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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.

9



2.9

Browns Ferry Reactor Building Burns

MELCOR we

MELCOR



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.

12



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



10.

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 junctio<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>