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ABSTRACT

In the framework of severe accident research on PWR, the Thema code aims at predicting the
spreading extent of Corium in given conditions of pouring rate, initial Corium composition and
temperature and considers phenomena as complex as top, bottom freezing and melting of the
substrate. This paper makes the current status of the assessment of the code against the Corine
experimental program which considers separate effect tests working out non freezing and low melting
point simulating materials to validate some essential models present in spreading codes. Isothermal
tests using water-glycerol mixtures are first considered to investigate the validity of the friction law and
the extent of surface tension effects at the front. Non isothermal spreading with bottom freezing is
then considered. Comparison of results of the code with known solutions of different problems related
to solidification of a moving warm liquid, thermal chock and conduction in the bottom plate appears to
be a very useful tool to verify the relevance of the models and to adjust numerical parameters. Finally,
first spreading calculations with bottom freezing are compared with Corine experiments using the
eutectic Bismuth-Tin alloy as working material.
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1. INTRODUCTION

In the event of a highly unlikely core melt-down accident in Pressurized Water Reactors, scenarios in
which the reactor pressure vessel fails and the high temperature core melt mixture relocates in the
reactor cavity cannot be excluded. Thus industries and utilities have been requested to take such an
event into account for future reactors. Within this context, large R&D efforts throughout the world are
currently directed towards various so called 'core-catchers' concepts. Among the most advanced
projects, the European Pressurized Reactor is considering a core-catcher which is based on mixing
the Corium with a special concrete, then spreading the molten mixture on a large surface and
subsequently cooling by flooding with water. Therefore, sufficient melt spreading is one of the key
phenomena to achieve ex-vessel melt coolability and consequently deserves intensive investigations.

Considering the large number of thermo-physical and thermo-chemical phenomena involved in the
melt spreading process, the help of computer codes such as Thema developed by CEA at DRN/DTP
in the frame of a CEA-EDF agreement appears to be necessary. In the scope of code assessment,
the use of Corium simulating materials is attractive. The Corine experimental program at DRN/DTP,
started in 1992 by IPSN and co-financed by EDF, aims at studying spreading with low melting point
simulating materials through separate effect tests where the major investigations concern the separate
influences on the spreading process of the bottom and the top crust as well as the increase of the
apparent viscosity in the liquidus-solidus interval of the material. However, for the sake of verification,
and in the scope of investigating particular phenomena specially related to high temperatures
(interaction with the basemat, chemical processes), some experiments are performed with prototypic
(or real) materials in the framework of the Vulcano programme at CEA/DRN/DER and elsewhere (ZfK,
Simpelkamp, JRC Ispra).

After a description of the main models worked out in Thema code and a survey of the Corine program,
this paper deals with the current status of the assessment of the code. First the models related to
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friction along the bottom plate and to the effect of surface tension at the front are investigated by
considering isothermal tests with water-glycerol mixtures as working materials. Then non isothermal
spreading accompanied by freezing of the materials is considered but restricted, for the moment, to
solidification on the bottom plate. Conduction model in the support and crust formation on it are
checked through comparison with problems with known solutions, before a primary assessment of the
code in bottom freezing situation.

2. NUMERICAL AND PHYSICAL MODELLING IN THEMA CODE

2.1. Generals

The Thema code computes 1D or2D spreading of two possible stratified phases (metallic and oxidic)
with phenomena as complex as bottom and top freezing and ablation of the basemat. Further
developments will take into account sparging gas from the substrate and chemical reactions with the
spreading phases. Fig. 1 shows the basic solid-liquid configuration envisaged in the code.

In the melt, modeling is based on 2D balance equations as a result of the integration over the melt
thickness of the 3D equations. As a consequence, specific constitutive laws in terms of depth
averaged variables (velocity, temperature) are needed. A single momentum equation is considered
under the shallow water assumption whereas two energy equations are used, one for the metallic and
one for the oxidic phase. Furthermore, several mass balance equations are used for each constituent
of each phase. The numerical integration of the finite difference set of equations uses a semi-implicit
method with second order discretization in space together with a Newton-Raphson iteration
procedure.

Crust formation at the bottom and at the surface of the melt are taken into account with specific
models where temperature profiles in the crusts obeys algebraic formulations. The value of heat
resistance at contact with the substrate is input by the user.

calculated temperature profile

melt temperature

calculated temperature profile

conduction in the substrate
with fine meshing

Fig. 1 : Solid-liquid stratification in Thema modelling

A key parameter for crust formation is the temperature Ts at the solid-liquid interface. It is the melting
temperature for eutectic materials and for non eutectic cases can be the liquidus temperature (if the
assumption of thermodynamic equilibrium between liquid and solid is fulfilled), or a temperature
between liquidus and solidus corresponding to a sufficiently high viscosity.

In the two following sections a brief description of the models and constitutive laws specially in
consideration in this paper is given.

2.2. Hydraulics

2.2.1. Friction factor
As far as wall shear stress is concerned, the user can select among two formulations. The first one is
the classical law valid for fully developed flows, based on a Reynolds number with the hydraulic
diameter equal to four times the melt height. For low Reynolds numbers, the laminar friction factor is
24/Re (eq. 1), whereas the turbulent coefficient is 0.083.Re025 (eq. 2). The second formulation is
based on the assumption of an existing boundary layer developing axially along the top and bottom
crusts with classical approximated velocity profiles in the boundary layer for the laminar or turbulent
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regimes. Expressions of the friction coefficient are obtained, depending of the local boundary layer
thickness [1]. In the case of no upper crust, flow is fully developed when the boundary layer thickness
reaches the melt thickness. Then the laminar coefficient is 19.2/Re (eq. 3), and the turbulent one
0.062 Re"025 (eq. 4) which are 25% lower than the above-mentioned classical coefficients.

2.2.2. Effect of surface tension
The surface tension effect is considered at the leading edge of the melt spreading. The front

progression is allowed only if the melt thickness is higher than a limiting value, (2 a/pg)1/2, obtained by
balancing the gravity forces and the surface tension forces.

2.3 Thermal constitutive laws and models

2.3.1. Crust growth model
Crust growth equation arises from an energy balance at the liquid solid interface. In order to determine
heat fluxes at the crust boundaries the temperature profile is obtained by solving the 1D transient
conduction equation through analytical iterations.

2.3 2. Heat transfer between the melt and the crusts.
Correlations for heat transfer coefficients valid either for large (oxides) or small (metals) Prandtl
numbers are used to compute heat transfer between the melt and the crust.

2.3.3. Conduction and fusion in the substrate
Apart from the fluid balance equations, a 3D balance energy equation is considered for the substrate.
Basically, the advancing front generates a thermal chock at the surface. Hence a refined meshing is
used in order to deal with the corresponding sharp temperature profile. The substrate energy equation
models wall ablation simply by taking into account the heat of fusion in the variation of the specific
heat versus temperature. On the bottom face of the substrate either a temperature or a heat flux can
be imposed.

3. CORINE EXPERIMENTAL PROGRAM

The Corine experimental program makes use of simulating materials of Corium (about 40 liters) in
separate effect tests to investigate various situations (table 1) which favour assessment of particular
models.

Table 1 : Status of the test matrix of the Corine program (M.P : Melting Point)

Test
series

1

2a

2b

2c

2d

3

Spreading material

Water-glycerol mixtures
Eutectic Bismuth-Tin alloy -Cerrotru-
Eutectic Bismuth-Tin alloy -Cerrotru-

(M.P:411 K)
-Mixture of molten salts-Hitec-

(M.P:415K)
Eutectic Bismuth-Tin alloy -Cerrotru-

(M.P:411 K)
Non eutectic Bismuth-Tin alloy

(interval of solidification : 411-465K)

Eutectic Bi-Pb-Sn-Cd -Cerrobend-
(M.P : 343 K)

-Mixture of molten salts-Hitec-
(M.P:415K)

Bottom plate
material

steel

steel

steel

steel

Insulating
material

and/or steel
steel

Surrounding
medium

Air

Nitrogen

Water

Nitrogen

Water

Nitrogen

Objectives

Assessment of hydraulics

Spreading with bottom
freezing

Phenomenological tests

Spreading with increase
of the apparent viscosity

in the interval of
solidification

Spreading with top
freezing

Spreading on an already
crusted surface of Hitec

The geometrical scale is chosen being 1/1 in order to circumvent difficulties arising from geometrical
similarity. Hence, assuming circular symmetry, the Corine test channel (Fig. 2) is a 6.5 m long angular
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sector of 19°.This test section is fed through the bottom by a spillway (0.094 or 0.22 m high) which
has the shape of an arc of a circle centred at the vertex of the channel (radius 1.2 or 1 m).

fluid

h

xo

test series 1

94 mm

1200 mm

others

220 mm

1000 mm

Fig. 2 : Details of the injection device (a) and geometry of the test section (b)

The range of pouring rates is large (0.5 to 70 l/s for the reactor) and the maximum allowable initial
temperature for the fluid is 473 K. In addition to the external parameters (pouring rate and initial
temperature of the fluid) the measured quantities are front progression, local fluid and crust heights,
bottom plate temperatures and in some tests heat flux from the spreading material to the bottom plate.
In test series 1 Froude and Reynolds numbers are conserved with respect to the reactor case. In tests
2a and 2d, where effect of bottom and top crust formation on the spreading process are the
phenomena of interest, the simulating spreading materials (and the support material in the case of
bottom freezing) have been chosen so as to conserve roughly with respect to the reactor case (UO2
spreading over a refractory material with top freezing by radiation) the crust growth kinetics at contact
of the bottom plate or the overlying coolant. In the case of test series 3 the thermal ablation velocity of
the initial crust was considered as the interesting parameter. Hence, according to that criteria, the
basic simulating materials were the eutectic Bismuth-Tin alloy for tests 2a, the eutectic Bi-Pb-Sn-Cd
for tests 2d and a mixture of molten salts (Hitec) for tests 3. Hitec was also used in tests 2a for
sensitivity study at the physical properties of the spreading material.

4. ASSESSMENT OF THEMA CODE

4.1. Assessment of hydraulics against the Corine experiments

Conditions of the tests selected for assessing hydraulics in Thema code are given at table 2 and cover
the maximum range of Reynolds numbers met in the full test matrix. Case n°3 concems spreading of
the eutectic Bismuth-Tin (used in further freezing test series) conducted at a channel and fluid
temperature some degrees above the melting temperature. As already pointed out the objective is the
validation of the friction law and the modelling of surface tension effects at the front.

Table 2 : Isothermal tests selected for assessing hydraulics in Thema code

case n° 1

case n° 2

case n° 3

case n° 4

case n° 5

case n° 6

Fluid (dynamic viscosity in Pa.s)
Water (0.0008)

Water (0.0008)

Eutectic Bismuth-Tin (0.0018)

100%GLYCEROL(1.)

100%GLYCEROL(1.)

Water-84%GLYCEROL (0.072)

Nominal pouring rate (liters/s)
3

0.5

3

1

0.4

3
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Fig. 3 shows a summary of the results regarding the comparison of the experimental front position at
the end of the experiments with the calculated one using either the classical friction law (see
section 2.2) or the model assuming non fully developed flow (accounting for surface tension effects in
both calculations).

/

/

/

5

/

• classical law
• boundary layer

2 3 4
computed front position (m)

Fig. 3 : Comparison between experimental and
computed front positions and sensitivity at
friction law

• Without surf.
Tension

D Wrth surf. Tension

1 2 3 4 5

Computed front position (m)

Fig. 4 : Comparison between experimental and
computed front positions and surface
tension effect

The deviations observed in the calculations
between these two approaches are small
and together provides satisfactory
agreement with the experiments.
Complementary analysis indicates that fully
developed flow is reached very early and
finally the slight overestimation of the
boundary layer model in comparison with
the classical law results from the
discrepancy between eq.1-2 and eq.3-4
(see section 2.2).

As far as the surface tension model at the
front is concerned, comparison between
calculations performed with the actual and
zero surface tension (Fig. 4) does not
exhibit very large deviations. Note however
that the deviation is a little more
pronounced for materials at low viscosity
for which encountered fluid depths are
lower and hence reach more often the
critical depth at the front (see section 2.2).
However, despite the low sensitivity at this
parameter, taking into account surface
tension provides, after all, better agreement
with the experimental data.

4.2. Assessment of spreading with bottom freezing

4.2.1 Assessment against known solutions
Comparison with known solutions of different problems related to solidification of a moving warm
liquid, thermal chock and conduction in the bottom plate appeared to be a very useful tool to adjust
numerical parameters such as time steps, and size of the meshes in the support and to check the
satisfactory running of the code in computing crust growth and thermal behaviour of the bottom plate.
This verification was generally made for the conditions of the Corine tests (Cerrotru on a stainless
steel plate) but also for prototypical materials (UO2 flowing on a refractory basemat). These four
reference solutions are briefly described below and two results of the comparison with Thema are
presented in the case of the Corine conditions.
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a) Solidification of a moving warm liquid onto an isothermal wall [2]

This model calculates crust growth on a constant temperature bottom plate under a flowing freezing
liquid, taking into account convective heat transfer between the fluid and the crust. It fully corresponds
to the model implemented in Thema in the case of no resistance at contact between the crust and the
support, no internal power and bottom plate at constant temperature. Furthermore the same analytical
iterative solving method for crust growth is used both in Thema and [2]. Fulll agreement in the
comparison was found for Corine conditions as well as high temperature material spreading.

b) Conduction with ablation in the substrate [3]

The classical problem of a melting semi-infinite medium initially at uniform temperature and submitted
to a constant temperature at its surface was investigated [3 p. 287]. Comparison between the
numerical (Thema) and the analytical solution [3], performed in the case of high temperature melting
materials shown perfect agreement.

c) Thermal chock [3]

As pointed out in section 2.3 front propagation generates a thermal chock at the surface of the bottom
plate. Hence, sufficiently thin spatial discretization in the neighbourhood of the surface is needed.
Then, it appeared of interest to compare results of sensitivity calculations performed with Thema with
the analytical solution related to thermal chock with constant heat flux at the surface (x = 0) of a semi-
infinite medium [3, p 75]. A typical result of the comparison is given at Fig. 5.

900

800

700

200

100

- Analytical solution

Thema

4 6
time (s)

10

Figure 5 : Time evolution of temperature in a semi-infinite medium with constant heat flux at the
surface (x = 0). Comparison with analytical solution

d) Growth and decay of a frozen layer in forced flow [4]

This problem considers crust growth on a semi infinite medium with constant heat exchange with the
superheated fluid over the crust. It is similar to that investigated in [2] (see section a) but the surface
of the bottom plate is not imposed any longer. In such situation the crust thickness starts to grow,
reach a maximum 5max at time t ^ and then decrease up to zero at time tlife. Basically it closely
corresponds to modelling chosen in each axial mesh of Thema. Hence, Before starting spreading
computations with Thema code in the case of given spreading material and bottom plate it appears
specially of interest to check, against the solution [4], the global relevance of the numerical
adjustments performed with problems a), b) and c). Fig. 6 shows a typical computed crust growth
behaviour corresponding to a 'free' surface temperature of the support which exhibits a close
agreement with solution [4] when comparing the three quantities S ^ , t ^ and t,jfe.
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Fig. 6 : Growth and decay of a frozen layer in forced flow. Comparison with solution [4]

4.2.2. Assessment against the freezing Corine experiments
Corine test series 2a (table 1) provides a physical data base for the assessment of spreading codes in
the case of bottom solidification. In the framework of the stratified solid-liquid model implemented in
Thema, the quantities to be adjusted are clearly the contact resistance between the crust and the
support and the heat transfer coefficient between the flowing liquid and the crust. At the present time
only runs Cu2N1 and Cu2N2, performed with Cerrotru as working fluid at the highest pouring rate
(about 3l/s in the experiments) and for two different initial fluid superheats (respectively 60 and 10 K)
have been investigated. Experimental comparison of front progressions with spreading of Cerrotru in a
superheated channel (test Cu2N4) -then avoiding bottom freezing- and which served for assessing
hydraulics (see section 4.1), demonstrates the influence of freezing in the spreading process (Fig. 7).

o
— o(/) O
o
Q.c 2o

1

0

Cu2N4

Cu2N1
I

Cu2N2

symbols : experiment
lines: computation

0 10 . . . 20
time (s)

30

Fig. 7 : Effect of solidification and initial fluid superheat on front progression

Moreover, a significant effect of the initial fluid superheat is observed. The primary calculations of run
Cu2N1 and Cu2N2 considers the standard heat transfer correlation for metals envisaged in the code
and no contact resistance between the crust and the bottom plate. Results are shown at Fig. 7. Front
progression appears well predicted at the higher superheat (run Cu2N1) with some underestimation of
the front velocity after t = 10 s. The final spreading extent in run Cu2N2 is also satisfactorily predicted
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but seems resulting in a compensation between a faster and slower front progression respectively in
the early and the late phase of the spreading process.

abscissa (m) abscissa (m)

Fig. 8 : Numerical photograph of liquid and crust depth about 12 s after start of pouring.
Effect of initial fluid superheat

Effect of initial fluid superheat on front progression is consistent with calculated crust formation as
shown at Fig. 8. Reduced front velocity at low superheat is the result of higher depletion of liquid
inherent to faster crust growth kinetics. The special sloping shape of the crust (with higher levels at
the front) is the characteristic of the large dependence of crust growth at the heat flux from the
overflowing liquid. Further analysis will consider fitting of the contact resistance against the
experimental plate surface temperature and adjustment of the heat transfer coefficient law, a
procedure which will be applied to the other experiments performed in the same test series at lower
pouring rates.

5. CONCLUSIONS AND FUTURE WORK

Separate effect tests performed in the framework of the Corine program provide experimental data
base for assessing essential models present in spreading codes. As far as Thema code is concerned,
validation of hydraulics (friction factor and surface tension model) was successfully made against
spreading tests conducted with water-glycerol mixtures at various compositions in a large range of
pouring rates. It was found of interest to consider existing solutions of problems related to thermics
(freezing, conduction in solids) in the scope of adjusting numerical parameters and check the
satisfactory running of the code in computing bottom crust growth and thermal behaviour of the
bottom plate. Validation in situation of bottom freezing is just starting and first analysis of two
spreading tests conducted with the eutectic Bismuth-Tin alloy showed that the code is able to predicts
the effect of freezing and initial fluid superheat, a result to be confirmed at other pouring rates and for
an other spreading material (Hitec).
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