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ABSTRACT

New computer model for simulation of molten core-concrete
interaction is being developed on the basis of numerical solution
of two dimension heat transfer problem. The models of boundary
conditions, heat transfer in the melt and concrete are described.
The main features of code, realized on personal computer like IBM
AT or compatibles are considered.
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1.Introduction

In risk assessment for the NPP with light water reactors, the
accidents with the core melt are of great importance. In spite the
proﬁability of such accidents is low, their consequences may be
rather ssvere due to the considerable radicactivity release when
the primary circuit is failed. In course of the accident with the
core mnelt the long term interaction of the molten fuel and
constructional materials with concrete is quite probable. Such
interaction is extremely undesirable, due to the significant
increase of pressure under the containment, increase of the
atmospheric temperature, possible basemate melting through, the
radioactive contamination of the area and ground water .That's why
the great attention is played to the analysis of the processes
molten/concrete interaction (MCI).

The research work, concerning these problems is performed
worldwide and includes a wide range of problems, beginning from
the thermal processes analysis in the course of MCI and to the
radioactivity release. In some research centers, such as SANDIA
{I] ip the USA, RfK in FRG [2] and some others, the experiments,
concerning the interaction of the melt, simulating the core, with
concrete are performed. The goal of these experiments is, on one
hand, to receive the experimental information about the materials
behavior during the MCI and, on the other hand, all these
investigations allow to verify the computers programs, developed
for the MCI analysis.

The main processes which are to be modeled, while analvzinag
the MCI may be divided into three groups:

- thermal-hydraulic processes, including heat balance of the
molten core (MC) during the interaction, various processes of heat
transfexr between separate molten components with the account of
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phase tramsition of the molten components and etc;

- chemical reactions between the molten components arnd the
products of concrete decompcesition: these processes are closely
connected with processes ¢f gas generation and aerosol release;

- the change of the molten geometry and and the interface
between the melt and concrete in the process of deconmposition.

The separate problem 1is the development of models for
calculation of thermal-physical properties of the melt components
with the account of its composition.

There are several program developed for MCCYI analysis, for
example, CORCON [3] and WECHSL [4] codes. In Dboth codes
quési—steady state phase of concrete erosion is considered. Due to
this circumstance Dboth codes are not always suitable for
experiments modeling, especially in case of inductive heating of
pool. The second obstacle is that in many experiments, such as
experiments carried out in SANDIA laboratory [5], side heat losses
are of great importance, so it is very actual for modeling not
only core-concrete interaction process, but also general heat
transfer problem taking into account the transients in the course
of MCCI.

These transients are also important for PWR safety analysis
in case of long term MCC interaction.

So, first of all our efforts were directed to model the heat
transfer problem not only for molten pool but also for surrounding
construction and concrete.

The main differences between the well-known codes CORCON and
WECHSL and RASPLAV code are as follows:

except quasi-stesdy state interaction code RASPLAV deals
with the heat +transfer problem in the specific geometry of
experimental equipment, and it can simulate not only two
dimensional BETA experiments but also one dimension SURC
experiments;

heat losses frcm top pool boundary in codes CORCON and



WECHSL, are included by mears of key input parameters, so ths
results depend strongly on uszr input;

- the transient heat losses, concrete preheating and partial
decomposition of concrete als> may be simulated by RASPLAV;

- the exact solution of the pool heat transfer problem in
RASPLAV code instead of the cpproximate thin boundary layer model
in CORCON and WECHSL codes;

2. Physical models for MCCIX

2.1 General Comments

The program RASPLAV is being developed for two-dimensional
modeling of heat conductiv:.ty processes in the systems with
complex geometry and with various heat sources. The main physical
processes, simulated in this zode are the following:

- 2D heat conductivity taking into consideration phase
transitions (melting and vaporization);

Simulation of phase transitions is done by assuming
temperature dependencies of thermal characteristics: heat
capacity ¢ and heat conductivity #. Convective heat transfer
in the melt with temperature higher than the melting point is
simulated by increasing the coefficient of heat conductivity.

- Movement of fuel elements through the melt and also the
displacement of concrete decomposition products;

- Realization of various variants of boundary conditions on
the outer surfaces and on the inner boundaries for simulating
various conditions for the materials cooled by the contact with
the boundaries (heat losses due to radiation or boiling of water):

- The program admits stratification of the melt into layers

with the possibility of assigning heat transfer coefficients
between the lavers;

- In the program the models of chemical reactions are also
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realized, these include reactions between melted metals and gases,

formed during concrete decomposition.

So, in contrast to program CORCON the program RASPLAV allows
to calculate transitional prccesses and also, the developed stage
of interaction with concrete with the account of real geometry of
the experiment, and various constructional materials,
characterized by their own set of thermophisical constants.

In the calculations, given bellow, it was assumed that the
melt consisted of two layers - metal layer and oxide layer.

2.2. Pool Structure

The RASPLAV code admits the separation of molten pool into
two layers - metal and oxide layers, because numerous experiments
have shown the rapid segregation. But also some BETA tests have
shown the intermixing of layers in case of high gas release. This
current version of RASPLAV coile allows two possibilities:

- pool separation into two lavers and
- no pool segregation.

This option is chosen now by user and allows to analyze the
influence of pool separation on thermal bebavior of molten pool.

2.3 Thermel-hydraulics processes

Mathematical aspects of heat transfer problem are to solve
two dimensional heat transfer equation in the complex region

The egquation (1) is solvzd for
- molten pool (with or without separation);
- surrounding walls (if there are any);
- concrete.
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The current version allows to calcoulates up To six different
materials including differant layers of wmolten pool. QOne
medium-atmosphere is modeled specially.

The thermal characteristic of media depend on the following
physical properties of media:
- chemical composition;
- temperature;
- phase conditions.

In order to model phase transiticns, we should define first
of all melting of different components, the temperature dependence
of heat capacity ¢ and heat conductivity &. The latent heat of
transition is modeled by increase of heat capacity in the given
temperature interval Ts - T for each medium. This approach

allows melting when th;l tempéégture increases higher than Tsol
and freezing of molten materials in case of temperature decreases
belew T“q. Appropriate <choice of heat conductivity allows
modeling of convection by inoreasing of & when the temperature of
the pool is higher than Tco

The models for calculatisns of aaenv are bheing developed now.

2.4 Geometry and boundary conditions

Figure 1 presents the typical geometries allowed in curreat
vergion. Pig.la is the typical geometry for modeling SURC
experiment, and Pig.lb is for Beta facility.



Z - oxide B - wall £ - concrete
laver material
a. b.
Figure 1.

Some geometries for simulation of MCCI
Boundary conditions for different media are as follows:

- on the top boundary of molten pool the radiation is taken
into account; in case of closed volumes (like drawn on
Fig 1la) the radiation heat exchange between upper pool
boundary and surrounding boundaries is possible;

- on the boundary between molten pool and concrete several

possibilities are realized now;

* radiation and convective heat transfer

4 4
q = €0(T,, - T )+h(T -T )
« heat transfer by conduction; in this case h=&/},

where A is the distance between contacting cells;

- all other boundaries (molten pool - walls, interlayer
boundaries), also allow heat convection or conduction,
..e. the boundary condictions are in the form,

qﬂh(Tbl _TbZ)

withh possibility of conduction, when h= % , where heat
trransfer cr2fficient is chosen by user input.
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It is well-known that heat transfer coefficients in the
core-concrete and inter-layer interfaces depend on bubble
phenomena in the pool and superficial gas velocity with its
proportional to concrete erosion rate. The current version allows
to define heat transfer coefficients as a function of different
parameters. The gas film model like WECHSL model is included as
one of the possibilities. But in general this guestion is being
investigated now to introduce into RASPLAV some models on the

bases of experiment modeling.

2.4.1 Gas film model.

To define boundarxry conditions on the melt-concrete
interface the CORCON film model is used []. According to this
model flux to concrete is defined by formula (2) and heat transfer
coefficient is calculated as follows

' 4
h = NIJ'"-'E-*- $
5
where Nu - Nusselt number, calculated for different flow regimes,
8 - gas film thickness, # - gas heat conductivity.

G
Heat traansfer coefficient depends on

superficial gas velosity ‘VB and flow regime in gas film. The
following regimes are considered:

Film on the plate surfacz (inclination of interfasde boundary
less than 15°). In this case

Nu = NuB = 0.804

63 = 15.05«ReB-L°
2
LT
vasa / OG
ReB = u a = ——_(pL—pG)
G g

If the inclination angle greate than 15° the Reynolds number
is used for calculations of heat transfer coefficients which is
defined as

Re_ = —-1-—Jr(1-f)p v a1,
£ G =

r
where integration along the interface boundary is made. The
laminar and turbulent film thickness and corresponding Neusgel

numbers are calculated:

5 = S.Si-RerLa/sin’ﬂ 8, = mma-m?"*xf’miw
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Nu = 1 Nu_ = 0.035:Pr Re. "
The final heat transfer coefficients are calculated
taking into account the possible mixed regimes of gas film flow.
Por large inclinations ({more than 15°) used formulaes look as

follows ;
sin
83 = 6:--—a~L~ + max ( 52, 6: )
sint
Nu = f-NuB + (1-f)°nax{NuL,NuT)
f - number characterizing the flux distribution between film and
bubbles is changed between 0 and 1 for inclinaticons ﬂl < ¥ < ﬁf

sin‘ﬁ2 - gint

f =
31nﬂ2 - sinﬁ1

2.5 Chemical reaction in the pool

A lot of chemical reactions can take place between different
components in condensed phase in the molten pool.. Now only a part
of them is included into codes. These are first of all the
reactions between molten metzls and gases bubbling though a metal
layer.

The current version of RASPLAV code consider the following
exothermic reactions between metals and gases released in course

of concrete decomposition:

Zr + 2820 -> ZrO2 + ZHZO + 7700 J/g Zr

Zr + 2CO2 -> ZrQ, + 2C2> + 5900 J/g Zr
2Cr + SHZO -> Cr203 ¥ 332 + 3500 J/g Cr
2Cr + 3C02 -> Crzo3 + 320 + 2800 J/g Cr

These reactions give the main thermal release and should be
taken into consideration. Except these reactions which are
recognized during the modeling of SURC-4 experiment it was found
that the reaction between molten Siozand Zr may be of greate
impértantance.

Zr + 8i0, -» ZrO2 + 81 + 2100 J/g Zir
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The heat release is about four times smaller than for wvapor
reaction but the total content of Sio2 in concrete exceeds the
content of H20 in more than ten times. 8o, the heat effect of the
reaction can be comparable with the heat effect of steam-zirconium
reaction.

And the additional heat source due to reactions is calculated
by means of formula

Ch Met

Q « AH v 0
H20 HZO Ig (0] g J
Ch Met -

Q ~ AH v =
CO2 COz C(z C?

Ch et °
Quir = AR M.
S:n.C)2 S:LO2 Slg
The index MET is defined by the metal constituent which react with
gases at current time and denotes one of the Zxr, Cxr, Fe.

The total chemical heat is equal to:

QCh

Ch Ch Ch
= Q% * % o * 9si
002 H20 S;ug
We do not consider now the reaction between condensed 8510
{oxide layer) and 2r (metel layer) because of the chemical
kinetics importance for this process which is unknown now.

2.6 Material Properties

The complex melt compesition required for adequate modeling
is the exact knowledgeof material properties of complex mixtures.

This question is being investigated now and all the material
properties can be defined by user input, by means of handbooks for
example. We use also temporary models for calculations like models
realized in CORCON and WECHSL codes. These auxiliary models refer
to simple data base which contains the approximation ceoefficients
for'calculations of heat capazity of different materials

c=A+BT+CT + DT

where A, B, C, D are the interpolation coefficients depending on
temperature interval and phase conditions of the component. The
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model realized now is the model of mechanical mixture of
components, i.e. the specific heat is calculated by means of
formula

(k)

c =2 m, C /2 m

The heat conductivity & is defined now by user input.

3.Models of Concrete Ercsion
3.1 Concrete decompositiosn model

Concrete dJdecomposition is a very complicated and complex
process.

The models of concrete erosion should consider a 1lot of
physical and chemical processes going on during concrete heating.
There are several steps in concrete decomposition when the
concrete temperature is increased. The specific concrete processes
considered in RASPLAV are presented in Table 1.

Table 1.
Temperature Processes Heat AQ kJ/mol
400-500 K Hzo evaporation 39.4
700-800 K Ca(OH% -> Ca0 + Hzo 99.5
1100-1200 K CaCO3 -> CaO +CO2 165.5
1500-1700 K Melting Calculated
Value

The temperature intervals depend on concrete type. The heat
of different stages of decompdosition is included in calculation of
heat capacity of concrete. The addition in heat capacity due to
these processes is as follows

AC®™ = AQ Q. /A
B O BZO 520 nzo

dehyd
Ac;o" = AQ a /A
2 Ca(DH)Z Ca(OR) _ Ca(Uﬂ)z
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Acw = Agm a, A,
2 2 2 2

As an input data the wuser define the decomposition
temperature Tdc and also solidus and liquidus temperatures.

It is proposed that the final melting of concrete occurred at
the temperature Tdc. So in calculations the mass of decomposed
concrete is

(] ]

Moon= (1% 07%0 ) V¢ Peon
2 2 dec

where the V& - is the volume rate of decomposition i.e the volume
dc
inside the melting point isothexrm.

User input parameter allow to vary mass addition to oxide or
metal layers, to take into account layer structure of the pocl.

3.2 Gas release model

The gas release from concrete plays an important zrole for
defining heat transfer «coefficients on wolten pool-concrete
interface and also %o calculate reaction in the pool . Table 1
shows that decomposition by stages is cornected with gas releases.
For calculations three parameters are defined: the temperature of
bound and free water evaporation, the temperature of Ca{OH)2
decomposition and the temperature of CO2 release. The proposal is
that the gas release is proportional to the volume changes inside
the isotherm of dehydration and decarbonization.

m, = 0 v
H O 10 Hopcon
2 2 2

m = Q
co 20 VCO ‘O con
2 2 2

where VB 6 and Vco are the volumes inside which the temperature
2 2
of concrete is greater than '.[‘3 o and Tes correspondingly.
2

This approach means the following physical propositions:

- partially decomposed concrete is permissibie for gases;
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- the gas release is governed by specific temperatures of
different stages of concrete decomposition, and do not follow the
erosion fromt; this is especially important for some experiments
and long term concrete erosioa.

Codz structure
The code complex RASPLAV consists of four main parts:
- interactive preprocessor (AUTOGRID)
- 2D heat transfer Solver (RASPLAV)
- Mathematical tools to support data bases

- Postprocessor

The general structure is presumed on fig.

Preprocessor

’ . ] Postprocessor
RASPLAV ; | f

——! 2D Solver

1

|
Data Bases i

l !

Preprocessoxr 1s an interactive code package for automatic
grid generation for calculation region. The nonregular meshes are
used 1in calculations. For this purpose the process of grid
generation form the correspordence between the real boundaries in
physical space and the Dbecundaries in index spacs. If the
calculation region consist of different media then it is necessary
to find all the boundaries and estadlish corresponding boundaries
for indexes. After all boundaries are established the mesh is
generated. This wmesh will not be an orthogonal one. The output
preprocessor file (file extemnsion .8TK} contains both all the
necessary topology :spects of a region and index coordinates of
external and interp,l boundaries.

2D Heat Transfer Solver RASPLAV is a code package for
interactive inmut of different calculation parameters and also the
codes for numerical solution of heat conduction equaticn.



The adaptive nonregular mesh in different media can be built
directly in this part of code package but it can also use the grid
from AUTOGRID preprocessor.

The possible types of Dboundary conditions include the
boundary condition of the first type and the second type, when the
boundary temperature or the boundary heat flux are defined.

The interactive interface allows to define the boundary
temperature as a function of time or as a constant, the boundary
flux can be defined as a constant, as a table function on
temperature and/or time or as an amnalytical function.

Some boundary conditions are strongly defined:

- on the boundaries between media and atmosphere the
radiation heat exchange is necessary;

- on other boundaries tre second type of boundary conditions
in the form of

g = ¢ h (Tyy- Tpy)

are defined.

For the thermal coeff:cients of heat capacity and heat
conductivity it is possible to use the values stored in data bases
or these parameters can be defined by user input using interactive
windows for data input. All these parameters can be defined as a
constant, as a table function or as a analytical function
depending on temperature.

The heat source {except additional chemical heat) can also be
defined as wuser input parameter as a function of time or
temperature.

2D solver is build using the usual procedure to divide the
calculation according to physical processes. The main parts are as
follows:

- solving the heat transfer equation for different media,
taking into account boundaries conditions;
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- generation of new grid (adopt the grid according to melting
of concrete, for example):

-interpolation of temperature field from old grid to new one.

This means that during the calculation initially orthogonal
grid will be nonorthogonal, so the calculation algorithm realized
in RASPLAV is based on econoriical method of thermal displacement,
which will be described later. This method is the generalization
of well-known Peacman-Rachford scheme for numerical solution of
heat conductivity equation.

The calculation part of code package (solver RASPLAV)
realized on C language may be used on any type of computers with C
compiler.

When used on PC this code contains small tools for graphic
presentation of results: —-emperature fields, 1D graph for
temperature field cross section along x and y axis. The user can
interrupt calculation in any moment and see the preliminary
results of modeling. The save and restore procedures to continue
calculations are also realized.

A lot of information which is useful for core-concrete
interaction analysis is included into output files generated
during calculations.

Postprocessor for data presentation and data processing
allows the following functions:

- quick look of output files and variables stored in it;
- the transformation of data, obtaining an average and
integral values (for example, an integral boundaries flux, average

temperatures etc.);

- the presentation of results in the form of tables, with
their further visualization ;

- graphic presentatiun.
* one dimensioral graph;
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* two dimensional temperature fields presentation;
* 20 presentation of caleulations;

- formation and visuvalization of temporal curves;
- showing graphs of objects in statics and dynamics;
- obtaining of hard copies.

Postprocessor is realized on PC type of computers, using
windows and menu interface which is supported by help files.

Data bases and mathematical tools for data processing are
also included into RASPLAV codes. The work of formation and
storage data in data bases is not finished now. The main data
bases which are planned to be realized are as follows:

- heat capacity tables of different components, taking into
according the phase transition points and latent heat;

- heat conductivity;

- thermal characteristics of components;

- chemical data.

General Summary

As it was said earlier the main purposes to mnake a code
package for heat transfer problem. Different parts of this code

package allows to input the data, to do calculation and to present
results of simulation.

Twe parts of code packace are oriented for usage on IBM tvpe
PC. The central part - 2D heat solver can be used on any type of
computers. So, the general procedure of calculation looks as
follows:

- PC data input dialog by means of processor;
- main calculations by 20 solver;
- PC interface output of results.
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This technology allows to increase the efficiency of data
input and data apalyses.

Some characteristics of RASPLAV Solver on PC :

¥S DOS operation system (640 EBj;
possible grid about 8 000 cells;

- memory requirement depends on grid used for calculation;

- usual required time about 30 minutes (for grid about
50x100) on PC with 386/387 processor.
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