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ABSTRACT

In the unlikely event of a severe accident In a nuclear power plant,
the core may melt through the vessel and slump into the concrete
reactor cavity. The hot mixture of the core material called "corium"
interacts thermally with the concrete basemat. The WECHSL code,
developped at K.f.K. Karlsruhe in Germany is used at the Protection
and Nuclear Safety Institute (I.P.S.N.) of CEA to compute this molten
corium concrete interaction (MCCI). Some uncertainties remain in the
partition of heat from the corium between the basemat and the upper
surrounding structures in the cavity where the thermal conditions are
not computed.

The CALTHER code, under development to perform a more mechanistic
evaluation of the upward heat flux has been linked to WECHSL-M0D2
code. This new version enables the modelling of the feedback effects
from the conditions - in the cavity to the MCCI and the computation of
the fraction of upward flux directly added to the cavity atmosphere.

The present status is given in this paper. Preliminary calculations of
the reactor case for silicate and limestone common sand (L.C.S)
concretes are presented. Significant effects are found on concrete
erosion, gases release and temperature of the upper part of corium,
particularly for L.C.S concrete.

1. INTRODUCTION

The interaction between molten core debris and concrete is an
important aspect of the overall severe accident because of its
consequences :

- A release of radioactive and non radioactive aerosols.
- A generation of concrete decomposition gases, combustible and non

combustible and an energy transfer to the containment which
contributes to the risk of overpressurization.

- A containment failure through penetration of the basemat.



This paper deals with our ability to provide predictions in the two
last areas of interest.

In its analytical effort, the CEA uses and contributes to the
development of the WECHSL computer code /1/ for MCCI studies. WECHSL
is one constituent of the ESCADRE code package /2/ used in France to
study severe accidents. The last version MOD2 of WECHSL includes the
long term period of the MCCI. WECHSL was validated on BETA
experiments, mainly with concrete of silicate type /3/.

Currently some uncertainties still remain in the treatment of the heat
and mass transfer and on the melt configuration. The main feedback
from the cavity conditions to the MCCI which is the influence of the
temperature and emissivity of the structures of the cavity on the
temperature of the top surface of the corium is not mechanistically
modelled. The upper boundary condition is only given by the user via a
surrounding temperature versus time. This value depends on the heat
exchange between the top surface of the corium and the cavity. This
dependence influences in turn the partition of energy between the
basemat and the structures in the cavity which can be damaged by
ablation.

Preliminary computations show that a change in the upper boundary
condition can cause substantial changes in the fraction of heat that
is used to ablate the basemat concrete and in the gas generation.
Similar conclusions were obtained by UKAEA with reactor calculations
performed with CORCON M0D2 code /4/.

These conclusions demonstrate the need for an integrated code
including WECHSL with a cavity model describing the thermal behavior
and ablation of the walls, the thermal and mass transfer exchanges,
and the cooling of its atmosphere by natural convection via the
venting shaft.

For these reasons, the CEA decided to develop a cavity code named
CALTHER. A first version of CALTHER presently under development is
linked to the German WECHSL code.

2. DESCRIPTIOM CF THE CALTHER CODE

2.1 General description and modelling

The reactor cavity is modelled by different components.

- The top surface of the corium which is the interface between the
WECHSL and CALTHER codes.

- The concrete walls of the cavity which is divided in different
annular surfaces sach one assumed at a uniform temperature.

- The remaining reactor vessel can be modelled with different steel
slabs.

- The gas mixture of absorbing gases H2O, CO2 and CO coming from the
concrete decomposition.



At the present stage of development the aerosol effects on the
radiative heat exchanges are not taken into account.

VR.P.V. wall(s)The figure 1 gives a simple
example of a cavity configura-
tion used in CALTHER.

At the beginning of a time
step all the surface
temperatures are known (the
surface temperature of the
corium is given by WECHSL).

A gas absorption model calcu-
lates the mean transmittance
of the gas mixture from the
characteristics of each ab-
sorption band. Then a
radiative heat transfer model
determines the net heat flux
on each surface as well as on
the gas mixture presently
supposed to be at an interme-
diate temperature between the
different wall components of
the cavity (assumption of no FIGURE 1 - Cavity configuration with
cooling by natural convection 6 components : corium, 3 concrete
through the cavity). walls, 1 RPV wall, the gas mixture

concrets
waits
of the
cavity

The net surface fluxes previously computed by the radiative heat
transfer model are used as internal boundary conditions by the thermal
conduction model to calculate the thermal behavior and the ablation of
each wall component. This model is linked to a mechanistic model of
gas release for concrete walls.

In spite of the possible ablation of the walls, the view factors anci
the mean beam lengths are kept constant during the calculation.

2.2 The radiative heat transfer model of the cavity

This model provides :

- The net radiative heat flux on each component of the cavity
enclosure as function of wall and gas temperatures.

- The energy deposited in the gas mixture which may absorb and emit
radiation.

The geometrical configuration of the cavity (fig. 1) is described by
view factors and geometric mean beam lengths between the different
surfaces of the enclosure. All the surfaces are treated as gray
diffuse emittors and reflectors. The gas mixture is assumed
isothermal.

The general steady-state equations for determining radiative exchanges
in a gray diffuse enclosure of N surfaces are based on the net-
radiation enclosure model /5/ used with the concept of the total



interchange area SiSj between the different wall surfaces and gas
mixture /6/. The surfaces SiSj, which characterize the cavity geometry
and reflectivity represent the part of the surface Ai whose radiative
emission is absorbed after reflections at all surfaces by the surface
J :

Qt — J = S1Sj Ei Ei = o Ti1*

These SiSj quantities are the solution of the following relations
solved by the Gaussian elimination.

M
S [ «SEL. - U ^ a i Fkm Tkm 1 SjSn = ç j F k j fkJ

m=1 Cm* Am Cm» Am

Ic = 1, N J s 1, M

çm : emiaaivity of surface m
: view factor between the two surfaces k and m
: mean gas transmittance between surfaces tc and m

Am : surface area

The SiSj surfaces being a weak function of the temperatures of the
enclosure, its calculation is only performed with a lower frequency
given as input data.

The total interchange area SiSg between a surface and the gas mixture
results from the conservation equation of the energy emitted by this
surface :

N
Ai Ci = Z SiSj • SiSg

The net radiative flux on a surface Si and on the gas mixture are :

N
Qi = Z (SiSj Ei -.SjSi Ej) + SiSg Ei - SgSi Eg

N
Qg = - Z Qj (energy balance in the cavity enclosure)

2.3 The gas absorption model

This model provides for each absorbing gas :

- The characteristics of each absorption band.
- The transmittance Tij (B) between the surfaces i and j for each

band B.

A mean transmittance T y is then calculated by summing the
contribution of the (2B+1) spectral intervals delimited by the B bands
of the gas mixture (B=5 for H2O alone). This sum is weighted by the



Planck black body radiation distribution. Outside an absorption band,
Ttj (B) is equal to 1. The transmittance Tjj (B) can be evaluated at
the temperature Ti of the surface emitting the radiation through the
gas or at the mean temperature (choice in the input data).

The tranamittance of each band is obtained from the statistical Goody-
Mayer model assuming within a band a random distribution of spectral
lines. In the conditions of MCCI, the line profile obeys the Lorentz
profile (collision broadening lines) and TiJ (B) is a simple
expression of the characteristics of the absorption bands (band width,
line width-to-spacing ratio, band intensity). These band properties
which depend of the gas nature, partial and total pressure and gas
temperature, are given by the Thomson correlations.

The only gas component calculated in the present version is H2O. The
non-condensable gases CO2 and CO will be introduced later. A user
option enables calculations without an absorbing gas mixture.

2.4 Thermal conduction model

The one dimensional heat conduction equation is solved implicitly in
each wall by a finite difference approximation of the following
equation :

Cr<» — = - &• + q r<>
dt dr

0 = -r» k(T) 7T(r)

T(r) : temperature at position r K
C : volumetric heat capacity J/m3
q : volumetric heat source J/m3
a : geometrical factor (plane : a=0 ; cylindric : a=1)
k(T) : wall conductivity W7(mK)

The changes in T in the radial direction being much greater than the
changes in the axial direction the 1D appreximation is sufficient.

Boundary conditions

The flux as calculated by the heat exchange model is imposed at the
inner surface and a temperature is given in the input data for the
outer surface. The inner surface may move with time due to ablation.
In this case, the velocity of the melt front is given by :

X = 1 {as + ra k(T) VT} L : specific latent heat of melting

and the temperature of the face mesh is limited to the melting
temperature. This mesh is eliminated when it is completely molten. The
melt front can also move back in case of freezing.
The multilayer wall slabs use a node-size distribution given in the
data.

2.5 Gaa release model

Only the moat important aspects are computed : the energy sinks due to
concrete decompositions, the location of the three decomposition



fronts and the mass flow rates of free water, bound water and CO2.
This model is strongly linked with the thermal conduction model.
Continuity equations describe the composition distributions. Momentum
equations are not considered so the pressure distribution and the gas
flous inside the walls are not calculated.

When a concrete wall is heated the released conditions are :

- Free water at the local saturation temperature inside the wall.
This value is given in the data (approximately 400 K for MCCI
conditions).

- Bound water between 530 K and 770 K due to hydroxides
decomposition.

- CO2 between 900 K and 1300 K due to calcium carbonates
decomposition.

The free water release echanism is similar to the mechanism of
ablation. Bound water anc O2 are released with Ari-henius kinetic laws
which enable with the concrete decomposition heats, the calculation of
the corresponding energy sink.

Validation of the thermal and gas release models

A series of realistic scale experiments have been conducted in the CEA
to study the thermal response and gas release of concrete cylindrical
samples (1 m length and 1.13 m diameter). The slabs were heated on one
side and quite well instrumented to measure the temperature on
different axes and at different levels. The CO2 kinetic correlation
developed with these results have been incorporated into the code.
Figures 2 and 3 illustrate a comparison between data and the
calculation of a test performed with a L.C.S concrete sample. The
comparisons show that this simple model is sufficient to calci- ? the
themal cavity behavior during MCCI conditions.

A : Z'.05 m Z>.SO a — CALTHER

B : Z » . 1 0 m E : Z » . 7 0 m • • TEST

C : Z>.SO m F : Z » 1 . 0 m

400

FIGURE 2 - Calther-experiment
comparisons. Temperature evo-
lution at different elevations.

FIGURE 3 - Calther-experiment compari-
sons. Total mass of H2O and CO2 released.



2.6 Linking between WECHSL MQD2 and CALTHER

The two codes are linked at three levels :

- The top surface heat flux from the corium is now calculated by the
CALTHER module from all the surrounding surface temperatures.

- The decomposition products from the cavity (molten concrete or
molten steel) are added to the corium during the MCCI calculation.

- The gases released from the cavity walls are added to the gas
release calculated by WECHSL.

CALTHER is used as a user's option model. After the short-term of the
MCCI, the slow variation of the wall thermal response enables cavity
calculations with greater time steps than those of WECHSL.

3. PRELIMINARY COMPUTATIONS OF THE REACTOR CASE

WECHSL calculations of MCCI have been performed with and without the
CALTHER module. The cavity is a concrete cylinder (4 m high, 6 m inner
diameter) divided in 3 annular surfaces and the vessel is represented
by a 0.6 m thick plane steel slab (fig. 1). A constant ambient
temperature of 773 K is imposed in boundary condition for the standard
WECHSL calculations (value used to represent the cavity until now).

The runs are performed with a silicate and a L.C.S basemat concrete
(Table 1). The gas mixture is assumed transparent. The corium
composition is typical of a 900 MWe PWR with an initial temperature of
2673 K (79.6 t U02 ; 17.2 t ZK>2 ; 34.9 t Fe ; 5.4 t Zr ; 6.2 t Cr ;
4.3 t Ni). The decay heat of 22.4 MW at the beginning of the MCCI is
mainly located in the oxide phase (88 %).

TABLE 1 - Concrete composition in % mass

Silicate concrete
L.C.S concrete

Ca CO3

1.5
56.

3.1 Short-term phase ( t < 1

Ca(OH)2

10.3
2.

JiI

81
25

O2

.8

Free

4.
5.

H2O

2
7

Al2

1

03,-

2.2
1.3

The effect of the CALTHER module is not significant for two reasons :
first, the vertical heat transfer from the corium to the basemat is so
high (a few hundreds MW) than the upward heat loss is always less than
10 % of the total heat loss. Second, when this vertical heat transfer
decreases, the walls of the cavity are still "cold" and at a
comparable temperature-level with the one in the standard WECHSL runs.

3.2 Long-term phase

The cavity effect increases gradually with its wall temperatures
leading to a significant decrease of the upper heat flux loss
(fig. 4). This very important effect of CALTHER leads to higher
temperatures in the upper oxide layer of the corium especially for the
surface temperature (fig. 5). In consequence the upper crust of the



oxide layer never appears although always predicted by WECHSL in
standard MCCI calculations.

Silicate concrete cases.

With CALTHER the upward heat loss decreases by a factor 2 from 15 % to
8 % ot the total heat loss. After 4 days the mean cavity and top
surface temperatures (1450 K and 1500 K respectively) are much greater
than without the cavity (770 K and 950 K). The low value of the upward
flux explains the weak effect on the global concrete erosion. A higher
temperature in the oxide phase leads to a lightly greater radial
erosion (fig. 6).

Basemat penetration times for a 4.7 m thickness are similar in the two
cases (3.8 days with and without CALTHER for oxide phase penetration
and 4.6 days instead of 4.4 days for metal phase penetration). After
three days of MCCI, the axial erosion by the metal phase is slightly
delayed because the dilution effect becomes more important than the
one of the upward heat flux reduction. The total gas release (fig. S)
is increased with CALTHER due to more radial erosion and to the
addition of the gases released (12 t of H2O) by the walls of the
cavity. The addition of oxides from the ablation of the walls (25 t)
increases the level of the corium.

LCS cases.

The important upward heat loss predicted by the standard WECHSL
calculation is strongly reduced by the cavity model from 35 % to 10 %
of the total heat loss after 4 days (fig. 4). This effect is more
important than with silicate concrete because the top surface
temperature of the corium calculated by the standard WECHSL code is
significantly greater (fig. 5). Upper temperatures after 4 days are
also quite different (1550 K and 1600 K for the mean cavity and corium
surface temperatures instead of 770 K and 1100 K).

Radial and axial erosion are significantly increased (fig. 7). Basemat
penetration times for a 4.7 m thickness are lower : 4 days instead of
5.7 days for oxide phase and 7 days instead of 9 days for metal phase.
The total gas release is also strongly increased (fig. 9). The cavity
model adds 20 t of oxides into the corium, 13 t of H2O and 15 t of CO2
into the containment.

3.3 Absorbing gaa mixture effects

Sensitivity calculations performed with an absorbing gas mixture (50 %
of H2O) show significant effects on the upward heat flux and on the
energy distribution between the cavity structures and the gases. These
energy transfers are mainly governed by the gas mixture temperature.

For natural convection through the cavity with a "cold mixture"
imposed at 1300 K, the upward flux is two times greater than with the
transparent mixture and 85 % is directly evacuated to the containment
by the gases. Without cooling by convection the energy is almost
entirely absorbed by the structures like in the transparent mixture
case.
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Realistic evaluations of the fraction of upward flux added to the
atmosphere require a more complete gas mixture model to calculate the
mixture temperature from the energy and mass balance equations in
addition to the modelling of the absorption by CO and CO2 gases.

4. CQMCLUSIOM

During ';ha development of CALTHER the thermal and gas release models
have been validated. A first version has been linked to the last
version M0D2 of WECHSL code.

Preliminary WECHSL reactor calculations performed with and without
CALTHER show significant effects on the concrete erosion and
consequently on the gas release particularly with LCS concrete
basemata which are completely penetrated 30 % earlier. Damages to the
cavity structures stay limited with a maximum radial ablation of 0.4 m
in the concrete walls and no further significant melting of the RPV.
Significant effects are also found on the temperature level and on the
crust formation of the upper part of the corium. These effects could
be of particular relevance for the calculation of aerosols formation
and fission products release during a MCCI.

The effects on the containment pressurization and on the accumulation
of burnable gases will be examined subsequently with the ESCAORE code.

These results must be considered with caution especially for the long-
term phase of MCCI and for the LCS concrete because the WECHSL code is
not yet completely validated.
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