosol”. HEDL-TME %5-1, Hanford Engineering Laboratory, October 1985,

103] K. K. Murata ef al., “CONTAIN: Recent Highlights in Code Testing and Valida
?;(1]1“~ }’zrnm(i]n(w Inh"r“uin..t‘ \!M'Yi'lg On [,i‘,’,lll \\VJH'I l{V'(ll7~/! .\“l‘\"!(‘ v\f(l'i"ll'
Evaluation, Cambridge, MA, September 1983

:l'l'rv l i\ \1(1‘hllv "Hf"‘lr"-\ of l -.}n'ii[!n'h'm: “.NH \.»Hl.rl’l €S ('v. “"H‘;‘HH&{:\ZHE \” ]
(()H H\l l"“i!ll'n? H";n'H \;_,'“ H!lu)'r.}i,l\.v'[x .\dﬁ«ﬂm‘ l.n})n!'.lhn!'it‘,\, .IVI!'\

{'l\\

105! Z. R. Martinson, D. A. Petti, B. A. Cook , “PBF Severe Fuel Damage 1-1 Test
Results Report™, NUREG/CR-4684, EGG-2463, Idaho National Engineering Labo

| OUNt

rat r
TGLOL .

1061 J, A, Gieseke et al.. *Source Term Code Package \ User's Guide (Mod 1
NUREG/CR-4587, BMI-2138. Battelle Memorial Institute, 1986

107] J. W, Yang. M. Khatib-Rahbar, “STCP Simulation of PBF Severe Fuel Damage
\.;u?:i!,‘_.‘ and 1-1 Tests”, BNL Technical ”']“‘fY A-3290, Brookhaven National Lab

oratory, l“".:

SCDAP Manual

’

109] J. K. Hartwell ¢t al., “Fission Product Behavior During the PBI Severe Fuel Dam
age Test 1-17, NUREG/CR-4925. EGG-2462, Idaho National Engineering Labora

tory, 1957

1101 D. A. Petti, Z. R. Martinson, R. R. Hobbius, ". M. Allison. “"Power Burst Facility
(PBF) Severe Fuel Damage Test 1-4 Test Results Report™, NUREG/CR-5163, EGG

2542, H«mn \u m;.\ (!'L'rutlm lu]u)[.ﬂnl\_ \,m;! 1 OxY

(11} 1. K. Madni, *MELCOR Modelling of the PBF Severe Accident Test 1-47. BNL
UREG-44503, Brookhaven National Laboratories, 1990,

t1 l'.’; [ C, Cheng, NUREG/CP-0072. Proceedings, 13th Water Reactor Safety Informa
tion Meeting, 1985

[113] “Data Report, Full-Length High-Temperature Experiment 27, PNL-6551, Pacific
Northwest Laboratory, April 1988

[114] D. D. Launing, “NRU Full-Length High-Temperature Test SCDAP Post Test Cal
culations”, ;)le'ﬂ'ult'({ at the USNRC SFD/ST Semi-Annual Partners Meeting., O
1_«»')(‘[ | 9R6

115] “Data Report, Full-Length High-Temperature Experiment 4", PNL-6368, Pacifi

Northwest Laboratory, January 1988,

N - R - - - B O - EE o aE aGE O B = O =ED - SEe



[116] D. D. Lanning ¢ al., “Data Report, Full-Length High-Temperature Experiment
57, PNL-6540, Pacific Northwest Laboratory, April 1958

(117] N. J. Lombardo, D. D. Lanning, F. E. Panisko, “Full-Length Fuel Rod Behavior
Under Severe Accident Conditions™, NUREG/CR-5876, PNL-8023, Pacific North-
west Laboratory, December 1992,

118} R. S. Denning, et al., “Radionucli-'. " elease Calculations for Severe Accident Sce
narios ~ BWR, Mark 1 Design”, YOREG/CR-4624, BMI-2139, Vol. 1. Battelle

Columbus Laboratory, July 1986.

[119] P. Cybulskis, “Radionuclide Release Calculations for Severe Accident Scenarios in
Oconee Unit 37, Battelle Columbus Laboratory, September 1990.

[120] D. W. Golden, et al., “TMI-2 Standard Problem Package”, EGG-TMI-7382, Idaho
National Engineering Laboratory, September 1986,

(121} T, Kanzleiter, “FIPLOC Verification Experiments, Abschlubericht (in German)”,
Battelie-Institut e.V. Fraukfurt /Main, Germany, Ble V R-66.614-01, March 1988

1122] L. Valencia, L. Wolf, “*Overview of First Results on Hj;-Distribution Test at the
Large Scale HDR Facility”, Proceedings of the 2ud International Conference on
Containment Design and Operation, Canadian Nuclear Society, Toronto, Canada,
October 14-17. 1990,

[123] Verein Deutsche lugenieure. “VDI-Warmeatlas: Berechnungsblatter fliir den
Warmetibergang”™, ISDN 3-18-400415-5. Diisseldorf, 1984.

[124] F. J. Heard et a'., “N Reactor Safety Enhancement Final Report: Hydrogen Gen
eration and Thermal Analysis of the Hydrogen Mitigation Design Basis Accident”,
WHC-SP-0096, Weustighouse Hanford, December 1987,

1125] T. J. Marseille, “Predictions of Thermal Response and Hydrogen Evolution for the
N Reactor Core during a Cold Leg Manifold Break Sequence with an ECCS CV-2R

Valve Failure”, ESD-88-114, Battelle Pacific Northwest Laboratory, December 1988,

1126] “N Reactor Updated Safety Analysis Report (NUSAR)”, Chapter 15, United N 1-
clear Industries Inc., Richland WA, February 1978,

(127} A. C. Payne Jr., A. L. Camp, “Parametric HECTR Calculations of Hydrogen
[ransport and Combustion at N Reactor”™, SANDS6-2630, UC-80, Sandia National
l.aboratories, June 1987,

(1281 S, W, Claybrook, “CONTAIN Analysis of an N Reactor Severe Accident with
Hydrogen Mitigation™, WHC-SP-0407, Westinghouse Hanford Co., February 1989,

[129] C. D. Fletcher, M. A. Bolander, “N Reactor RELAP3 Model Benchmark Compar-
ison”, EGG-TFM-7938, Idaho National Engineering Laboratory, February 1988,

169



(130] M. A. Bolander. “Simulation of a Cold Leg Manifold Break Sequence in the N
leactor with a Failure of an ECCS CV-2R Valve™, EGG-TFM-7988, Idaho National

Engineering Laboratory, February 1988,

131] G. L. Sozzi, “Experimental Data Set No. 21 Level Swell and Void Fraction Measure

ments during Vessel Blowdown Experiments™, GE Nuclear Energy, undated report.

(132] P. D. Bayless, R. Chambers, “Analysis of a Station Blackout Transient at the
Seabrook Nuclear Power Plant”, EGG-NTAP-6700, EG&G ldaho Ine., September
1984,

133] K. N. Fleming et al., “Risk Management Actions to Assure Containment Effec
tiveness at Seabrook Station”, PLG-0550, Pickard, Lowe and Garnck, Inc.. July

1987

(134] G. M. Martinez, R. J. Gross, M. J. Martinez, G. S. Rightley. "Independent Re
view of SCDAP/RELAPS Natural Circulation Calculations, SANDY1-2089, Sandia
National Laboratories, January 1994,

135 K. D. Bergeron et al., *Validation, Assessment and Applications of the CONTAIN
('«nfllg"lf"l Code Code™. SANDSS-2085C. Proceedings, Thirteenth Water Reactor

Safety Research Information Meeting, Gaithersburg, MD, 19585,

(136! F. J. Rahn, “The LWR Aerosol Containmeit Experiments (LACE) Proje 2t Sum-
rary H"I”IIY“. EPRI NP-6024-D, LACE TR-012, Electric Power Research Iustitute,
\lj\l‘“liu:‘[ ]‘;\\

'Iii'."v J. D. McCormack, et al., “Final Report of Experimental Results of LACE Test LA4
Late Containment Failure with Overlapping Aerosol Injection Periods™, LACE
I'R-025, Westinghouse Hanford Company, October 1987,

N38] D. €. Slaughterback. “Pre- and Post-Test Thermal-Hydraulic Comparisons of
LACE Test LA4", EPRI RP-2802-4, LACE TR-027. Intermountain Technologies,
Inc., February 1988,

(139] J. H. Wilson, P. C. Arwood, “Comparison of {Posttest) Predictions of Aerosol
Codes with Measurements in LWR Aerosol Containment Experiment (LACE) LA4",
ORNL/M-991, LACE TR-084, Oak Ridge National Laboratory, February 1990,

(140] K. K. Murata ef al., “User's Manual for CONTAIN 1.1: A Computer Code
for Severe Nuclear Reactor Accident Containment Analysis”, NUREG/CR-5026,
SANDR7-2309, Sandia National Laboratories, November 1989,

(141] F. Gelbard, J. L. Tills, K. K. Murata, “CONTAIN Code Calculations for the LA-4
Experiment”, Sandia National Laboratories, Proceedings, 2nd International Confer-

1 1%

ence on Containment Design and Operation, Oct. 14-17, 1990, Vol. 2.

170

I - G - & 0 R O - O - Iy - B R O EaE EE .



jl 12] C. E Conway et al., *“PWR FLECHT Separate Effects and Systems [flects Test

(SEASET) Program Plan™, NRC/EPRI/Westinghouse Report No. 1. December

S
B

(143] L. E. Hochreiter, “PWR FLECHT SEASET Program Final Report™, NUREG/

CR-4167. EPRINP-4112, WCAP-10926, NRC/EPRI/Westinghouse Report No. 16,
November 1985,

144] E. R. Rosal et al., “PWR FLECHT SEASET Systems-Effects Natural Circulation

and Reflux Condensation: Task Plan Report™, NUREG/CR-2401, EPRI NP-2015,
WCAP-9973, .\l““;'ll',l'h'l/\\'('\flllp}nm'x(‘ R!']mrl No. 12, March 19583.

[145] L. E. Hochreiter et al., “PWR FLECHT SEASET Systems Effects Natural

Circulation and Reflux Condensation: Data Evaluation and Analysis Report”,
NUREG/CR-3654, EFRI NP-3497, WCAP-10415, NRC/EPRI/Westinghouse Re-
port No. 14, August 19584

[146] 3. GG. Loomis, K. Soda, "Results of the Semiscale Mod-2A Natural Circulation Ex

periments”, NUREG/CR-2335, EGG-2200, Idako National Engineering Laboratory,
September 1982

147] G. G. Loomis. “Summary of the Semiscale Program (1965-1986)", NUREG/CR

1945, EGG-2509, Idaho National Engineering l_u‘n-n:mu:‘\', ..'Ix!_\ | 9RT

L1 0. M. McGlaun, L. N, Kmetyk, “RELAPS Assessment: Semiscale Natural Circula
tion Tests S-NC-2 and S NC-7", NUREG/CR-3258, SANDS3-0833, Sandia National
Labaratories. .\‘éi"\ 1983

149] C. C. Wong, L. N. Kmetyk, “RELAP5 Assessment: Semiscale Natural Circula

tion Tests S-NC-3, S-NC-4 aud S-NO-8", NUREG/CR-3690, SANDS4-0402, Sandia
National Laboratories, .\L’i} 1984,

150] H. Weirshaupt, B. Brand, “PKL Small-Break Tests and Energy Transfer Mecha

nisms”, ANS Topical Meeting on Small-Break LOCA Analysis in L\WWRs, Monterey,
CA, August 25-27 1981

[151] R. M. Mandl, P. A. Weiss, “PKL Tests on Energy Transfer Mechanisms during

Small-Break LOCAs"”, Nuclear Safety 23. No. 2, March-April 1982,

(152] S. L. Thompscu, L. N. Kmetyk, “RELAP5 Assessment: PKL Natural Circulation

[

Tests”, NUREG/CR-3100, SAND82-2902, Sandia National Laboratories, January
1983.

153] M. R. Kuhlmau, D. J. Lehmicke, R. O. Meyer, “CORSOR User’s Manual”,
NUREG/CR-4173, BMI1-2122, Battelle Memorial Institute, March 1985,

[154] “Technical Basis for Estimating Fission Product Behavior During LWR Accid :nts™,

NUREG-0772, U, S. Nuclear Regulatory Commission, June 1981

171



155] M. Ramamurthi, M. R. Kuhlman, *Final Report on Refinement of CORSOR - An
Fropirical In-Vessel Fission Product Release Model™, Battelle Memorial Institute
October 31, 1990

156] M. D. Allen, H. W. Stockman, K. O. Reil, J. W, Fisk, “Fission Product Release and
Fuel Behavior of Irradiated Light Water Reactor Fuel Under Severe Accident Con
ditions: The ACRR ST 1 Experiment™, NURF 4 /CR-5345, SANDS9-0308, Sandia
National Laboratories, November 1991

(157] M. D. Allen, H. W, Stockman., K. O. Reil, A. J. Grimley, “Fission Product Release
and Fuel Behavior of Irradiated Light Water Reactor Fuel Under Severe Accident
Conditions: The ACRR ST-1 Experiment”, Nucl. Tech. 92. November 1990, pp.

214-228

58] M. D. Allen, H. W. Stockman, K. O. Reil, A. J. Grimley. W. J. Camp, *"ACRR
Fission Product Release Tests: ST-1 and ST-2", SANDER-0597C, 1)!4'~('thl at the
International Conference on Thermal Reactor Safety, Avignon, France, October 2.7,

1988,

159 AL J. Grimley, *A Thermodynamic Model of Fuel Disruption in ST-17, NUREG/
CR-5312, SANDSR-3324, Sandia National Laboratories, February 1991.

[160] V. T. Berta, “Experiment Specification Summary for OECD LOFT Experiment
LP-FP-2", OECD LOFT-T-3801, EG&G Idaho, 1daho National Engineering Labo

ratory, February 1954 {Rev. 1, June 1985)

161] V. T. Berta, “OECD LOFT Project Experiment Specification Document, Fission
Product Experiment LP-FP-2", OECD LOFT-T-3802, EGAG Idaho, Idaho Na
tional Engineering Laboratory, June 1984 (Rev. 1, May 1985)

1162] S. Guntay, M. Carboneau, Y. Anoda, “Best Estimate Prediction for OECD LOF’]
Project Fission Product Experiment LP-FP-2", OECD LOFT-T-3803, EG&G
HJ:H. Idaho National l‘.,!IL’in""l;!:L' I:z[»‘»r;xY(;I‘}. Jiune 1985.

[163] J. P. Adams, J. C. Birchley, N. Newman, E. W, Coryell, M. L. Carboneau, S.
Cuntay, L. J. Siefken, “Quick-Look Report on OECD LOFT Experiment LP-FP-
2", OECD LOFT-T-3%04, EG&G ldaho, Idaho National Engineering Laboratory,
September 1985

1164] M. L. Carboneau, R. L. Nitschke, D. C. Mecham, E. W. Coryell, J. A. Bagues,
“*OECD LOFT Fission Product Product Experiment LP-FP-2: Fission Product
Data Report™, OECD LOFT-T-3805, EG&G Idaho, Idaho National Engineering
I.d}ml‘r'\hu}‘. .\‘1&:)’ 1987.

[165] M. L. Carboneau, V. T. Berta, 8. M. Modro, “Experiment Analysis and Suimmars
Report for OECD LOFT Fission Product Experiment LP-FP-2", OECT) LOFT-T-
3806, EG&G ldaho, Idaho National Engineering Laboratory, June 1983,



166] J. J. Pena, S. Enciso, F. Reventos, “Thermal-Hydraulic Post-Test Analysis of
OECD LPFT LP-FP-2 Experiment”, OECD LOFT-T-3807, OECD LOFT Span
ish Cons (CIEMAT, CSN, ENRESA, ENUSA, UNESA, UPM), March 1958,
March 19

[167] M. L. Carboneau, “Containment Analysis Report for LOFT Experiment LP-FP
2", OECD LOFT-T-3808, EG&G ldaho, Idaho National Engineering Laboratory,

January 1989,

([168] J. Blanco et al., “OECD LOFT Experiment LP-FP-2 Fission Product Behavior
Analysis”, OECD LOFT-T-3809, EG&G Idaho, Idaho National Engineering Labo-

ratory, September 1988,

[169] S. M. Jensen, D, W. Akers, B. A. Pregger, “Postirradiation Examination Data and
Analyses for OECD LOFT Fission Product Experiment LP-FP-2; Volumes | and
2", OECD LOFT-T-3810, EG&G ldaho, Idaho National Engineering Laboratory,

December 1989,

[170] *OECD LOFT Code Comparison Report: Volume 1: Thermal-Hydraulic Com-
parisons; Volume 2: Fission Product Comparions™, OECD LOFT-T-3811, EG&G
[daho, Idaho National Engineering Laboratory, February 1990.

171] A. Sharon. R. E. Henry. M. A. Kenton, "MAAP 3.0 Simulation of OECD LOF
Experiment LP-FP-27, EPRI NP-6178-L, Fauske & Associates for Electric Power
Research Institute, March 1989,

[172] L. Szabados, Gy. Ezsol, L. Perneczky, “Experiments in J:pporting of Accident
Management for the Paks NPP of VVER-41" 213 Type™, 0 ve presented at the 3rd
World Conderence on Experimental Heat (ranster, Fluid Dynamics and Thermody

namics, Hawan, 1993

1173] “Unique Physical and Chemical Phenomena During Core Degradation in a Shut-
down Accident”™, SNL memo from D. A, Powers to J. L. Sprung and ¥. T. Harper,

Febr uary 28, 1992,

[174] “CORSOR Release Coeflicients for Ruthenium in Air", SNL memo from D. A.
Powers to F. T. Harper, March 30, 1992.

(175] *Grand Gulf Low Power/Shutdown MELCOR Calculations™, SNL memo from .

J. Shaffer to T. D. Brown, May 17, 1991,

[176] W. A. Stewatrt et al., “Experiments on Natural Circulation in a Pressurized Wa
ter Reactor Model for Degraded Clore Accidents™, EPRI NP-2177, Electric Power
Research Institute, ...

(177] H. M. Domanus, W. T. Sha, “Analysis of Natural Convection Phenomena in a
3-Loop PWR during a TMLB" Transient using the COMMIX Code™, NUREG/CR
W00, ANL-87-54, Argonne National Laboratory, January 1988,

173



.;\“

!\fi

|\\‘

T]wf

[190]

[)

I. Dixon, “Preliminary HFIR Hydraulic Tests, ORNL Central |

12-43, December 15, 1964

(1

Model

published

A

Rid

1)

I

1 (

.

les Memo #64

Morris, M. W. Wendel, "High Flux Isotope Reactor System RELAPS Input

ORNL/TM-11647,
|

ak H"IEJ' \\,17.”! a

[(l‘

Ruggles, ID. G, Morris, M. Siman-Tov., M. W
\"H?.' AL1ON rl.Hl \.-nfl‘flﬂ'.-'::. Ho-;n/r! f-v! ?}n HLL'IM |F:’l\ !‘.‘:?‘;L-:- H(':\"'Hln. H\I_' s ()n‘!-.

:
National Laboratory,

‘hanin, J. L. Sprung

January 1992,

I ['. Ritchie, H.

National Laboratories. February 1990

S

I

NUREG-1465

("

{
A\

R

for

A

(1

Sof

K

.':‘l.r / riqg

A

Peach Bottom Short

Hodge, C. R. Hyman, R. L. Sanders,

ape {:‘v 'l"ul‘\l.‘.i,'l.l. .

) 19492

.3
N
RE(

quence Code System (MACCS); Vol. 1-37, NUI

*"BWR Low

Wira

itory, X/ 30

g1 (!:,H?. LG %IO‘

Wendel, “RELAPS/Mod2.5

,"n‘-‘., \1}]‘()“ ,\"l'i"!l,\ ('Hll"‘

91, SANDRE-1562. Sandia

' (“ i6H

Ver, 1.0.0 prepared by Oq

Hodge, (. R. Hyman. R. L. Sanders.

H' ah., “ l \'1Y|xi“,~
d by ()di‘. “'if:" \\:x’?i'fl:'] l,dl"ll"zt"v?"\‘ l

fer et al., *

kage User's Guide”, Ver

|

1.O.0 prepared by

ik R

Oak Ridge National Laborators

‘CORBH Package

I

\
er Plen

i I)t‘]fl"_ If!‘(!

idge National Laboratory.

wer Plen

um Debris Bed

Progranmner’s Guide™, Ver. 1.0.0

e 30,

il!\'

')

Hyman, "CONTAIN Calculations of Debris Conditions Adjac
Mark | Drywell Shell during the Later Phases of a Severe Accident™, Nuel. Eng
Design 121 (1990), 379-393

Accident Source Terms for Light-Water Nuclear Power Plants’

June 1992 (draft

ent to Tl“' };\\ l{

Ott, ",\'i\.m(mf 9('\:':«' \uu!v-m H"-;-='h\| :\‘lu!r{~ (ur “\\ I{ ,\i);)!)t.lflnlln‘

Design 115 (1989), 289-303.

Hodge, L. J. Ott, *“BWRSAR Calculations of Reactor Vessel Debris Pours

327-339.

K

tional Laboratories, July

K.

I'erin Staion Blackout”,

Washington ef al., “Reference Manual for the CONTAIN 1.1 Code for Con
tainment Severe Accident Analysis”™, NUREG/CR-5715, SAND91-0835, Sandia Na

1991.

M ’\vElJiYHUYn et al.. "l)f"-.t"lui,'!!u nt of THALES
[hermal-Hydraulics and FP Transport Analyses for Severe Accider

Its Application to Analysis of FP Revaporization Phenomena™, P

ll);

1
NCal

i

Meeting on Safety of

l i:"Hl..:l l{t‘.;« LOTS,

174

I..’. \ ("Illi!:[]h'Y (‘lillt‘ fn! (' lunplr(‘l

Port

| |

alc

OR, 1991,

it at LWRs and
Inl(‘l'lhllﬂ\. lh’

’)E), —)\l .r"__'



1911 J. Makynen, J. Jokiniemi, A. Silde, E. Kauppinen, H. Kervinen, *Experimental
Studies on Aerosol Behavior in LWR Containment Conditions™, Finnish Association
for Aerosol Research, Report series in aerosol science, 23 (1993), Eds. P. Mikkanen,

K. Hameri, E. Kauppinen {pp. 269-273)

(192) S.L. Chan et al., *Characterization of Severe Accidents using MELCOR: A Per
spective” . paper presented at the Cooperative Severe Accident Resear h Program
} paj ! ]
(CSARP) Semi-Annual Meeting, Bethesda, Marvland (May 6-10, 1991).

(193] M. Khatib-Rahbar et al., “Characterization of Fission Product Releases Resulting
from Severe Reactor Accidents in Light Water Reactors™, Proceedings of Interna
tional Symposium on Use of Probabilistic Safety Assessment for Operational Safety,
PSA '91, International Atomic Energy Agency, Vienna (June 3-7, 1991).

[124] R. Vijaykumar, E. Cazzoli, M. Khatib-Rahbar, 1. K. Madni, H. P. Isaak, 1,
Schmocker, “Simulation of Severe Reactor Accidents: A Comparison of MELCOR
and MAAP Computer Codes™, Proceedings, International Topical Meeting on Prob
abilistic Safety Assessment, PSA93. Clearwater Beach, Florida, January 26-29,
1 993

11951 *MAAP 3.0B Users Manual™, Fauske and Associates, Electric Power Research In
stitute. March 1990

196] J. Price, Ed., *MXE-202b Interim Report: Results from Test 2b, Studsvik -~ The
Marviken Project”™, MX1-202b, Marviken, studsvik, April 1984,

197] A. Magnusson, Ed., *“MXE-201 Interim Report: Results from Test 4, Studsvik
I'he Marviken Project™, MXE-204, Marviken, studsvik, June 1986

98] D. A. Williams, A. T. D. Butland, “Preliminary Analysis of the Marviken Aerosol
[ransport Tests 1, 2a and 2b using the TRAPMELT-2 Computer Code”. AEEW
M2147, UKAEA Winfrith, October 1984,

199 D. A, Williams, “Further Analyses of the Marviken Aerosol Transport Tests 1,
2a and 2b using the TRAPMELT2-UK Computer Code”, AEEW-M2298, UKAEA
Winfrith, April 1986

[200] F. Parozzi, G, Sandrelli, M. Valisi, “Analysis of Marviken Test 2B Using TRAP-
MELT2/ENEL Code: Preliminary Calculations”™, presentation at Marviken V Anal-
ysis Meeting, Argonne, July 1517, 1986,

[201] D. A. Wiiliams, “Nodalisation of the Marviken Pressuriser and Inter-Volume Gras

itational Settling”, UKAEA AEEW-R2499, April 19589,

[202] M. R. Kuhlman, V. Kogan, P. M. Schumacher, “TRAP-MELT2 Code: Devel
opment and Improvement of Trasport Modeling”, NUREG/CR-4667, BMI-2141,

Battelle Columbus, July 1986,

IA)



.L,”!; D. A, Willilams, “Analyses of the Marviken Aerosol 11.1!.*§N'I” lests 4 and 77
AEEW-M2371, UKAEA Winfrith. December 1986

1204] F. Parozzi, “Analysis of Marviken Test 4 Using TRAP-MELT2/ENEL Code:
Benchmark Calculation Calculations™. presentation at Marviken V .\{ml_\ 818 \1"?

18 1

ing, Argonne, July 15-17, 1986
1205] C. Gonzalez, A. Alonso. “Improvement and Validation of Tellurium Transport Mod

els in the RAFT Code”, presentation at 3rd CSNI Workshop on lodine Chemistry
in Reactor Safety, Tokai-mura, Japan, September 11-13, 1991

[206] A. Alonso, C. Gonzalez, “Modelling the Chemical Behavior of Tellurium Species in
the Reactor Pressure Vessel and the Reactor Coolant \\ stern under Severe Accident
Conditions”, Commission of the European Communities Report No. EUR1378TEN.

071 H. S. Bond. N. A. Johns. “\Ym!»‘w:‘ of the Marviken ATl "A".,["Y'!YI:"HT‘ Using
VICTORIA™, AEA RS 5200, UKAEA Winfrith, June 1991

208} 1. Shepherd, “Chapter 4.4 - Fission Product Transport: Comparison of Experi
ments ‘-‘~17:‘1 (",g[p\“ in "(‘H\) Ntate ol !:’;'- \X' Hl‘{u»[? on [1\x‘|,'! l’].n(i]!l! I\'l"id‘4x~(‘
and Transport”, Commsion of the European Communities, Joint Research Centre,

[spra (draft report)

209] M. W. Ligotke, E. J. Eschbach. W. K. Winegardner, “lce-Condenser Aerosol Tests”,

NUREG/CR-5768, PNL-7765. Pacific Northwest Laboratories. \"[)!t'!:x‘lu'l 1991

1210] N. A, Russell, D. €. Willams. “Comparison of CONTAIN Code Simulations to
f ‘-i"’ﬁllm'r.hl! lee Condenser Data”, SANDR9-3096C, Sandia National Laboratories,

)u'\l.

211} K. E. Washington, N. A, Russell, D. C. Williams, R. G. Gido, “Integrated Ther
mal/Hydraulic Analvsis with the CONTAIN Code”. SAND90-1382C. Sandia Na

U"l«.\' I «1%()7.1?1;”(%_ }‘3‘“!‘

2] ¥. W. Sciacca, K. D. Bergeron, K. K. Murata, P. E. Rexroth, “Testing of the
CONTAIN Code™, NUREG/CR-3310, SANDS3-1149, Sandia National Laboratories,
April 1984,

(213] M. D. Allen, M. Pilch, R. O. Griffith, R. T. Nichols, T. K. Blanchat, “Experiments
to Investigate the Effects of 1/10th Scale Zion Structures on Direct Containment
Heating (DCH) in the Surtsey Test Facility: the IET-1 and IET-1R Tests”, SAND92-
0255, Sandia National Laboratories, July 1992

(214] M. D. Allen, M. Pilch, R. O. Griffith, D. C. Williams, R. T. Nichols, “The Third
Integral Effects Test (1ET-3) in the Surtsev Test Facility”, SAND92-0166, Sandia
National Laboratories, March 1992,

176



{Zl') M. D. Allen, T. K. Blanchat., M. Pilch, R. T. Nichols. “Results of an F ,‘\]N'l'irll"m
in a Zion-like (;M!!’H'Yl} to hl\v'~¥|c;|lo' the Effect of Water on the Containment
Basement Floor on Direct Containment Heating (DCH) in the Surtsey Test Facility:

the IET-4 Test”, SAND92-1241, Sandia National Laboratories, September 1992

(216) M. D, Allen, T. K. Blanchat, M. Pilch, R. T. Nichols, “Experimental Results of an
Integral Effects Test in a Zion-like Geometry to Investigate the Effect of a Classically
Inert Atmosphere on Direct Containment Heating: the TET-5 Test”™, SAND92-1623,
Sandia National Laboratories, November 1992,

1217) M. D. Allen, T. K. Blanchat, M. Pilch, R. T. Nichols, “An Integral Effects Test
in a Zion-like Geometry to Investigate the Effects of Pre-Existing Hydrogen on
Direct Containment Heating in the Surtsey Test Facility: the IET-6 Experiment”,
SAND92-1802, Sandia National Laboratories, January 1993,

(218] M. D. Allen. T. K. Blanchat, M. Pilch, R. T. Nichols. *An Integral Effects Test to
Irivestigate the fffects of Condensate Levels of Water .'\H'{ I‘Il"'.\‘i‘«'l'lﬂ ”'\(!!'HL“‘H Ol
Direct Containment Heating in the Surtsey Test Facility: the IET-T Experiment”,
SAND92-2021. Sandia National Laboratories, January 1993.

219] J. L. Binder, L. M. McUmber, B. W, Spencer, *Quick Look Data Report on the
Integral Effects Test 1R in the COREXIT Facility at Argonne National Laboratory,
IWR-92-2, Argonne Natjonal l,fx'hux.ﬁur_\, Mav 1992 (draft)

220] J. L. Binder, L. M. McUmber, B. W. Spencer, *Quick Look Data Report on the
Integral Effects Test 1RR in the COREXIT Facility at Argonne National Laboratory,
LWR-92-3, Argonne National Laboratory, May 1992 (draft).

1221} J. L. Binder, L. M. McUmber, B. W. Spencer, “Quick Look Data Report on the
Integral Effects Test 3 in the COREXIT Facility at Argonne National Laboratory,
ANL/RE/LWR 92-7, Argonne National Laboratory, July 1992 (draft).

(222] J. L. Binder, L. M. McUmber, B. W. Spencer, *Quick Look Data Report on the
Integral Effects Test 6 in the COREXIT Facility at Argonne National Laboratory,
ANL/RE/LWR 92-8, Argonne National Laboratory, August 1992 (draft).

(223] D. €. Williams, “Pretest Calculations for the First Integral Effects Experiment
(IET-1) at the Surtsey and CWTI DCH Experimental Facilities (Rev.1)", letter
report to A. Notafrancesco (NRC'), Sandia National Laboratories, August 23, 1991,

(224] D. €. Williams, “Pretest Calculation for IET-1B", memo to M. D. Allen, Sandia
National Laboratories, January 30, 1992

(225] D. C. Williams, “Posttest Calculations for the First Integral Effects Experiment

(IET-1) at the Surtsey DCH Facility”, letter report to A. Notafrancesco (NRC),
Sandia National Laboratories, January 22, 1992

177



1226] D. C. Williams, letter to A. Notafrancesco (NRC), Sandia National Laboratories
March 3. 1992.

(2271 D, C, Wilhhams, “1ET-3 Pretest Calculations”. memo to M. D. Allen, Sandia Na
tional I,J:}N)lil'nr'i!'\, l)»'(('ll}iu'{ 24. 1991

1228] D. C. Williams, “Summary of CONTAIN Pretest Calculations for the IET-5 Ex
periment in the Surtsey DCH Experimental Facility”, letter to A. Notafrancesco
(NRC'), Sandia National Laboratories, May 13, 1992,

1229] D. C. Williams, “Summary of CONTAIN Calculations Examining Scale Effects in
Direct Containment Heating (DCH) Scenarios”, letter to A, Notafrancesco (NRC),
Sandia National Laboratories, May 4, 1992

230] R. O. Gauntt, R. D. Gasser, L. J. Ott, "The DF-4 BWR Fuel Damage Experi
ment in ACRR with a BWR Control Blade and Channel Box™, NUREG/C'R-4671,
SANDS6-1443. Sandia National Laboratories, November 1989

(231] S. W. Kim, M. Z. Podowski, R. T. Lahey, Jr., “Numerical Simulation of DF-4 and
("ORA 16/17 Severe Fuel Damage Experiments Using APRIL.MOD3", Proceedings,
5th International Topical Meeting on Reactor Thermal/Hydraulics (NURETH-5)
September 1992,

232] L. J. Ott, “Post-Test Analyses of the DF-4 BWR Experiment Using the BWR
SAR/DF4 Code™, Qak Ridge National l,u}mlnlnl'_\. letter report, August 1989,

1233] R. C. Schmidt, “MELPROG-PWR/MOD! Analysis of the DF-4 Experiment”,
NUREG/CR-5578, SAND90-1098, Sandia National Laboratories, to be published

AL’—HT J. K. Hoharst, C. M. Allison. “DF-4 Analysis using SCDAP/RELAPS", Nuclear
['echnology 98, May 1992 (149-159)

235] R. J. Henninger, J. E. Kelly, *“MELPROG/TRAC: Update and Applications™ in
Proceedings, 14th Water Reactor Safety Information Meeting, Gaithershurg MD,
October 27-31, 1986, NUREG/CP-0082 (Vol. 6). published February 1987,

(236] J. E. Kelly, R. J. Henninger, J. F. Dearing, *“MELPROG-PWR/MODI1 Analysis of
a TMLB" Accident Sequence”, NUREG/CR-4742, SANDS86-2175, Sandia National

Laboratories, January 19587,

D. C. Williams et al., “Containment Loads Due to Direct Containment Heating
and Associated Hydrogen Behavior: Analysis and Calculations with the CONTAIN
Code”, NUREG/CR-4896, SANDR7-0633, Sandia National Laboratories, May 1987,

[237]

)

(238] D. C. Williams, D. L. Y. Louie, “CONTAIN Analyses of Direct Containment Heat-
ing in the Surry Plant”, Proceedings of the Thermal/Hydraulics Division, 19858
ANS/ENS Winter Meeting, Washington DC, October 31-November 4, 1988,

178

i - -G I G - O oG G O R AR aE R S O EE = =8



- - X
- > - - -
- . s - o e - = = I




1521 Y. K. Cheung. V. Parameswaran, J. C. Shaug, *“BWR Rehll-Reflood Program Task
1 7 .\1"(!'1 ““‘."}H;»l!i":l?. ]|\' \‘. ”\\ H ( HI!x[mH"H? .\lu'i"'*“, \l!”‘-(“ '._)blTI.
EPRI NP-2376, GEAP-22052, General Electric Co., September 1983,

2531 J. M. Healzer, “MAAP Comparison to Separate Effects Tests”, in “Proceed
ings: MAAP Thermal-Hydraulic Qualifications and Guidelines for Plant Application
\\.n{'}\“’iil"“. EPRI NP-7515, IPHI October 1991,

(254] P. B. Whalley, “Flooding, Slugging and Bottle Emptying”, Int. 3. Multiphase

Flow, 13, 5. 1987 (pp. 723-728)

[255] W. Krischer, M. C. Rubinstein, “The Phebus Fission Product Project”, Elsevier

‘ \l.i;luwl Science ]\H\ I 85166 765 2 (1992).

(256] 1. Shepherd, A. Jones, C. Gonnier, S. Gaillot, “Phebus-FP: Analysis Programme
and Results of Thermalhydraulic Tests”, Proceedings, 21st Water Reactor Safety
Information Meeting. Bethesda MD, October 25-27, 1993 (to be published).

2571 “CORSOR Release Coefficients for Ruthenium in Air”, Memo from D). A. Powers,
SNL.to K. T ”.H[w!. SNL, dated March 30, 1992,

2581 A. Shubenkov, “The Experience of NRC Severe Accident Codes Application for
the WWER I}[N‘ of Reactors”, RRC Kurchatov Institute, Moscow, \})Hl 19, 1993,

259] A. G, Stephens, “BWR Full Integral Simulation Test (FIST) Program Facility De
scription Hr[mHNA NUREG/CR-2576. EPRI NP-2314. GEAP-220534. General Elec
tric Co., September 19584,

[260] W. S, Hwang, Md. Alamgir, W. A. Sutherland, “BWR Full Integral Simulation Test
(FIST) Phase I Test Results™. NUREG/CR-3711, EPRI NP-3602, GEAP-30496,
General Electric Co., September 1954

2611 W. A. Sutherland, Md. Alamgir. J. A, Findlay, W. §. Hwang, “BWR Full Inte
gral Simulation Test (FIST) Phase I Test Results and TRAC-BWR Model Qual-
ification”, NUREG/CR-4128, EPRI NP-3988, GEAP-30876, General Electric Co.,
October 1985,

(262] J. R. Gloudemans et al., “MIST Final Report; Volume 1: Summary; Volume 2:

Test Group 30, Mapping Tests; Volume 3: Test Group 31, SBLOCA with Varied
Boundary Conditions; Volume 4: Test Group 32, SBLOCA with Altered Leak and
HPI Configurations; Volume 5 Test Group 33, HPI-PORV Cooling; Volume 6:
Test Group 34, Steam Generator Tube Rupture; Volume 7: Test Group 35, Non-
condensibles and Venting; Volume 8: Test Group 36, Pump Operation: Volume 9:
Inter-Group Comparisons; Volume 10: RELAP5/MOD2 MIST Analysis Compari-
son: Volume 11: Addendum”™, NUREG/CR-5395, EPRI NP-6480, Vols. 3 through
9, July 1989, Vols.2 and 10, December 1989, Vols, 1 and 11, August 1991,

180



