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The OECD Nuclear Energy Agency (NEA) was established on 20th April 1972,
replacing OECD's European Nuclear Energy Agency (ENEA, established on 20th
December 1957) on the adhesion of Japan as a full member.

NEA now groups all European Member countries of OECD and Australia, Canade,
Japan and the United States. The Commission of the European Communities takes
part in the work of the Agency.

The primary objectives of NEA are to promote cooperation between its Member
governments on the safety and regulatory aspects of nuclear development, and on
assessing the future role of nuclear energy as a contributor to economic
progress.

This is achieved by:

- encouraging harmonization of governments' regulatory policies and
practices in the nuclear field, with particular reference to the
safety of nuclear installations, protection of man against ionizing
radiation and preservation of the environment, radioactive waste
management, and nuclear third party liability and insurance;

- keeping under review the technical and economic characteristics of
nuclear power growth and of the nuclear fuel cycle, and assessing
demand and supply for the different phases of the nuclear fuel cycle
and the potential future contribution of nuclear power to overall
energy demand;

- developing exchanges of scientific and technical information on
nuclear energy, particularly through participation in common
services;

- setting up international research and development programs and under-
takings jointly organized and operated by OECD countries.

In these and related tasks, NEA works in close collaboration with the
International Atomic Energy Agency in Vienna, with which it has concluded a
Cooperative Agreement, as well as with other international organizations in the
nuclear field. :




CSNI

The NEA Committee on the Safety of Nuclear Installations (CSNI) is an
international committee made up of scientists and engineers who have
responsibilities for nuclear safety research and nuclear licensing. The
Committee was set up in 1973 to develop and coordinate the Nuclear Energy
Agency's work in nuclear safety matters, replacing the former Committee on
Reactor Safety Technology (CREST) with its more limited scope.

The Committee's purpose is to foster international cooperation in nuclear
safety amongst the OECD Member countries. This is done in a number of ways.
Full use is made of the traditional methods of cooperation, such as information
exchanges, establishment of working groups, and organization of conferences.
Some of these arrangements are of immediate benefit to Member Countries, for
example by improving the data base available to national regulatory authorities
and to the scientific community at large. Other questions may be taken up by
the Committee itself with the aim of achieving an international consensus
whérever possible. The traditional approach to cooperation is reinforced by
the creating of cooperative (international) research projects, such as PISC and
LOFT, and by a novel form of collaboration known as the international standard
problem exercise, for testing the performance of computer codes, test methods,
etc. used in safety assessments. These exercises are now being conducted in
most sectors of the nuclear safety program.

The greater part of the CSN] cooperative program is cencerned with safety
technology for water reactors. The principal areas covered are operating
experience and the human factor, reactor system response during abnormal
transients, various aspects of primary circuit integrity, the phenomenoiogy of
radioactive releases in reactor accidents, containment performance, risk
assessment, and severe accidents. The Committee also studies the safety of the
fuel cycle, conducts periodic surveys of reactor safety research programs and
operates an international mechanism for exchanging reports on nuclear power
plant incidents.

The Subcommittee on Licensing, consisting of the CSNI Delegates who have
responsibilities for the licensing of nuclear installations, examines a variety
of nuclear regulatory problems and provides a forum for the review of
regulatory questions, the aim being to develop consensus positions in specific
areas.




ABSTRACT

The CSNI Task Group on Ex-Vessel Thermal Hydraulics of Principal Working Group
No. 2 has conducted an international standard problem exercise (ISP No. 24)
involving core debris interactions with concrete. Eight task group
representatives participated i1n the prediction of the results of the SURC-4
experiment that was conducted at Sandia National Laboratories. This report 1is
considered Volume I of a two volume report and gives the comparison of the
predictions with the experimental results for the time-dependent behavior of the
temperature of the melt, concrete erosion distance. chemical composition of the
melt, gas and aerosol release rates, and other parameters of interest.

Tnere has been no attempt made to explain anv of the differences observed

among tne various predictions and the experimental data. It 1s fully recognized
that these differences can arise from a varietv of sources. such as differences
in 1nitial and boundary conditions used in the analyses versus the experiment.

In order to evaluate, explain, and resolve these observed differences. the CSNI
Frincipal Working Group No. 4 1s sponsoring a workshop at Brookhaven National
Laboratorv 1in Upton, New York, U.S5.A. 1in January of 1989 for the ISP No. 24
participants. As a result of that workshop, Volume 11 to this report will be
prepared which will document the results of the workshop, the explanation and
understanding arrived at for the observed differences, and the conclusions
reached. Volume IJ 1s expected to be completed bv September 1989. Taken
together, Volumes | and Il will provide a comprehensive description and
assessment of the ISP No. 24 exercise on the SURC-4 core concrete experiment.
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1. INTRODUCTION

The Task Group on Ex-vessel Thermal-Hydraulics was established by the
Principal Working Group #2 to address the physical processes that occur in the
ex-vessel phase of severe accidents, to study their impact on containment load-
ing and failure, and to assess the available calculational methods. This
effort is part of an overall CSNI effort to come to an international under-
standing of the issues involved. The Task Group decided to focus its initial
efforts on two benchmark problems for a Large Dry Containment.(l) The first
problem involved corium-concrete interactions and the second problem involved
combustible gas distribution. Both problems used a generalized configuration
of the reactor cavity and containment for a Large Dry Containment geometry.
Initial cohditions for the calculations were specified and each participant
calculated the time-dependent containment phenomena with calculation methods of
his or her choice,

The problem that is reported on here is also related to core concrete
jnteractions. However, it is unlike the previous benchmark problems in the
following important ways. First, it involves the prediction of an actual
experiment without the participants knowing in advance the results of the
experiment. Second, it includes the behavior of aerosols and gases produced by
the interactions. Third, it is a separate effects test which does not repre-
sent a prototypic accident condition but involves special geometry, thermal
conditions and materials. Nevertheless, the idealized conditions of the
experiment provide a useful test of the predictive capabilities of state-of-
the-art models of core-concrete interactions and aerosol behavior under condi-
tions much simpler than the prototype accident conditions that the models have
been designed to assess.

The experiment chosen for this comparison study is the SURC-4 Experiment
which is one of a series of eight experimental tests being conducted at Sandia
National Laboratories. The SURC (Sustained Urania-Concrete) test series is
designed to extend the existing data base for core-concrete interactions and
associated aerosol source term production. The SURC experiments are intended
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to provide information needed to validate three aspects of core-concrete inter-
actions models. These are: heat transfer mechanisms; gas release chemistry;
and vaporization release of aerosols. SURC 1, 2, 5 and 6 are integral tests
involving U0,-Zr0, materials and SURC 3, 4, 7 and 8 are separate effects tests
using stainless steel.

The cooperation of Sandia National Laboratories (SNL) was essential to
successful conduct of this international standard problem (which is referred to
as 1SP-24). It was first proposed that ISP-24 be 2 problem on core-concrete
interactions at the Task Group meeting in February, 1987. In May, 1987 1t was
proposed and agreed upon that I1SP-24 would be based on the SURC-4 experiment.
Initial plans and a schedule were developed at this time. The Task Group met
again 1in eaf1y October 1987 and further formulated the basis, ground rules and
schedule for ISP-24. At a meeting in late October 1987, see Appendix A,
representatives of the countries that would participate in ISP-24 met 1in
Gaithersburg, Maryland and received 1) a presentation on the test description
and procedure (without results) from SNL and 2) a presentation on the
parameters to be calculated and the reporting format from Brookhaven National
Laboratory (who had been assigned the responsibility of coordinating I1SP-24 and
developing this comparison report). The schedule that was established at this
meeting called for submittal of calculations by participants to Brookhaven by
March 31, 1988 and the issuance of this comparison report by BNL by May 15,
1988. Although two submittals were received (UK and Italy) before March 31,
the remaining six were received at various times during the period April 1 -
May 18 (and one of the written reports has not yet been received). Therefore,
the chairman of the Task Group revised the date for the comparison report to
June 7, 1988, at which time it was presented to 2 meeting of the Task Group.
Comments on the draft comparison report were received during July 1988 and they
were used to develop this revision. It must be emphasized that this report is
a comparison of the results as provided by the participants with the experi-
mental data. It is not the objective of this report to analyze or explain in
detail the predictions by the participants. However, some observations and
comments on the results are provided, where appropriate. Follow-on activities
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that would be aimed at developing a further understanding of the experiment and
the predictions are currently being discussed in the Task Group.

The results of the experiment were transmitted to BNL, on schedule, by SNL
in the form of NUREG/CR-4994. These results were then made available by BNL to
all members of the Task Group and other interested parties.

Section 2 provides a description of this international standard problem.
In Section 3 the calculation approaches taken by the eight participants are
described. In Section 4 the results by the participants are compared with the
SURC-4 experiment (and with each other). Finally, Section 5 contains a summary
of this activity and some observations on the results.

The report submitted by each of the participants has been reduced to
microfiche. The details and discussion of each analyst's calculation that are
not included in this comparison report can be found in the attached microfiche.
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2. THE STANDARD PROBLEM
2.1 Phenomenological Issue

Core-concrete interactions can occur during a core meltdown event in a
1ight water reactor if the melt breaches the reactor vessel and if the core
debris is deposited onto the concrete surfaces within the containment build-
ing. Typically, in 2 pressurized water reactor this surface is the floor of
the reactor cavity and in 2 boiling water reactor it is the pedestal fioor. In
addition to the interfacial heat transfer between the core debris and concrete
that drives the erosion, many complex physical and chemical processes occur
during core debris-concrete interactions. In particular, chemical reactions
affect the core debris thermal history, the release of combustible and non-
combustible gases during core-concrete interactions affect the containment
loading, and the production of aerosols affect the radiological source term.

In the first benchmark problem by the Task GrOup(l) the focus was on the
Jong-term interaction of corium with concrete and water in a generalized reac-
tor cavity geometry for 2 pressurized water reactor. The participants in
Renchmark Problem 1 calculated and studied the impact of: concrete aggregate;
corium/concrete interfacial area; and water. They also calculated the pressure
and temperature history in containment. The particular aims of Benchmark
Problem 1 were focused on the methodological aspects and overall trends that
are implied by the various computer codes that were used by the participants.
The conclusions and recommendations of this study are given in Reference 1.

The problem addressed in this report is also aimed at understanding (and
ultimately improving) the predictability of computer codes used for core-
concrete analysis. The basic idea is to start from the initial conditions of
an actual experiment and then predict the results without knowing the outcome
of the experiment. This report provides the results of this activity.

The SURC-4 experiment was designed to be a separate effects test involving
a concrete crucible, stainless steel, and zirconium metal. Zirconium was added
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to the stainless steel pool to investigate the effects of zirconium oxidation
on sustained core debris-concrete interactions. The effects of zirconium addi-
tion on concrete erosion and on gas release rates and gas chemistry were
observed in detail. A specific aim of this experiment, within the USNRC Ex-
vessel Core Debris Interactions Program, is to proviae validation data for gas
release chemistry models in the CORCON code. Of particular interest is the
severity and duration of any coking effects that are predicted to produce large
amounts of carbon monoxide immediately after the zirconium is fully oxidized.
At present, the CORCON code predicts that the H,0 and CO, released from the
concrete will be almost totally reduced by Zr in the melt forming Zr0,, H,, and
elemental carbon. Virtually no gas other than hydrogen is predicted to be
released during this reduction phase. After nearly 2all of the Zr metal is
oxidized, the residual elemental carbon is expected to react Qith C02 or H20 to
form carbon monoxide. When this occurs, the gas release rate is expected to
double the steady state value since two moles of gas are produced from each
mole of gas evolved from the concrete. SURC-4 was instrumented to test this
predicted behavior.

The phenomena addressed in the SURC-4 experiment are relevant to all light
water reactors that contain zirconium and stainless steel within the reactor
vessel and thus is of interest to essentially 2all participant countries.
Several countries are conducting core-concrete model development and/or appli-
cation studies and therefore use of the SURC-4 experiment for International
Standard Problem 1SP-24 was adopted by the Task Group.

2.2 Description of Experiment

This section has been excerpted from NUREG/CR-4994 and appears here for
the convenience of the reader. The SURC-4 experiment used 200 kg of 304 stain-
less stee! and 20 kg of Zr metal as the charge materials. It was designed to
be a comprehensive test examining the additional effects of zirconium metal
addition to molten steel interacting with basaltic concrete. The goals of the
experiment were to measure in detail the gas evolution, aerosol generation, and
erosion characteristics associated with steel-zirconium-concrete interactions.
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The SURC-4 experiment was conducted in 2 600 mm diameter interaction
crucible constructed with a 400 mm diameter basaltic concrete cylinder in the
base of a magnesium oxide (Mg0) annulus. A 100 mm thick, circular cover of Mgl
was fabricated and placed on top of the crucible. The interaction crucible and
induction coil were housed in a sealed, water cooled, aluminum containment
vessel. The vessel was 1.8 m high, 1.2 m in diameter and contained feed-
throughs for the induction power leads, instrumentation leads, and an exhaust
port connected to the flow and aerosol sampling instrumentation. The inter-
action crucible was dinstrumented with numerous thermocouple arrays cast into
the concrete cylinder, Mg0 annulus and Mg0 cover. A schematic diagram of the
SURC-4 experimental apparatus is shown in Figure 2.1. A 280 kW induction power
supply and coil were used to heat and melt the 200 kg stainless steel charge
within the test article and to sustain the interaction for the duration of the
experiment. Additionally, 6 kg of fission product simulants were added to the
melt to study fission product release. Flow rates of generated gases were mea-
sured using a sharp edge concentric orifice, a laminar flow device and two dry
gas clocks. Gaseous effluents produced during the experiment were monitored
and sampled using an infrared gas analyzer, mass spectrometer, and by an inte-
gral grab sample technique. perosols were captured on filters, cascade impact-
ors and a cascade cyclone. Erosion characteristics were measured using type K,
S, and C thermocouples in order to define the melt pool temperature and overall
heat balance as well as the axial erosion rate. The apparatus was sealed and
purged with argon gas in order to direct the majority of the reaction gas and
aeroso) effluents through a 50 mm diameter flow pipe. The SURC-4 test was run
at local atmospheric pressure (.83 atm) and at an ambient temperature of 25°C.

The zirconium metal was added to the melt pool after steady-state concrete
erosion was established via a single tube, manually-actuated, delivery system
attached vertically to the containment vessel. The tube contained 50 Zr cylin-
ders each with a diameter of 33 mm and 2 length of 76 mm. Each cylinder
weighed 400 g and the total charge weighed 20 kg. Deposition into the melt
pool was accomplished by opening 2 ball valve to the gas flow lines, dropping
the 2r metal, and closing the ball valve to re-establish flow through the exit
port.
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The SURC-4 test was designed to provide comprehensive, redundant, and
well-characterized information on the steel-zirconium-concrete interactions
which would be suited for code validation efforts. The SURC-4 test ran for a
total of 162 minutes. The data return was excellent and all of the test goals
were successfully met.

2.3 Statement of International Standard Problem
As was mentioned briefly in the previous discussion (and discussed fully
in NUREG/CR-2994(2)), the types of data measured as a function of time in the

SURC-4 experiment are:

Melt Pool Temperature.

- Concrete Erosion Distance
- Gas Flow Rate

- Gas Composition

- Gas Temperature

- Aerosol Generation Rate

- Aerosol Composition

- Aerosol Size Distribution

Based on the data that would be reported in the experiment and on the
state-of-the-art capabilities of computer codes for core-concrete interactions,
the following specifications for the Standard Problem were provided to the
participants by Brookhaven National Laboratory.(3)

1) General Specifications
a) The participants were given the option, depending on their
modeling capability, to start the problem at 10.7 minutes with
T = 300K for the stainless steel temperature or to start the

problem at 105.4 minutes with T = 1746K (see Table 2.1).

b) The calculation is terminated at 200 minutes.
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¢) Tables 2.2 and 2.3 give the chemical compositions for siliceous
concrete and stainless steel, respectively.

d) The gas sampling temperature is 300K throughout the calculation.

e) Two calculations are required. In one of the calculations, the
power is turned off at 162.5 minutes which corresponds to the .
experimental conditions. In the other calculation, which repre-
sents a sensitivity study on the behavior of the computer codes, 2
constant power of 245 kW is'assumed beyond 162.5 minutes.

f) The pressure above the melt is assumed to be constant {at 13.2

' psia) throughout the experiment. The temperature of the

atmosphere above the melt should be derived from the thermocouple
readings of the upper Mg0 crucible or Mg0 top cover.

g) The concrete dehydration front is defined at the 383K isotherm.

h) A1l of the output parameters related to the energy balance of the
melt should be in terms of kW instead of MJ.

2) Parameters to be Calculated

a) Thermal-Hydraulic

- Pool temperature (K) vs time (sec)

- Concrete erosion (mm) vs time (sec)

- Concrete dehydration front (mm) vs time (sec) .

- Gas generation rate (mole/sec) vs time (sec) |
H,0, Hp, CO,, CO, total (at code calculated temperature) ‘

- Bas temperature (ca)cu1ated by the code)

- Gas generation rate (mole/sec) vs time (sec)
H,0, H,, CO,, CO, total (at temperature measured in the
experiment)
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- Energy balance of the melt ,
a. Heat to concrete (kW) vs time (sec)*
b. Sideward heat loss (kW) vs time (sec)
c. Upward heat loss (kW) vs time (sec)
Including those through heat transfer
processes and those carried out by gases.

- Pool composition vs time*
a. 2Ir (kg) vs time (sec)
b. Cr (kg) vs time (sec)
c. Ni (kg) vs time (sec)
(kg) vs time (sec)
(kg) vs time (sec)

*No experimental data to compare with.
b) Aerosol Characterization

- Aerosol release rate (g/sec) vs time (sec)

Mo, Te, La,0;, Ce0,, BaO,

Inert (e.g., Na, K, Si0, etc.), total
- Aerosol concentration (g/mole of gas) vs time (sec)
- Aerosol size distribution

Reporting Format

The participants were requested to provide their results (by March 31,
1988) in the form of a hard copy report with a format specified in
Reference 3 and a P.C. diskette containing the results, also in 2
format specified in Reference 3.

‘The participants were also encouraged to communicate with Brookhaven

on specific aspects of the calculation. The questions and responses
would then be sent to all participants. Only one technical
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inquiry(4) was received during the calculational period. The fol-
lowing clarification on the Standard Problem (see Appendix A) was
given to the participants as a result of this inquiry:

a) the upward heat loss from the melt should include the enthalpy -
transported by the gases leaving the melt;

b) the reference temperature used in calculating the enthalpy

transported by the gases is the temperature of the atmosphere .
above the melt.
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TABLE 2.1
EVENTS OF TEST SURC-4

EVENTS

Start of Data Acquisition System
Power Supply On (98" kW)

Power Increased to 200 kW

Power Increased to 245% ki

Concrete Attack Start
(TPool = 1746K)
2r Metal (20 kg) Delivered to the Melt

Power Off
Power On (245% kW)
Power Off
Power On (245 kW)
Power Off

*25.5 + 2% Net Efficiency to the Melt Pool
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TABLE 2.2
CHEMICAL COMPOSITION OF SURC-4 CONCRETE

Oxide Weight Percent
Feo04 6.3
Cr,0, -—--
MnO ---
Ti0, 1.1
K20 5.4
Na 0 1.8
Cal . 8.8
Mg0 6.2
$i0, 585.2
Al 04 8.3
€0, 2.5
HZ0 4.2
502 Y4
100.0
TABLE 2.3

CHEMICAL COMPOSITION OF SURC-4 STEEL

Element Weight Percent
Fe 71.18
Cr 18.50
Ni 8.25
Si .50
Cu .25
Mo .25
Mn 1.00
o .04
P .02
S ’ .01

100.00
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3. CALCULATIONAL APPROACHES BY PARTICIPANTS

The representatives of eight organizations of the task group performed
calculations for International Standard Problem 1SP-24 of Sandia's core-
concrete interactions SURC-4 experiment. Among the eight calculations -~
received, only three calculations included the predictions of the rate of
aerosol release. The organizations that submitted calculations are indicated
in Table 3.1 together with the analytical methods (computer codes) used to
perform the calculations. ECN, Netherlands used a model developed by them to
perform the calculation. No documentation was received on this model.

As summarized in Table 3.1, three CCI thermal-hydraulic codes 1i.e.,
CORCON, WECHSL, DECOMP and two aerosol release codes i.e., VANESA, METOXA were
used by the participants to perform the calculation of International Standard
Problem ISP-24. The assumptions used in these codes 1in modeling the core-
concrete interactions are described in this section. The code modifications
made by individual participants to meet the special requirements and/or con-
siderations of the SURC-4 test are also described.

After the draft‘comparison report was released for comments in June, 1988,
the University of California at Santa Barbara submitted their results in July,
1988. The details of their calculation can be found in the attached micro-
fiche.

3.1 Thermal-Hydraulic Code

3.1.1 CORCON

Four participants used the CORCON code to perform the thermal-hydraulic

part of the calculation of International Standard Problem 1SP-24. CORCON was i
developed by Sandia National Laboratories. The model assumptions of the CORCON
code are discussed briefly in this section and the modifications to the code by *

each individual participant are also discussed.
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3.1.1.1 Model Description

CORCON models the two-dimensional attack of concrete by core debris during
severe accidents in light water reactors. It assumes an immediate separation
of the molten core into immiscible layers; namely, a metallic and an oxidic
layer. As the molten core-concrete interaction (Mccl) proceeds.'the decomposed
concrete forms a second oxide layer. The orientation of layers depends on
their relative density. During the early stage of concrete attack, 2 config-
uration of heavy oxide-metal-light oxide is possible. As the MCCI proceeds,
the heavy oxide layer is diluted by the molten concrete (s1ag) and eventually
reaches a point where the density of the heavy oxide layer is less than that of
the metallic. At this time, the heavy oxidic and metallic layers are assumed
to flip instantaneously, and the heavy oxidic layer combines with the light
oxidic layer. In the SURC-4 experiment, there was no heavy oxidic layer.
CORCON also assumes a gas film exists at the molten core/concrete interface.
Heat transfer from the molten core pool to concrete is governed by the con-
vective and radiative processes across the film. In CORCON, the concrete abla-
tion is calculated based on steady-state one-dimensional energy balance at the
molten core/concrete interface. The decomposition heat of concrete is calcu-
lated based on the user specified concrete decomposition temperature.
Transient heat conduction into the concrete is not modeled.

CORCON also assumes that, upon solidification, crusts will form at one or
more interfaces with the interior of the layer remaining liquid. If part or
all of a layer becomes frozen, energy can only be removed by heat conduction
through crusts, which is ordinarily far less effective than convection.
Because of internal heating of debris and the fact that cooling cannot continue
unless heat losses exceed sources, freezing is largely self-limiting. A
complete formulation of the problem involves transient, two-dimensional heat
transfer with conduction, convection and change of phase. A simple
quasi-steady-state crust formation model was included in the CORCON code to
calculate the thickness of the crust and the rate of heat transfer from the
partially solidified core debris to concrete. In order to model the crust
formation process, some assumptions were made in CORCON to calculate the
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1iquidus and solidus temperatures of the metallic and oxidic mixtures. For the
metallic mixture, a simple fit to the iron-chromium-nickel ternary phase
diagram was used. The presence of metals other than Fe, Cr and NI was
jgnored. CORCON treats the oxidic mixture as a pseudo-binary system in which

the fuel oxides (U0, + Zr0,) form one "component” and concrete and steel oxides .
form the other; the two components are assumed to form an ideal solution in
both the liquid and solid phases. 4

In CORCON, the oxidation reactions between the metallic constituents and
the concrete decomposition gases are assumed to proceed to equilibrium concen-
trations defined by minimization of the Gibbs free energy for 38 chemical
species composed of 11 elements. The 38 chemical species considered in the
CORCON code are listed in Table 3.2. As shown in Table 3.2, carbon is among
the 38 species considered in the chemical reactions calculation of CORCON and
therefore, the coking reactions are modeled by CORCON.

3.1.1.2 Modifications to the Code and Calculation Assumptions

The modifications (if any) to the code and calculation assumptions of
those four participants using CORCON code are described in this section. For
comparison purposes, the numerical values used by these participants for the
key input parameters of CORCON are summarized in Table 3.3.

(1) CEC - Joint Research Center in lspra, Italy

The CORCON/2.02 version included in CONTAIN 1.06 was used by CEC to
perform the calculation. There was no modification to the code.

In order to make the two-dimensional CORCON code simulate the one-
dimensional SURC-4 experiment, the radius of the crucible was sca2led up by 2
factor of 20 in the CEC calculation. By doing this, the relative importance of
sideward erosion is reduced by a factor of 20. In the CEC calculation the
sideward heat loss through the Mg0 walls was assumed to be 20 kW, i.e., in the
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calculation, the actual power to the melt was 20 kW less than the value
specified in Table 2.1. '

(2) ENEA, Italy

The CORCON 2.04 version was used by ENEA, Italy to perform the calcula-
tion. There were some minor changes to the code in order to make it opera-
tional on a IBM AT personal computer.

Two approaches were taken to make the two-dimensional CORCON code simulate
the one-dimensional SURC-4 experiment. In one approach, the sideward erosion
of CORCON was disabled by modifying the SURFEB subroutine of CORCON. In the
other approach, the radius of cavity was scaled up by a factor of 50. In both
approaches, the sideward heat loss through Mg0 walls was assumed to be 25 kW.
No major difference was found in the results of these two approaches. The
results of the second approach was chosen to compare with the results of other
participants.

(3) UKAEA, U.X.

CORCON 2.04 TRANC was used by UKAEA to perform the calculation. CORCON
2.04 TRANC differs from CORCON 2.04 in the following areas.

(i) TRANC contains a quasi-one-dimensional model for transient ther-
ma) conduction in the concrete basemat. This version of the code
models thermal conduction in the concrete both when ablation 1is
taking place and when it is not. Gas releases may occur at an
times.

(ii) TRANC contains a simple model for the non-ablating crucibles used
in the SURC-4 experiment.

(i41) TRANC has minor modifications to allow pure Zr metal to be added
to the melt.
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(4) BNL, USA

The CORCON 2.04 Version was used by BNL to perform the calculation. There
was no modification to the code. The radius of the cavity was scaled up by 2
factor of 31.6 to reduce the relative importance of sideward erosion. The
sideward heat loss through the Mg0 wall was assumed to be 25kW.

In the BNL calculation, the melt composition was adjusted to cause the
calculation to have the same initial melt superheat as the experiment. For the
composition that was specified for the SURC-4 charge, CORCON calculated 2
liquidus temperature of 1755K; however, due to a small amount of Manganese in
the 304 SS charge, the actual liguidus of the melt was 1700k(2),  The effect
of this inconsistency was to make the SURC-4 charge totally solid in the CORCON
calculation at the specified ijnitial melt temperature of 1746K. Without
affecting the chemical behavior of the melt, the melt composition was adjusted
resulting in a calculated melt liquidus of 1708K. The initial melt temperature
was therefore increased from the specified value of 1750K to 1760K in the cal-
culation to preserve the initial melt superheat, i.e., 50K at 6342 seconds.

In the BNL ;a1cu1ation, the default composition of basaltic concrete of
the CORCON code was used. The CORCON default basaltic concrete contains 1.5
weight percent of CO, and 5.9 weight percent of water. In the calculation, the
radiative emissivity of the surroundings was adjusted to reflect the known
foaming behavior of Cr,03-Si0,-Ca0 melt.

3.1.2 WECHSL

Two participants used the WECHSL code to perform the thermal-hydraulic
part “of the calculation of the International Standard Problem 1SP-24., The
WECHSL code was developed by KfK of FRG. The model assumptions(5’7) of the
WECHSL code are described briefly in this section.
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3.1.2.1 Model Description

WECHSL models the two-dimensional concrete attack of the core debris
during severe accidents in light water reactors. It assumes the existence of
an underlying metallic layer covered by an oxidic layer of fuel, metal oxides,
and/or the concrete decomposition products. Heat transfer from melt to con-
crete is modeled in analogy to boiling phenomena. A film model, discrete
bubble model, or transition boiling model for heat transfer are used according
to the existing gas flow and inclination of the interface.

When freezing processes become important due to cool-down of the melt,
crust formation is modeled starting from the melt/concrete interface and
possibly résu]ting in a fully frozen layer. Crusts are assumed to be permeable
to the gases. Transient heat conduction into the concrete is not considered in
the WECHSL code. The solidus and liquidus temperatures of the metallic
mixture in the WECHSL code are calculated by a simple fit to a chromium-nickel-
iron ternary phase diégram. The same set of eguations is used in the CORCON
and WECHSL codes to predict solidus and liquidus temperatures of the metallic
mixture. In WECHSL, the liquidus and solidus temperatures of the oxidic mix-
ture are determined either by a "binary" phase diagram or by a user input
table,

In WECHSL, the gases released from the decomposing concrete may oxidize
the constituents of the metal layer. The metal oxidation reactions take place
in the order 2Zr, Cr, and then Fe. This means that no Cr-oxidation is
considered as long as Zr is present in the melt, etc. The rate of oxidation
for Cr and Zr is limited by the gas supplied from the concrete. A temperature
dependent equilibrium constant is used to deteimine the oxidation rate of Fe.
The chemical reactions considered in WECHSL are listed in Table 3.4. The
coking reactions are not considered in WECHSL.
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3.1.2.2 Modifications to the Code and Calculation Assumptions
(1) CEA, France

The WEX008 version of WECHSL was used by CEA to perform the calculation.
The code was modified to allow Zr addition. In the calculation, the radius of
the crucible was scaled up by a factor of 100 to reduce the relative importance
of sideward erosion. The sideward heat loss through the Mg0 walls was not
taken into account. In the calculation, instead of using the solidus and
1iquidus temperatures predicted by the WECHSL code, a2 constant value of 1688K
and 1698k was chosen to represent the solidus and 1liquidus temperatures,
respectively, of the metallic mixture. The solidus and liquidus temperatures
of oxidic phase were assumed to be 1573K and 1673K, respectively. The concrete
decomposition temperature used in the calculation was 1573K and the decomposi-
tion enthalpy was 1.95 MJ/kg.

(2) GRS, FRG

The WECHSL code was modified to allow the addition of Zr to the melt. In
the calculation, the radius of crucible was scaled up by a factor of 10, 20, or
100 to reduce the relative importance of sideward erosion. The sideward heat
loss through the Mg0 sidewall was ignored in the calculation. The solidus and
1iquidus temperatures of the metallic phase were assumed to be 1730k and 1740K,
respectively.

3.1.3 DECOMP-DOE

DECOMP-DOE was developed by Fauske & Associates, Inc. and 1is being
improved and upgraded for the Advanced Reactor Severe Accident Analysis Program
(ARSAP), U.S. Department of Energy, in order to reduce uncerta1nty in calcula-
tions and address recent separate-effects data and developments in phenomeno-
logical modeling. The DECOMP-DOE model, together with the METOXA-DOE model, a
chemical reaction model, forms an integrated code for analyzing the molten
core/concrete interactions. The DECOMP-DOE code is rather preliminary in
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nature and is still being developed. A coding error related to the heat
balance of the melt was identified after the jssuance of the draft comparison
report in June, 1988. The coding error has significant impact on the
predictions of the concrete erosion rate. The impact would bring the FAI
result into much closer agreement with the experiment than is shown in Figure
4.3. However, according to FAI, “other figures would be slightly different but
not enough to warrant further changes”. '

3.1.3.1 Model Description

DECOMP—DOE(s) considers the debris to be either a solid cylinder or 2
molten pool surrounded by a crust, depending upon its energy. Crust growth/
shrinkage based on energy balance describes the solidification process occur-
ring within the molten debris, and temperatures are determined from phase
diagrams based on the composition of the debris. Transient conduction calcula-
tions are carried out in the concrete floor, sidewall in contact with debris,
© and upper wall (surroundings), and concrete ablation is allowed in all heat
slabs. For the case that the debris is partially molten, the heat transfer
coefficient at the molten pool/crust interface is 2 user-defined constant.

The 1iquidus and solidus temperatures of the metallic phase of the mixture
are determined as follows:

(i) The CORCON fit to the iron-chromium-nickel ternary phase diagram
js used to determine the liquidus and solidus of the steel mix-
ture containing Fe, Cr and Ni.

(ii) The Fe-Ir binary phase diagram with Fe replaced by stainless
steel is used to obtain the 1iquidus and solidus temperatures of
Ir-steel mixture.

In DECOMP-DOE, the treatment of liquidus and solidus temperatures of the oxidic
phase is similar to the CORCON treatment of oxides.
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The chemical reaction model of DECOMP-DOE considers chemical equilibrium
by a Gibbs free energy minimization technigue. Chemical equilibrium is
calculated in METOXA-DOE by solving the algebraic relations for mass action and
element balances. An ideal solution model is used with three phases: 1liquid

metal, liquid oxides and gases. Non-ideality is 2llowed for some compounds .
through user-input activity coefficients. A Newton-Raphson technique is
employed with a reduced set of algebraic relations, known as basis equation. «

The equations are solved to yield the molar abundances of particuliar species
jmportant to a stable, efficient solution. Reactions and element balances that
form the basis set are listed in Table 3.5. Auxiliary relations are written
for all compounds not included in the basis set. The complete compound list is
presented in Table 3.6. All non-basis compounds of elements appearing in Table
3.5, and all remaining compounds appearing in Table 3.6, are solved as
auxiliary relations using the results of the Newton-Raphson update.

3.1.3.2 Modifications to the Code and Calculation Assumptions

In benchmarking the SURC-4 experiment, the sidewérd erosion calculation of
DECOMP was disabled and the sideward heat loss through the Mg0 walls was
assumed to be 25 kk. The upward heat loss was fixed at 33kW/m2, In the calcu-
lation, the instantaneous addition of the ZIr metal caused a sudden change in
the chemical composition of melt which resulted in some numerical difficulty in
the DECOMP-DOE code. Therefore, the Zr addition time was arbitrarily extended
to a duration of 10 minutes in the calculation.

3.2 Aerosol Release Code
Two aeroso) release codes i.e., VANESA and METOXA were .used by the par-

ticipants to perform the aerosol release calculation of International Standard
Problem 1SP-24. - T




33

3.2,1 VANESA

Two participants used the VANESA code to perform the aerosol release
calculation of International Standard Problem ISP-24. VANESA was develaped by
Sandia National Laboratory in the USA.

3.2.1.1 Model Description

The VANESA(9) code calculates the release of fission products and
structural material during MCCI. VANESA models the vaporization of melt
species into gases which are produced from concrete decomposition. The
thermochemistry and kinetics of this process are modeled mechanistically. As
the gases ‘exit the melt, aerosol formation from bubbles breaking the melt
surface and from the condensation/nucleation of vapors is modeled empirically.

The corium is modeled as a layered two-phase system: an oxidic layer
above a dense metallic layer which is in contact with the concrete basemat.
The reaction of CO, and H,0 with the major metallic constituents are evaluated
to determine the equilibrium oxygen potential. This oxygen potential 1is as-
sumed to hold for the oxide phase and is used to calculate the equilibrium
vapor pressures of species in the M-0-H ternary where M is the element of
interest. The chemical species considered in the VANESA code are listed in
Table 3.7. A kinetic analysis,. which considers condensed phase transport,
transport across the gas/melt interface and gas phase transport, is then
performed to estimate the amount of material transferred from the melt to gas
bubbles.

3.2.1.2 Modifications to the Code and Calculation Assumptions

(1) ENEA, Italy

The VANESA 1.01 Version was used in the calculation. Some minor changes
were made to the VANESA code in order to make it operational on a IBM AT

personal computer. Modifications were made to allow Ir metal to be added to
the melt.
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(2) BNL, USA

The VANESA 1.01 Version was used in the calculation, There was no
modification to the code except changes to allow Zr metal to be added to the
melt.

3.2.2 METOXA-DOE

_ METOXA-DOE is a chemical equilibrium model for fission product release
during core-concrete interactions and was developed by Fauske & Associates,
Inc.

3.2.2.1 Model Description

The fission product chemistry of METOXA-DOE is described 1in Section
3.1.3.1. In METOXA-DOE, aerosol generation occurs only through chemical reac-
tions. The mechanical aerosol generation is not modeled due to the lack of
either suitable data or models.

3,2.2.2 Modifications to the Code and Calculation Assumptions
Unit activity coefficients are assumed for all compounds except for K;0

and Si0,. In the calculation, the activity coefficients for K,0 and Si0, are
assumed to be 1.0x10-8 and 1.0x10-2, respectively.
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TABLE 3.1
COMPUTER CODES USED BY THE TASK GROUP Mt MBER

Computer Codes '
Organization Analysts
Thermal-Hydraulic Aerosol Release

CEC CORCON/2.02 R. Ricchena

G. Cenerino
CEA, France ‘ WECHSL J. P. L'Heriteau
GRS, West Germany WECHSL J. Rohde
G. Caruso
ENEA, Italy CORCON/2.04 VANESA/1.01 6. DeGennaro
: 1 G. Mauro
ECN, Netherlands * J. A. Heil
UKAEA, UK CORCON/2.04. TRANC N. J. Brealey
6. A. Greene
BNL, USA CORCON/2.04 VANESA/1.01 R. J. Kennett
M. G. Plys
FAI, USA DECOMP-DOE METOXA-DOE M. A. McCartney

*See p. 24
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TABLE 3.2

CHEMICAL SPECIES CONSIDERED IN CORCON

Oxide Metal Gases

Feld Fe C(g) NH,

MnO cr CH, N,

r0, Ni co 0

Cr 20 3 ir co 2 0 2

NiD Mn CH, OH

FPMO,* c(c) CH, CHO

Fe 30, FPM* CHg CHYO

Mn 30“ x** H cro a(g)
H,0 FPMO ,(g)
N FPMO 4(g)

*Pseudo species representing four condensed

phase fission product groups.

**Inert oxidic species treated as an element “X"
in melt/gas-phase equilibrium calculation.
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TABLE 3.4
CHEMICAL REACTIONS CONSIDERED IN WECHSL

1. 2r + 2H,0 + Zr0, + 2H,
2. Ir + 200, + 2r0, + 2C0
3. Ir + 2Fe0 + ZIr0, + 2Fe
4. 2Cr + 3H,0 + Cr,05 + 3H,
5. 2Cr + 3C0, » Cr 03 + 3CO
6. Fe + H,0 » Fe0 + H,

7. Fe + CO, » Fed + CO
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TABLE 3.5

METOXA BASIS EQUATIONS AND SPECIES

Liquig Liquid
Metals Oxides Gase;
1. HZ . Hzo 02 OH H 0
2. c co CO2
3. ir ZrO2 ir0 Zroz‘
4, Cr Cr203 Cr cro Croz CrO3
5. Fe - Fe0 Fe Fe(OH)z
6. 510, $i0 $i3
7. Ca0 Ca CaOH Ca(OH)Z,
8. A1203 Al A120 A10H A](OH)2
Q. K20 K KOH
10. Na20 Na NaOH
11. Ni NiO Ni NiH Ni(OH)2
12. 84C 8203 BO | 8203 BO2
13. Ag Ag AgH
14, In In
18. Cd Cd
16. Sr sr0 Sr SrOH- Sr(OH)2
17. Ba Bal Ba Bal BaOH Ba(OH)2
18. La Lazo3 La0 La(OH)2
19. Ce CeO2 Ce Ce02
20. U UO2 - U0 UO2 UO3 UO.‘.(OH)2
21, MgO Mg MgOH Mg(OH),
22. Sn SnO2 Sn SnH Sn0
23. Mn’ Mn0 Mn MnH Mn(OH)2 H2M004
24. Mo Moo2 Moos' Mo MnOZ "Moo3
25. Ru Ru Ru0 RuO3
26. Te Te SnTe AgTe SbTe
27. Nb NbO NbOz* NbO NbO2
28. Sb Sb Sbo

*
Liquid oxide.
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TABLE 3.6

METOXA_COMPOUMD LIST

HZO + CO == Hz + tZO2

C+ H,0— CO + R,

Zr(l) +.A2H20-—~ ZrOz(l) + 2,
2Cr“(-1) + 3H20-Cr203(1) + 3H20
Fe(1) + H,0— FeO(1) + H,
5102(1) + Hy=— 10 + H,0

Ca0(1) + Hy== Ca + H,C
A1203(1) + 3H, = 2R1 + 3H,0
KZD(I) + Hy== 2K + H)0
Hydrogen element balance

Carbon element balance

. Oxygen element balance

Chromium element balance

Iron element balance

B,C(1) + 7H, 0= 2B,05(1) + CO + 7H,
UOZ(I) + 2H,=™ U(1) + 2H0

Hy0 === H, + 172 0,

K + H0—== KOH + 1/2 H,

Boron element balance

Ni(1) + HZO—- NiO(1) + HZ

Nickel element balance
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TABLE 3.7
VANESA COMPOUND LIST

Condensed Phase

Gases Phase

Metal Oxide
H,0, Hp, H, OH, 0, 0,, CO,, CO
Fe Fel Fe, Fe0, FeOH, Fe(OH),
cr Cr,0, | Cr, Cr0, Cr0,, Cr0gy, HLrO,, CrOH, Cr(OH),
Ni NiD Ni, NiOH, Ni(OH),, NiH
Mo Mo, MoD, MoD,, MoDg, HMoO, (Mo0,),, (MoOs),
Ru | Ru, RuO, RuO,, RuO,, RuO,, RuOH, Ru(OH),
Sn Sn, Sn0, SnOH, Sn(OH),, SnTe, SnH, SnH,, Sn,
Sb Sb, SbOH, Sb(OH),, Sb,, Sb,, SbTe, SbH,
Te Te, Te0, Te0,, Te,0,, TeOH, TeO(OH),, Te,, HoTe
Ag Ag, Ag0, AgOH, Ag(OH),, AgTe, AgH, Ag,, Ag,
Mn M, MnO, MnH, MnOH, Mn(OH),
ir Zr0, 2r, 2r0, 2r0,, 2rOH, Zr(OH),, ZrH
Ca0 Ca, Ca0, CaOH, Ca(OH),, CaH, Ca,
A1,0, | A, A10, AIOH, A0, A10,, A10,, A1(OH),, A1(OH)
Na 50 Na, NaOH, NaO, Na,(OH),, NaH, Na,
K,0 K, KOH, KO, K,(OH),, KH, K,
$i0, Si, $i0, Si0,, SiOH, S1(OH),, SiH, SiH,, Si,
uo, U, U0, U0,, U0y, HUO,, UOH, U(OH),
Cs ,0 Cs, CsOH, CsO, Cs(OH),, Cs 0, Cs,, CsH, CsO,
Bal Ba, Ba0, BaOH, Ba(OH),, BaH
sro sr, Sr0, SrOH, Sr(OH),, SrH
La0s | L2, La0, LaOH, La(OH),, Laj0, (L20),
CeO, Ce, Ceo, CeOH, Ce(OH),, CeO,, (Ce0),
NbO Nb, NbO, NbOH, Nb(OH),, NbO,
Csl Csl, I, HI, I,, 10
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4, COMPARISON OF RESULTS WITH EXPERIMENT

As specified in the International Standard Problem 1SP-24 definition in
Section 2.3, the participants were given the option, depending on their
modelling capability, to start the problem at 642 sec with T=300K for the
stainless steel temperature or to start the problem at 6324 sec with T=1746K.
A1l participants except UKAEA, ECN and CEC chose to start the problem at 6324
seconds. As a sensitivity study, UKAEA also submitted a set of results in
which the calculation started at 6324 seconds. For consistency, this set of
UKAEA results was chosen to compare with the results from other participants.

Two sets of calculations were required from the participants. In one of
the calculations, the power is turned off at 9750 sec and in the other calcula-
tion, a constant power is assumed beyond 9750 seconds. The first set of calcu-
lations corresponds to the actual conditions of the SURC-4 experiment and the
second set of calculations was included for the purposes of code comparison.
The results of the first set of calculations submitted by the participants are
compared with the experimental data in this section and the results of the
second set calculation are displayed in Appendix B.

4.1 Results of Thermal-Hydraulic Calculation

(1) Temperature of Melt

The melt temperatures predicted by the participants together with the
experimental results are shown in Figure 4.1. For those calculations that used
~ computer codes with the layered melt structure, different temperatures were
predicted for the metallic and oxidic phases; the metallic temperature is shown
in Figure 4.1. For comparison purposes, the experimental results shown in the
figure are the peak temperature prior to failures of thermocouples during the
test. The solid black line is the melt temperature prior to the initiation of
concrete attack.
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A$ thown in Figure 4.1, the measured pool temperature continues to
increase after the initiation of concrete attack at 6324 sec. This upward
trend of melt temperature levels off around 6500 sec. Nevertheless, almost all
the calwlations predicted that the melt temperature decreased and then Teveled
off after the initiation of concrete attack. The ENEA calculation predicted
that the melt temperature stayed at the initial temperature until the addition
of Ir metal. From the experimental results shown in Figure 4.1, it can be seen
that the addition of Zr metal into the melt pool had a very strong and prompt
positive impact on the melt pool temperature. This phenomenon was captured
qualitatively in the calculation performed by FAl. However, the magnitude of
the temperature excursion predicted in FAl calculation was smaller than that
measured in the experiment. FAl also predicted that the melt temperature
decreased much faster than the experimental results after the temperature
excursion. For the calculation using the CORCON code (CEC, ENEA, UKAEA and
BNL) the predicted melt temperatdre started increasing after some time beyond
the addition of the 2r metal. In the CORCON code, the positive feedback of 2r
oxidation on the melt temperature is only predicted when the melt is complete
molten, i.e., there is no crust around the meit layer. For the calculation
using the WECHSL Code (CEA and GRS), the predicted melt temperature was
relatively constant with some small ripples. The ECN calculation predicted a
large excursion of the melt temperature at approximately 1300 sec after the
addition of Zr metal.

For those calculations that were started at 642 sec, the predicted melt
temperatures are compared with experimental results in Figure 4.2.

2. Concrete Erosion Distance

The concrete erosion distance predicted by the participants together with
the experimental results are shown in Figure 4.3. The experimental results
shown in Figure 4.3 were taken from Figure 7.1.4 of Reference 2. As shown in
Figure 4.3, the ECN and ENEA calculations underpredicted the concrete erosion
and the FAI calculation overpredicted the concrete erosion. For the other five
calculations, the predicted concrete erosion fell in the same range as the
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experimental results. Among these five calculations, the BNL result gave the
best fit to the experimental result.

As shown in Figure 4.3, the ablation rate based on the center array and
high temperature array thermocouples increased by a factor of 2 after the
addition of the Zr metal. This trend was predicted qualitatively in the FAI
calculation. For those calculations started at 642 sec, the predicted concrete
erosion distance is compared with experimental results in Figure 4.4. From
Figure 4.4, 1t can be seen that in these calculations the predicted concrete
erosion started about 1000 - 1200 sec earlier than the experimental results.

- 3. Concrete Dehydration Distance

Three participants provided this fnformation and their results are
compared with experimental data in Figure 4.5. The experimental data shown in
Figure 4.5 reflect the 400X isotherm in the concrete during the test, As shown
in Figure 4.5, the ENEA calculation, which starts at 6324 sec, significantly
underpredicted the experimental data. Both the ECN and UKAEA calculations
overpredicted the concrete dehydration before the {nitiation of concrete
attack. The UKAEA calculation reproduced part of the experimental data after
the initiation of concrete attack,

4. Composition and Flow Rate of Concrete Decomposition Gases

Figure 4.6 compares the total gas flow rate predicted by the'part1c1pants
with the experimental data. The experimental results shown in Figure 4.6 were
reduced from the 415 Gas C(Clock data listed in Appendix F of Reference 2.
Corrections have been made to these data to account for the presence of argon
carrying gas and gas from the Mg0 sidewalls in the measurement. In the experie-
ment, the measured total gas flow rate did not include the water vapor, there-
fore, the results submitted by the participants have been manipulated cor-
respondingly in order to compare with the experimental data. Since ECN only
reported the gas flow rate of CO, and H,0, their result was not displayed in
Figure 4.6.

'! .
i
i
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As shown in Figure 4.6, the measured total gas flow rate increased by 2
factor of 2 after the addition of the Zr metal. This trend was qualitatively
predicted by FAIl.  However, in the FAI calculation the total gas flow rate
before the addition of the Zr metal was significantly overpredicted. The
results of BNL's calculation can fit part of the experimental data. The CEC
results shown in Figure 4.6 are the average flow rate based on the accumulative
gas release in their calculations.

Figures 4.7 through 4.10 show the comparisons of the gas flow rate of co,,
CO, H0 and H, predicted by the participants. The experimental data shown in
these figures were obtained from the total gas flow rate shown in Figure 4.6
and the mass spectrometer results listed in Table 7.2.2 of Reference 2. Note
that the gas composition measured 1in the experiment was at an equilibrium tem-
perature of 300 K. However, the gas compositions predicted by the participants
were at a much higher temperature, i.e., around the temperature of the melt.
In these figures, no adjustment was made to account for this difference. For
the flow rate of H,0 there is no experimental data to compare with. It is only
known that the water vapor accounted for 3 to 5 mole % of the total gas flow in
the SURC-4 experiment. The release of small amounts of CO, and H,0 in the CEA
and GRS calculations is mainly due to the WECHSL assumption of a melting
concrete sidewall. A more realistic representation of the experimental
boundary conditions (MgO-wall) would result in virtually zero release of Ho0
and C0,. After the comparison report was sent to the participants in draft
form for their comments, GRS found that the gas generation rates and upward
heat removal rate in their calculations were mistakenly scaled down by a factor
of ten due to an error in unit conversion. It has been checked that the origi-
nal gas generation rates listed in the GRS report can only account for 10% of
the concrete decomposition gases based on their calculated .concrete ablation
rate. The GRS results displayed in these figures (Figures 4.7 - 4.10 and
Figure 4.18) have been corrected for this mistake. The CEC results shown in
these figures are the average flow rate based on the accumulative gas release
in their calculation.
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As shown in Figure 4.7, in-the UKAEA, FAI and BNL calculations, the CO,
flow rate was significantly reduced after the addition of the Zr metal. 1In the
FAI calculation, the CO, flow rate recovered after the Ir metal was depleted.
The CO, flow ra.e predicted in the CEC, CEA and GRS calculations was not
affected by the addition of Ir metal. In the ECN and ENEA results, the
predicted CO, flow rate had some large amplitude oscillations during the first
1500 sec of concrete attack. The SURC-4 mass spectrometer showed that the CO,
flow rate was essentially zero during 7000 to 8600 sec. For the rest of the
time, all the calculations underpredicted the'CO2 flow rate.

As shown in Figure 4.8, the predicted CO flow rate decreased drastically
in the CEC, ENEA, UKAEA, BNL and FAI calculations and was relatively unaffected
by the addition of the Zr metal in the CEA and GRS calculations. The reduction
of the CO flow rate in the ENEA and UKAEA calculations was larger than that of
the CEC, BNL, FAI calculations. In the FAI calculation, the CO flow rate
jncreased significantly after the depletion of Ir metal. The reduction of CO
rates predicted by DECOMP-DOE and the CORCON code due to the addition of Ir
metal was not confirmed by the experiment.

Figure 4.9 shows that the predicted H,0 flow rate decreased significantly
in the UKAEA, FAI and BNL calculations and was relative unaffected in the CEA,
GRS and CEC calculations due to the addition of the Zr metal. The ENEA results
showed that there were some oscillations in the H,0 flow rate.

In the SURC-4 experiment, hydrogen was the dominant constituent in the gas
flow. As shown in Figure 4.10, the measured H, flow rate increased by a factor
of 2 after the addition of the Zr metal. This trend was qualitatively pre-
dicted by FAI. In the rest of the calculations, tue predicted H, flow rates
were relatively unaffected by the Zr addition.

In summary, the gas composition and generation rate predicted by the
WECHSL code are relatively unaffected by the addition of the Zr metal.
However, 2r metal showed some impact on the gas generation and composition
calculations of DECOMP and CORCON code.
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The gas compositions shown in Figures 4.7-4.10 were at the temperature
calculated by the computer code. In general, the code-calculated gas tempera-
ture was approximately equal to the melt temperature. In the statement of the
International Standard Problem ISP-24, the participants were also asked to

provide the gas composition at the temperature (around 300K) measured in the

experiment. Only CEA provided this information. Their results are compared
with the experimental data in Figure 4.11. As shown in Figure 4.11, the
consistency between calculated and experimental data for the CO, flow rate is
improved. However, in the CEA calculation the CO flow rate was zero at 300K.
This was not consistent with the experimental results.

For those calculations starting at 642 sec, the predicted total gas flow
rates are compared with the experimental results in Figure 4.12. In the
UKAEA calculation, the concrete gases could be released prior to the concrete
ablation, ' ’

5. Melt Composition

The amount of Cr, Zr_and C within the melt as predicted by the partici-
pants are shown in Figures 4.13 through 4,15, Not all the participants
provided this information. For this group of variables. there is no
experimental data to compare with.

As shown in Figure 4.13, in all calculations the oxidation of Cr stopped
and. the amount of Cr in the melt stayed constant upon the addition of 2r
metal. The FAI calculation showed that the oxidized Cr was reduced by the
added 2r metal. In the post-test examination of the melt, 1t was found that
there was around‘30 kg of Cr unoxidized at the end of the experiment,

As shown in Figure 4.14, only FAl predicted that the added 2r metal was
completely oxidized at the end of the experiment, This i{s consistent with the
observations in the post-test examinations of the melt and the material
deposited on the upper wall of the crucible. In the FAl calculation, 20 kg of
7r meta) was delivered to the melt over a period of ten minutes. The 1r metal
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delivered to the melt over the first several minutes was oxidized by Cr,0, and
concrete decomposition gases almost instantaneously. The accumulation of Zr
metal in the melt started only after all Cr,03 in the melt was reduced to Cr,
Note that, in the FAI calculation the melt temperature started to decrease even
with the presence of unoxidized Zr in the melt.

Figure 4.15 shows the amount of carbon accumulated in the melt. As shown
in Figure 4.15, the accumulation of carbon started right after the initiation
of concrete attack and the rate of carbon accumulation was not significantly
altered by the addition of Zr metal. The coking reactions were not considered
in the WECHSL code and, therefore, there was no accumulation of carbon in the
melt in CEA and GRS calculations. BNL and FAIl did not provide this informa-
tion. Howéver, it has been confirmed that a certain amount of carbon was
generated in the BNL and FAI calculations.

6. Energy Redistribution of the Melt

The amount of heat in the melt transferred upward, sideward, and downward
during the SURC-4 experiment as predicted by the participants is displayed in
Figures 4.16-4.18. This information was included for code comparison purposes
and there are no experimental data to compare with,

Figure 4.16 shows the energy transfer rate to the concrete as predicted by
the participants. For those codes that do not model transient heat conduction
into the concrete, the heat transfer to the concrete is the product of the con-
crete decomposition enthalpy and concrete erosion rate. Therefore, these
curves displayed in Figure 4.16 also provide information about the concrete
erosion rate. Note that the concrete decomposi“ion enthalpy could be quite
different from one calculation to another, e.g., the concrete decomposition
enthalpy was 1.78 MJ/kg with a decomposition temperature of 1550K in the FAI
calculation, 1.49 MJ/kg at 1373K in the UKAEA calculation, and 1.95 MJ/kg at
1573K in the CEA calculation. As shown in Figure 4.16, the heat transfer rate
to concrete predicted by the participants varies over almost an order of magni-
tude.
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The sideward energy loss rates through the Mg0 walls as predicted by the
participants are shown in Figure 4.17. Due to the limitations of the codes, in
most of the calculations, except by UKAEA and ECN, the total emergy input to
the melt was reduced by a certain amount in order to include the effect of heat
loss through the Mg0 sidewalls. UKAEA calculated the sideward heat loss with
their modified version of the CORCON code which has the capability to handle
transient heat conduction into a non-ablating sidewall, Since ECN did not
submit their full report, it is not clear how ECN obtained their results. The
sideward heat loss was ignored in the CEA and.GRS calculations. In the SURC-4
experiment, the sideward heat loss amounted to 30-40% of the power coupled to
the melt through the induction coil. Ignoring the sideward heat loss could
significantly change the energy balance of the melt and allow more energy to be
available to.attack the concrete.

Figure 4.18 shows the upward heat loss predicted by the participants. The
upward heat loss consists of two parts, i.e., one part through the heat trans-
fer processes and the other carried out by concrete decomposition gases. The
CEC results displayed on Figure 4.18 do not include the energy carried out by
concrete decomposition gases. As shown in Figure 4.18, the upward heat loss
predicted by the participants varies over more than one order of magnitude.




50

4.2 Results of Aerosol Release Calculation

(1) Aeroso! Concentration

The aerosol concentrations predicted by the participants are compared with
experimental data in Figure 4.19. The experimental data were taken from Tables
7.4.1 through 7.4.3 of Reference 2. Some corrections were made to these data
to account for the inclusion of argon carrying gas and gas released from the
Mg0 sidewalls in the measurement of the gas flow rate. As shown in Figure
4.19, in al1 three calculations, the addition of Zr metal caused 2 significant
increase in aerosol concentration, In the FAl calculation, the aerosol
concentration decreased sharply after the depletion of the Zr metal. A1l the
calculations slightly underpredicted the aerosol concentration bzfore the
addition of 2r metal and overpredicted it afterward.

(2) Aerosol Size

Figure 4.20 shows the median diameter of aerosol particles as predicted by
ENEA and BNL. FAl did not provide this information. As shown in Figure 4.20,
the 2r metal had a very large impact on the sizes of aerosol »articles.
Figures 7.4.3 and 7.4.6 of Reference 2 showed that the median a2rodynamic
diameter measured in the experiment was 2 um. :

(3) Aerosol Composition

The weight fraction of five SURC-4 fission product simulants ir the aero-
sol as predicted by the participants are compared with the experimemal results
in Figures 4.21 through 4.25. The experimental results shown 1in these figures
were taken from Table 7.4.4 of Reference 2. The arrow in these fiures indi-
cates that the actual measured weight fraction was less than the valae shown in
the figures. The length of the arrow does not represent the uncertainty of. the
measurement. The horizontal bar in these figures represents the time duration
of the corresponding measurement in the experiment. The weight fration of Mo
in the aerosol predicted by BNL and FAl was not displayed in Fgure 4.25
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bacause the calculated fraction was extremely small (less than 10-10), As
shown in these figures, the presence of Ir metal in the melt had a significant
impact on the VANESA prediction (BNL and ENEA calculation) of aerosol weight
fraction of all five fission product simulants. The impact was larger for Te
and La but smaller for Ce, Ba and Mo. In the FAI calculation, the aerosol
weight fraction for all the five fission product simulants increased immedi-
ately after the addition of ‘the Zr metal and reached a peak value within a
relatively short time period. The same kind of pattern was also observed at
the time that Zr metal was depleted (see Figure 4.14)., The FAI results show
that the variations of weight fraction of La, Ce, Ba in the aerosol followed
closely with the variation of the melt temperature (see Figure 4.1). 1In the
FAI results, the Te weight fraction in the aerosol was also suppressed by the
presence of the Zr metal.

From Figure 4.21 through 4.25, it can be seen that all of the calculations
severely underpredicted the weight fraction of Te, Ce and Mo in the aerosol and
overpredicted that of Ba. Although the weight fraction does not necessarily
reflect the total amount of fission products refeased dyring MCCl, it has some
impact on the fission product transport calculation. Higher weight fraction of
fission products implies a lower amount of inert material available for agglom-
eration and settling in the containment.

(4) Aerosol Release Rate

The aerosol concentration and weight fraction discussed in the previous
sections do not reflect the total amount of material released to the contain-
ment during MCCl. For code comparison purposes, the release rate of fission
product simulants predicted by the participants are displayed in Figures 26
through 31. The Mo release rates predicted by BNL and FAI were not displayed
in Figure 4.31 because the calculated release rates were extremely small. As
shown in these figures, for the calculations using the VANESA code, the addi-
tion of Ir metal had a drastic impact on the prediction of the total aerosol,
Ba, and Ce release rate. The impact of Zr metal on the prediction of La, Te,
and Mo release rate was insignificant. In the FAl results, 2 distinct peak was
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observed for the prediction of the release rate of all five fission product
simulants. The timing of the peak was closely associated with that of the
predicted peak melt temperature (see Figure 4.1). The presence of Zr in the
melt had some effect on the prefiction of La, Ba, and Ce release rate of the
METOXA-DOE code.

The accumulated releases of these five fission product simulants and the
total amount of aerosol generated predicted by the participants are summarized
in Table 4.1. :
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ACCUMULATED RELEASES OF THE FISSION PRODUCT SIMULANTS

TABLE 4.1

Predicted Releases (kg)
ENEA, ITALY | BNL, USA FAI, USA

Tota1‘ .
Aerosol 1.12 10.30 4.75

MO 2.14x10-6 | 4.48x10-1! | 7.81x10-1!

Te 3.64x10-° | 1.92x10-2 | 2.97x10-2
La04 6.83x10-¢ | 1.42x10-% | 8.53x10-®
Ce0, 5.65x10-5 | 1.70x10-* | 2.52x10-°
Ba0 9.46x10-3 | 1.66x10-2 | 8.34x10-3
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5. SUMMARY AND OBSERVATIONS

The International Standard Problem ISP-24 of the CSNI PWG-2 Task Group on
Ex-vessel Thermal Hydraulics was formulated to understand (and ultimately
improve) the predictability of computer codes used for core-concrete analysis,
The basic fdea was to start from the initial conditions of the actual experi-
ment and then predict the results without knowing the outcome of the experi-
ment, The experiment chosen for this comparison study was the SURC-4 experi-
ment which is one of a series of eight experimental tests being conducted at
Sandia National Laboratory. The SURC-4 experiment was designed to be a
separate effects test involving a concrete crucible with Mg0 sidewalls, 200 kg
statnless steel -internally heated by a induction coil, 20 kg of zirconium
metal, and 6 kg of fission product simulants.

Eight organizations of the Task Group submitted their results. Three of
these eight calculatiens included the prediction of aerosol and fission product
releases. Three CCI thermal~hydraulic codes, i.e., CORCON, WECHSL, DECOMP-DOE,
and two CCI aerosol release codes, 1.e, VANESA and METOXA-DOE were used in the
calculation. DECOMP-DOE and METOXA-DOE together form an fntegrated code for
CCl analysis, CORCON and VANESA are 1inked together through a data file., The
model assumptions used {n these codes are described in Section 3 of this report
and the results submitted by the participants are compared with experimental
data (where available) in Section 4, It must be emphasized that this report is
& comparison of the results as provided by the participants with the experi-
mental data. It is not the objective of this report to analyze or explain in
detail the predictions by the participants. However, some observations and
comments on the results are provided, where appropriate. The Task Group is
currently discussing the direction of any follow-on activities on this standard
problem,

In summary, the results of the CCI codes used in this blind post-test cal-
culations exercise of the SURC-4 experiment exhibit large discrepancies with
each other and with the experimental results. All the codes used in the study
failed to reproduce the trend of the melt temperature measured in the experi-
ment., The concrete erosion history was 'reproduced in some of the calculations
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For the mechanistic codes such as CORCON and WECHSL, the correct prediction of
concrete erosion history does not necessarily imply that models incorporated in
these codes are adequate because the melt pool temperature was not correctly
predicted. A1l of the calculations also underpredicted the CO, flow rate.
Some calculations correctly predicted portions of the total gas flow rate and
CO, flow rate. The reductton of CO flow rates predicted by some of the codes
used in the analysis, due to the addition of Zr metal, was not confirmed by the
experiment.

In the aerosol release part of the calculations, the aerosol concentration
was underpredicted before the Zr metal addition and severely overpredicted
after the Zr metal additfon. The calculations overpredicted the weight frac-
tion of Ba in the aerosol and severely underpredicted the weight fraction of
Te, Ce, La and Mo in the aerosol.

From the results of International Standard Problem ISP-24, the following
observations were made:

- (1) . The calculated resulfs from different participants using the same
code were quite different. This implies that the outcome of the code depends
on the user's subjective choice of numerical values of fnput data.

(2) The post test examination of the melt and the materials depostited on

the upper crucible showed that all 20 kg of Zr metal added to the melt was
oxidized. However, CORCON and WECHSL predicted that a certain amount of 2Zr
metal was left in the melt at the end of the experiment. In the CORCON and
WECHSL codes, the Ir metal can only react with the concrete dacompesition
gases. A simple calculation showed that for the 3.14x10~2m? of concrete
eroded in the experiment there are approximataly 4C s.woles of C0, and 170
g-moles of H,0. To oxidize one mole of Zr reguires 2 moles of H0 or 2 moles
of CO, without coking reactions or 1 mole of CO, with coking reactfons. 1t 1s
obvious that the concrete decomposition gases generated in the SURC-4 experi-
ment are not enough to oxidize 220 g-mole (20 kg) of Zr metal added to the
melt. In order to deplete 20 kg of Zr metal within the duration of the SURC-#4
experiment, the CORCON and NECHSL codes need modification to allow fer the
chemical reactions among metallic elements and other concrete constituents.
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However, the corresponding chemical reactions, together with their heats of
reaction, are presently not known and need further experimental investigations.

(3) The chemical reactions between Zr and the oxide species are modeled
in the DECOMP-DOE code by allowing the oxide species to be reduced by hydrogen
(See Table 3.5). By doing this, the 20 kg Zr added to the melt was depleted in
the FAl calculation. However, this kind of reaction may also generate new gas
species other than CO,, CO and H,, e.g., Si0 gas is generated when Si0,, the
major constituent of basaltic concrete, is reduced by hydrogen. Based on the
simple calculation made above, if the Si0, were reduced to Si0 by Zr in the
experiment, at least 190-230 g-moles of Si0 gas would have been generated.
However, the Si0 gas was not observed, or at least not reported in the SURC-4
experiment.

(4) 1t was reported in Reference 2 that the stainless steel charge of the
SURC-4 experiment reached the melting point of 1703K at the time of 5160 sec
and started to attack the concrete at 6324 sec with the melt pool temperature
at 1746K. However, based on the Fe-Cr-Ni ternary phase diagram coded in all
three codes used in the calculation, the stainless steel charge was predicted
to be totally solid at 1746K. Measures had been taken by some of the partici-
pants to correct this inconsistency. BNL changed the relative composition of
the stainless steel charge to force the CORCON code to predict a lower melting
point. CEA and GRS replaced the melting point calculated by the WECHSL code
with fixed constants; different constants were used in their calculations.

(5) For the three thermal-hydraulic codes used in the calculations, the
same equation and approach are adopted to determine the solidus and 1iquidus
temperatures of metallic and oxidic mixtures. The presence of Zr metal in the
melt is not considered in the phase diagram of the metallic mixture in those
codes. In the FAI calculation, the phase diagram of the metallic mixture in
the DECOMP-DOE code was modified to consider the presence of Zr metal-in the
SURC-4 experiment. In the new approach, the Fe-Zr binary phase diagram with Fe
replaced by stainless steel was used to obtain the liquidus and solidus temper-
atures of the steel-Zr mixture. Based on their results, the predicted solidus
temperature of the SURC-4 metallic mixture is approximately 150 K lower than
that predicted by the old Fe-Cr-Ni ternary phase diagram in the codes.
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(6) The experimental results showed that the addition of Zr metal into
the melt pool had a strong and prompt positive impact on the melt temperature.
The melt temperatures predicted by the CORCON and WECHSL codes were not con-
sistent with this trend. In the CORCON and WECHSL code., the strong feedback
of Ir oxidation on the melt temperature can only be observed when the melt is
completely molten, i.e., there is no crust around the layer to reduce the
melt/concrete heat transfer rate. The inconsistency of the CORCON and WECHSL
predicted melt temperatures with the experimental results suggests that the
heat transfer and melt freezing models in these codes may need further improve-
ment.

(7) 1t appears that further experiments and analyses and comparisons are
needed to understand some unexpected phenomena and their influence on chemical
energy release.
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APPENDIX A
BACKGROUND INFORMATION ON STATEMENT OF PROBLEM ISP-24
This appendix contains the summary of the meeting held in Gaithersburg, MD

in October, 1987 on the formulation of the problem. Also contained is the
correspondence with N. Brealey (UKAEA) on the standard problem.

-~
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TO:
FROM:

SUBJECT:

This
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BROOKHAVEN NATIONAL LABORATORY
MEMORANDUM

November 9, 1987

PWG-Z ask Group on Ex-Vessel Thermal Hydraulics
M /L/ and R. A, Bari QJLC

Parameters to be Calculated and Reporting Format for
CSNI PWG-2 Standard Problem SP-3

memorandum summarizes the meeting of October 28, 1987 and amends

the specification for the calculation presented in the attached handout (by

M. Lee and

1.

ML/RAB:nn
Attachment

R. A. Bari) as given below:

The compositions of siliceous concrete and stainless steel used in
the SURC-4 Test are summarized in the attached tables. The gas
sampling temperature was 300 + 5K throughout the test. A value of
300K should be used for input purposes.

Two ca1cu]at10ns are required. In one of ‘the calculations, the
power 1is turned off at 162.5 minutes and in the other calculation,
a constant power of 245 kW is assumed beyond 162.5 minutes.

The pressure above the melt is assumed to be constant (at 13.2
psia) throughout the experiment. The temperature of the atmosphere
above the melt should be derived from the thermal couple readings
of the upper Mg0 crucible or Mg0 top cover.

The concrete dehydration front is defined as the 383K isotherm.

A1l of the output parameters related to the energy balance of the
melt should be in terms of kW instead of MJ.

Tape Format: For the P.C. with DOS 1.x and 2.; operating system
please use Default Format. For DOS 3.x operating system, please
use Format 18/V (see IBM DOS 3.10 Manual, pp. 7-106).

Questions: Questions on specific aspects of this caltculation
should be sent in writing to R. A, Bari at Brookhaven. A1l ques-
tions and responses will be sent to all participants.
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CHREMICAL COMPOSITION OF SURC 4 CONCRETE

Oxide

Fey03
Cra03
TiO;
K20
Nas0
Cao
MgO
810,
Al,03
Co,
H20
50;

Weight Percent

6.3

w
PN W W W TN
L] L] - [ ]

L)
BN VU W NN DL

l.

-
- ]
[®]
L]
[ o]

CEEMICAL COMPOSITION OF SURC ¢ STZEL

Element

Fe

Weight Percent

71.18
18.50
8.25
.50
' 25
.25
1.00
.04
.02
201

D e

100,00
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PARAMETERS TO BE CALCULATED AND REPORTING FORMAT
FOR CSNI PWG-2 STANDARD PROBLEM SP-3

PRESENTED AT: SPECIAL MEETING OF CSNI PARTICIPANTS
IN GAITHERSBURG, MARYLAND
OCTOBER 28, 1987
PRESENTED BY: MIN LEE AND ROBERT A. BARI

DEPARTMENT OF NUCLEAR ENERGY
BROOKHAVEN NATIONAL LABORATORY

BROOKHAVEN NATIONAL LABORATORY | )

ASSOCIATED UNIVERSITIES, INC. (R U
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BACKGROUND

- SURC-4 TEST OF CORE DEBRIS-CONCRETE INTERACTIONS CONDUCTED
BY SANDIA WILL BE CALCULATED AS STANDARD PROBLEM SP-3.

- PARAMETERS TO BE CALCULATED AND REPORTING FORMAT.

BROOKHAVEN NATIONAL LABORATORY ) 1) |
) ASSOCIATED UNIVERSITIES, INC (_l ul
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SURC-4 TEST

INDUCTIVELY HEATED MELT POOL
MELT POOL COMPOSITION
200 x6 STAINLESS STEEL
20 x6 Zr METAL
6 ke F.P. SIMULANT
SILICEOUS CONCRETE

OHE-DIMENSIONAL EROSION

BROOKHAVEN NATIONAL LABORATORY |3 1y |
ASSOCIATED UNIVERSITIES, INC (B UED
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DEI‘A'- MEASURED IN SURC-t TEST

- MELT POOL TEMPERATURE

- CONCRETE EROSION DISTANCE

+ GAS FLOW RATE

- GAS COMPOSITION

- GAS TEMPERATURE

. AEROSOL CHARACTERIZATION
- GENERATION RATE

- AEROSOL COMPOSITION
- AEROSOL $1ZE DISTRIBUTION

~ BROOKHAVEN NATIONAL LABORATORY [y 1y |
ASSOCIATED UNIVERSITIES, INC. CR UL
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EVENTS OF TEST SURC-4 .
TIME EVENTS | )
(MIN)
0.0 START OF DATA ACQUISITION SYSTEM
10.7 POWER SUPPLY ON (98" kw)
u4.0 POWER INCREASED TO 200" xw
80.5 POWER INCREASED TO 244° xw
105.4 CONCRETE ATTACK START
(TPOOL = 1746°k)
119.0 Zr METAL (20 xe) DELIVERED TO THE MELT
124.1 POWER OFF
131.7 POWER ON (245" xw)
144.8 POWER OFF
145.1 POWER ON (245° «kw)
162.5 POWER OFF

®25.5 + 27 NET EFFICIENCY TO THE MELT POOL

BROOKHAVEN NATIONAL LABORATORY 3 1 |
ASSOCIATED UNIVERSITIES, INC. (B LT

-~
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SPECIFICATIONS FOR CALCULATION

START OF CALCULATION:
;10.7 MINUTES WITH T = 300 K
OR
105.4 MINUTES WITH T = 1746 K
END OF CALCULATION
200 MINUTES
BOUNDARY CONDITIONS

PRESSURE
TEMPERATURE

CONCRETE COMPOSITION

BROOKHAVEN NATIONAL LABORATORY ) I} 1
ASSOCIATED UNIVERSITIES, INC. CRTD
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PARAMETERS T0 BE CALCULATED 1N STANDARD PROBLEM

THERMAL-HYDRAULIC

POOL TEMPERATURE (K) vs TIME (SEC)
CONCRETE EROSION (mmM) vs TIME (SEC)
CONCRETE DEHYDRATION FRONT (mm) vs TIME (SEC)

6AS GENERATION RATE (MOLE/SEC) vs TIME (SEC)
H20, Ha, CO,, CO, TOTAL (AT CODE CALCULATED TEMPERATURE)

G6AS TEHPERATURE (CALCULATED BY THE CODE)

GAS GENERATION RATE (MOLE/SEC) vs TIME (SEC)
H,0, Hz, CO,, CO, TOTAL (AT TEMPERATURE MEASURED IN THE
EXPERIMENT)

BROOKHAVEN NATIONAL LABORATORY By 11 |
ASSOCIATED UNIVERSITIES, INC. CRUET
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THERMAL-HYDRAULIC (CONT'D)

« ENERGY BALANCE OF THE MELT

A. HEAT TO CONCRETE (MJ) vs TIME (SEC)*
B. SIDEWARD HEAT LOSS (MJ) vs TIME (SEC)
C. UPNARD_HEAT LOSS (MJ) vs TIME (SEC)

INCLUDING THOSE THROUSH HEAT TRANSFER
PROCESSES AND THOSE CARRIED BUT BY GASES.

POOL COMPOSITION vs TIME®

A. Ir (xe) vs TIME (SEC)
B. Cr (k) vs TIME (SEC)
C. N1 (xe) vs TIME (SEC)
D. Fe (ke) vs TIME (SEC)
E. C (xe) vs TIHE (SEC)

*NO EXPERIMENTAL DATA TO COMPARE WITH

BROOKHAVEN NATIONAL LABORATORY By 1} |
) ASSOCIATED UNIVERSITIES, INC. CRULE
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AM \ R R ]
AEROSOL CHARACTERIZATION
- AEROSOL RELEASE RATE (6/SEC) vs TIME (SEC)

INERT (e.s., Na, K, S10; evc.), TOTAL

- AEROSOL CONCENTRATION (e/MOLE OF GAS) vs TIME (SEC)

- AEROSOL SIZE DISTRIBUTION

BROOKHAVEN NATIONAL LABORATORY | 11 |
ASSOCIATED UNIVERSITIES, INC. (R UL




103

JABLE OF CONTENTS OF REPORT
(TO BE SUBMITTED BY PARTICIPANTS TO BML BY MARCH 31, 1988)

INTRODUCTION
1.1 GENERAL DESCRIPTION OF CODES USED
1.2 MODIFICATIONS TO THE CODES
MODEL ASSUMPTIONS
2.1 THERMAL-HYDRAULIC
2.1.1 HEAT TRANSFER MECHANISMS
UPWARD AND DOWNWARD
2 1.2 FREEZING PHENOMENA
CRUSTING vs BULK, DETERMINATION OF
SOLIDUS POINT, ETC.
2.1.3 CHEMICAL REACTION MODEL
EQUILIBRIUM vs KINETIC, SPECIES CONSIDERED, ETC.
2.1.4 CONCRETE DECOMPOSITION
STEADY STATE vs TRANSIENT, DETERMINATION OF
CONCRETE DECOMPOSITION TEMPERATURE AND ENTHALPY, ETC.
2.2 AERDSOL RELEASE
2,2.1 FISSION PRODUCT CHEMISTRY
2.2.2 AEROSOL GENERATION
VAPORIZATION, MECHANICAL AEROSOL/GENERATION, ETC.
RESULTS
3.1 DATA INPUT ASSUMPTIONS
VALUES OF PHYSICAL PROPERTIES USED IN THE CALCULATIONS
E-6., CONCRETE AND MELT EMISSIVITY, THERMAL CONDUCTIVITY,
ETC.
GRAPHIC DISPLAY OF RESULTS
DISCUSSION OF ENERGY BALANCES
SENSITIVITY ANALYSIS (1F ANY)
DESCRIPTION OF FILE FORMAT .OF P.C. DISK
(SEQUENCE OF OUTPUT VARIABLE, CASES ANALYZED, ETC.)

W W W W
. . .
Vi B2 W N

BROOKHAVEN NATIONAL LABORATORY [ 11
' ASSOCIATED UNIVERSITIES, INC. (R UET
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REQUIRED FORMAT OF P.C. DISK

FORMAT

‘1. TITLE CARD
ORGANIZATION, CODES USED, CASE ANALYZED

2. TIME (IN SEC)

3. OUTPUT PARAMETERS
(REPEAT 2, AND 3 FOR ALL THE TIME STEPS)

AT LEAST ONE DATA POINT FOR EACH 60 SEC.

SEPARATE FILES FOR THERMAL-HYDRAULIC AND AEROSOL
CHARACTERIZATION OUTPUT.

SEPARATE FILES FOR SEMSITIVITY STUDIES

BROOKHAVEN NATIONAL LABORATORY [y 11 |
ASSOCIATED UNIVERSITIES, INC. CR UL
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SCHEDULE
. MARCH 3], 1988:  SUBMIT CALCULATIONS TO BAL®
- APRIL 1, 1988:  TEST DATA SENT TO PARTICIPANTS

- MAY 15, 1988: BNL ISSUES COMPARISON REPORT

- JULY 1, 1988: PARTICIPANTS SEND COMMENTS TO BNL ON

COMPARISON REPORT; PARTICIPANT
DISCREPANCY REPORTS TO BE ADDED AS

APPENDICES
- AUGUST 1, 1988:  COMPARISON REPORT SENT TO PWG-2
- SEPT.-QCT. 1988: PWG-2 COMMENT AND APPROVAL PROCESS

*SEND TO:

DR. ROBERT A.-BARI
BUILDIKG 130

DEPARTMENT OF NUCLEAR ENERGY
BROOKHAVEN NATIONAL LABORATORY
UPTOR, NY 11973 USA

BROOKHAVEN NATIONAL LABORATORY 1y 1y |
ASSOCIATED UNIVERSITIES, INC. CRULE
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BROOKHAVEN NATIONAL LABORATORY
MEMORANDUM

DATE: February 29, 1988
PWG-2 Task Group in Ex-Vessel Thermal Hydraulics

TO:
FROM: m&ﬁ Lee and R. A, Bari ?ﬂB

suBJECT: Response to questions from N. Brealey bn Standard
Problem SP-3

The attached letter (N. Brealey to R. A. Bari, 2/29/88) contains two
questions from Dr. Brealey with regard to Standard Problem SP-3 on the SURC-4

test calculation,
The following response was given to Dr. Brealey:

1. The upward heat loss from the melt should include the enthalpy trans-
ported by the gases leaving the melt.

2. The reference temperature used in calculating the enthalpy trans-
ported by the gases is the temperature of the atmosphere above the
melt,

RAB/nn
Attachment




107

-~

XEROX TELECOPIER 295 2-29-88;10:52 AM; 0235 463682 » 01 5 ¢

S(3.

URGENT FACSIMILE

T0: Dr R A Bari, Building 130, Dapartment of Nuclear Energy,
Brookhaven National Laboratory, Upten, Long lslend,
New York 11973, USA.
Tel.: 010 1 516 282 2629.
Fax number: 010 1 516 282 3957.

_ FROM: Mr N J Brealey, UKAEA, Culhem Laboratory, ABINGDON, Oxon.,
0X14 5PX, England.
Tel.: = 4L 235 21840 oxt 3404
Fax number: =- &4 235 463682.

DATE: Februery 29, 1988
SUBJECT: CSNI PWG-2 Stenderd Problem §P-3; SURC-4 Test Calculation

Dear Dr Bari, y

7 ’
1 have a question about the parameters to be calculated in the SURC-4
standard problem.

1n your paper "PARAMETERS TO BE CALCULATED AND REPORTING FORMAT FOR
CSKI PWG-2 STANDARD PROBLEM Sp-3" dated October 28, 1987, you ask for
the upward heat loss from the pelt. Should this include the enthalpy
transported by the gasses lesving the melt? If it should, at what
temperature should the entbalpy of tha gasses be assumed to bs zero?

Yours sincerely, -

N.T. Breslu

Nick Brealey
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APPENDIX B
SENSITIVITY CALCULATIONS
This appendix displayed the results of the calculations that the power

delivered to the melt was assumed to be constant beyond S750 seconds. CEA,
GRS, ENEA, ECN and UKAEA submitted the results of this set of calculations.
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