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ABSTRACT

The thermohydraulic behaviour of a mass of molten core is investigated, in the frame of

PWR severe accidents studies. The corium may be located in the vessel lower head or in

an external core-catcher. It is assumed to be present in the container instantaneously. Its

motion is described by one velocity field. It may be homogeneous or made of two stratified

fluids. The residual power is assumed to be constant and uniform in the UO2 phase. The

radiative losses and the external water-cooling are taken into account. The thermal

resistance of a peripheral crust is considered. The influence of the crust on the pool

geometry may be studied. The wail behaviour is analysed by a conduction calculation. The

interest of a sacrificial layer is underlined, so as the necessity of a multicomponent

multiphase model to study the behaviour of a core catcher. It is also concluded that some

experiments are needed for code validation about volume heated natural convection and

multiphase flows.



1. INTRODUCTION

In the frame of PWR severe accident studies, the behaviour of a mass of molten core is

investigated, in the vessel lower head or in an external core-catcher. In case of severe

accident, in the absence of water injection, the core may degrade and lose its geometry.

The molten core can relocate into the lower plenum of the vessel or into an external core

catcher, after the melting of the vessel shell. The thermal attack of the container depends

on the distribution of heat flux at the wall surface. The purpose of our study is to lay an

emphasis on the importance of natural convection phenomena inside the pool of corium.

The paper is divided into two parts. A transient numerical analysis is first performed.

Thermohydraulic quantities, such as velocity field and temperature distribution, are

determined in the corium. The thermal behaviour of the wall is also investigated. The results

of these studies lead to point out the necessity for complementary developments

concerning the in-vessel and external core catchers. The needs for codes and experiments

are outlined, to investigate multiphase pool thermohydraulics and external cooling

conditions.

2. NUMERICAL ANALYSIS

2.1. The TRIO code

The velocity and temperature fields are determined by the mean of the TRIO system, which

is conceived for numerical predictions of complex 30 turbulent flows. Turbulent heat

transfer and momentum exchange are represented by the means of classical k-e model. A

detailed description of the TRIO system is given by GRAND et al. [1].

2.2. Geometry and flow regime

The external core catcher may be a vertical cylinder or a flat plate. When the corium is

assumed to be homogeneous, its physical properties are approached by those of liquid

UO2- In case of a two fluid corium, the heavier phase is supposed to be liquid UO2, the

lighter is supposed to be liquid steel. Since the height of the pool if of order of 2 m in the

lower head and in the cylindrical external core-catcher, for the considered design, the

Rayleigh number is about 1016, the natural convection phenomenon involves turbulent

regime in the corium boundary layer. According to SEILER [2], the boundary layer thickness

near the wall is about 10'2 m. It cannot be directly modelled. An analytical approach is

necessary to estimate the heat transfer coefficient at the liquid-solid interface. The Chawia

and Chan correlation is used [2]. its expression yields :
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where the expressions of Rayleigh number and Prandtl number are :

Ra =MÊ*™L, Pr mL.
QLV a

The values of the heat transfer coefficient are about 3000 Wm-2K"1 when the corium is in
the lower plenum, and about 1700 Wm-2K-1 in the external core catcher. The boundary
conditions of our calculation are described in figure 1.
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Figure 1a : geometry of the pool, in the vessel lower head. If the whole core is molten.

The height of the pool is 2,12 meters.
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Figure 1b : the geometry of the pool, in a cylindrical external core catcher

Figure 1 : the gtometry and the thermic boundary conditions of the container



In case of a flat plate core-catcher, it is assumed to be pooled from below and part of the

residual decay heat is assumed to be removed by radiative heat transfer from the corium

layer free surface.

2.3. Boundary conditions

Initially, the corium temperature is 3200 K, the wall temperature is 573 K. We assume the

filling of the container to be instantaneous. According to CARSLAW and JAEGER [3], the

contact temperature Tc between two media is given by :

_

where T1, \ 1 , p"\ Cp1, T2, X2, p2, Cp2 are respectively the initial temperature, the thermal

conductivity, the volumic mass and the heat capacity of each medium. The contact

temperature between liquid pool pure UO2 and solid steel wall may be estimated of 1700 K.

A thin crust of UO2 appears at the liquid UO2 - solid wall interface. The temperature of its

surface is the melting temperature of UO2 : 2700 K. The crust thickness is determined by :

- its thermal conductivity (~ 6 Wm*1 K"1)

• the heat flux crossing it (~ 10s Wm-2 in steady state)

- the temperature difference between liquid pool and solid wail (~ 1000 K).

The crust thickness is therefore some millimeters.

It results first that the presence of a crust does not change significally the geometry of the

pool. Secondly, the thermal inertia of the crust may be neglected. Assuming that the crust

remains along the solid wall, its influence on heat transfer is taken into account in modelling

the liquid-solid heat transfer. The pool may be stratified in two non miscible liquids : UO2

and steel. At the contact between liquid steel and the container, made of steel, no crust can

appear at the liquide-solid interface.

Both cases are represented by the following heat exchange between liquid pool and wall :



where <t> is the density of heat flux. TpoO| is the local temperature in the pool and Tjnt the

temperature at the liquid-solid interface. If a crust protects the solid wall, Tjnt is the melting

temperature of UO2. The liquid-solid heat flux is therefore minimized. If there is no crust,

Tjn t i s obtained from a conduction calculation in the wall. The boundary condition are given

by the external cooling of the container.

Above the free surface, steel upper structures are supposed to be at their melting point :
Text = 1 7 2 3 K- T n e emissivities are supposed to be ecor = 1 for corium and eext = 0,2 for

steel. The density of radiative heat flux is

T / -T 4)
pool ext >

On lateral side, the cooling water is assumed to be saturated : Te x t = 373 K. The density of

lateral external flux is supposed to be hext (Twau • Text).

The residual power is 2 MWm-3. If the corium is two fluid composed, it is located in the UO2

phase only.

3. RESULTS AND DISCUSSION

3.1. Corium in the vessel lower head

3.1.1. Natural convection in the pool

After a few minutes, a natural convection regimes takes place in the UO2 pool. The steady

state regime is' reached after about 6000 seconds. As shown in figure 2, a natural

convection flow and a temperature stratification develops in the vessel lower head.
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Figure 2a : natural convection in the con'um
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Figure 2b : stratificatron in the pool

Figure 2 : steady state regime in the lower plenum



In steady state regime, at the center of the pool, the maximum temperature is 3650 K. The

total residual power is 32 MW. The radiative effect on the upper surface is responsible for a

thermal heat loss of 4,5 MW. The corium motion involves the wall heat flux distribution not

to be homogeneous. In figure 3 the development of heat flux is represented from the

begining of the accident till the permanent regime is reached. Due to the radiative effect,

the heat flux is larger at a short distance below the free surface. The value of the maximum

heat flux exeeds the average one of about 50 %. The natural convection phenomenon

implies a non homogeneous distribution of the internal heat flux and then may significantly

influence the thermal behaviour of the wall.
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Figure 3 : internal heat flux at the wall of the vessel lower head



3.1.2. Thermal behaviour of the wall

The temperature field in the wall is calculated using the TRIO code, by a finite elements

approach. The model is two dimensional and axisymetric. On the corium side, the evolution

of heat flux is determined by the thermohydraulic calculation. The wail steel is eliminated as

soon as molten. Several external boundary conditions may be considered. They correspond

to different conditions of water cooling. In figure 4 are represented isotherms in the wail.

The wall melts first just below the free surface of corium.
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Figura 4 : Isotherm» in th« wall



The evolution of the molten thickness is plotted on figure 4 for different cases of external

cooling. In the absence of external cooling, the waff is molten after about 20 minutes if

molten steel is eliminated (curve b), after 25 minutes if it is not eliminated (curve a). If a bad

water cooling is considering, a constant external heat exchange coefficient of 250 Wm*1 K"1

is considered. The wall is molten after about 25 minutes if the molten steel is eliminated

(curve d) or not (curve c). For the last two cases, the molten steel is eliminated. If a perfect

cooling (hext = » ) is considered, a residual solid steel thickness of about 4 cm remains

(curve e). In the last case of our study, a critical heat flux threshold <*>c = 3.105 Wm*2 is

considered. Since the external flux is written <t> = heXf (Twa||-Text). The external heat

exchange is characterized by a film boiling exchange coefficient or an infinite external

coefficient :

if 0 < <t>c h e x t = «

if <t> a <*c h e x t = 250 WnT2K'1

The wall is molten after about 30 minutes. Generally, the wall is completely molten after less

than 30 minutes. In the case (curve e), for which the wall does not melt completely, nucleate

boiling on the wall extemal surface is considered. In this case the cooling is probably

estimate in an optimistic way.
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Figura 5 : molten thickness for different cases of external cooling

In this study a thin corium crust is supposed to remain along the wall. If its initial presence is

expectable, the rising of the pool temperature may involve its melting. The heat flux may be

underestimated. The main result of this study deals with the necessity of taking into account

the natural convection phenomenon on corium behaviour analysis.



3.2. Corium in the external core-catcher

3.2.1. Oxidic coriurn

3.2.1.1. Corium in a cylindrical core-catcher

In the case where the core catcher is supposed to be filled of only liquid UO2. a zircone

protective layer is considérer. A one cell natural convection regime takes place after a few

minutes. After 90 seconds, a solid corium crust is present along the wall. Its development

can be followed in figure 6.

ts 504

Jt Z Jt: SOi t *

Figure 6 : development of a crust from 10 seconds to 10 seconds, the scale is ten

times enlarged in the horizontal direction.



The thermic role of the crust has to be underlined, its presence involves additional thermic

resistance between corium and wall, even it is thin. It protects the solid wall at the begining

of the accident, as shown in figure 7.

Figure 7 : the thermic role of the crust

3.2.1.2. Plate plate geometry

In order to determine the relative heat removal from the corium free surface (top) and from

below the plate (bottom) parametric studies are performed with different lenght to height

ratio and internal Rayleigh number. As the natural convection is non stationary (figure 8

streamline patterns and temperature distribution function of Rayleigh number for length to

height ration of 6), time integration is necessary to compute average heat flux values. The

results show that for high Rayleigh numbers (layer of about 20 cm) the ratio of heat flux on

top and bottom is about two. This give a thicker crust on contact of the bottom wall than on

the corium free surface and a higher radiative heat flux.



IU* I.IIC * •»

Ttniptralu/t ditl/ihuliun

Figure 8 : Natural convection in a homogeneous liquid corium layer

In a second step, the corium temperature will increase. When the natural convection takes

place, the maximum flux under the free surface can be 40 % greater than the average one.

The maximum temperature on the free surface is highly dependant on the boundary

condition applied (with or without radiative heat transfer). Therefore the re-melting of the

crust is expectable in this zone. Nevertheless, its protective role has to be underlined

because it takes place during the initial transient thermic regime, when the conditions are

the most severe for the core-catcher. In this study the corium latent heat of freezing is not

taken into account. It has been investigated and corresponds to the heat necessary to

increase the corium temperature of about 100 K and increase the steel wall temperature of

about 80 K.

3.2.2. Oxidic and metallic corium

In the last case a two fluid and stratified corium and a steel wall are considered. The

stratification process duration is supposed to last a few seconds. This initial phase is not

described. The natural convection regime takes place after a few minutes. In each fluid one

convection cell is present. As shown in figure 9, the velocities are greater in UO2, because

of the residual power
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Figure 9 : natural convection regime in liquid steel (the upper fluid) and in liquid UO2

(the lower one). Not thermal resistance between the two fluid layers is considered.

In figure 10, one can see the progression of isotherms in the wall. The thermic behaviour of

the wall is different in front of the UO2 and in front of the liquid steel : firstly the thermal

conductivity is different for liquid steel and for UO2 ; secondly a protective crust is assumed

to appear at the level of the UO2 pool, but not at the level of the steel pool. At the interface

between liquid UO2 and solid wall, the heat flux is calculated with T i n t = 2700 K. At the

interface between liquid steel and solid wall, the temperature of steel melting wail stands for

Tint-

Figura 10 : isotherms in the core catcher, when filled with a two fluid corium



Consequently, the melting of the wall in front of the steel pool appears quickly. In figure 11,

the progression of the liquid-solid interface is represented. After only 40 seconds, the wall is

locally molten over its whole thickness.

WALL

Figure 11 : melting of the wall from 10 seconds to 40 seconds



The wall behaviour depends on the nature of the nearest fluid. The interest of a sacrificial

material layer to protect the wall of the core-catcher is to be underlined.

4. EXPERIMENTAL SUPPORT FOR R & D

4.1. Experimental validation of natural convection in corium pools : the BALI project

Many experiments relative to the behaviour of liquid pools submitted to volumetric heating

have been performed in the past. But these experiments were performed at too little scales

and the boundary layer flow regime (laminar for these experiments) was not representative

of reactor situation (turbulent).

Therefore it is proposed to perform a new series of tests in order to :

-establish a data base for the outcoming heat flux distribution as a function of the pool

geometry,

• perform precise measurements in the turbulent boundary layer flow in order to validate

reference codes (TRIO,...).

To obtain representative conditions, an analysis of the non-dimensionnal controling

numbers (PRANDTL and RAYLEIGH) shows that :

- it is very important to represent the real size corresponding to reactor conditions,

-water should be a good simulant fluid.

The proposed test arrangement (figure 12) involves real size (2 meters high) water pools

representing a slice of the possible pool geometries under reactor conditions (cylindrical,

conical, hemispherical,... pools). The thickness of the slice should be of, about 10 cm which

is sufficient in comparison of the expected boundary layer thicknesses (a few centimeters).

The wall of the slice will be made of glass allowing optical measurements in the boundary

layers. The pool will be direct current heated by two gridded electrodes placed on the glass

surfaces.

The cooling of the pool will be provided by an external water flow through highly thermally

conductive (but electrically non conductive) plate. These plates will be instrumented for heat



flux measurements. The plates will be arranged so as to simulate different geometries. The

possibility of gas injection on the plates surface is also under investigation.

The main test parameters should be :

• the pool geometry

- the volumetric power dissipation,

• the pool water level,

• the type of pool cooling (through the upper side or bottom surfaces),

• the viscosity of the water (viscosity may be varied by glycerin addition),

• gas bubbling,

- porosity of the pool (a solid fraction can be simulated with dense particles of variable

shapes, diameters and porosity).

4.2. Core-catcher cooling

Even if there is no precise design of a core-catcher system for future reactors in FRANCE,

some R&D work has been engaged on basic generic aspects. The cooling of the core-

catcher is part of this R&O.

The general trends for core-catcher cooling systems are :

- to allow passive cooling (natural convection),

- to concern large surfaces with large hydraulic diameters,

- the surfaces may be inclined or curved (hemispherical,...)

- to operate under normal pressure.

It has been decided to perform the SULTAN experiment in order to gather a data base of

two-phase flow behaviour under such specific conditions pressure drops, dry out conditions,

heat exchange coefficients).

This data base is aimed to be used for code validation (FLICA, CATHARE).

The experiment involves flat heating plates (4 meters long and 15 cm wide) which may be

set vertically or in an inclined position.

The test channel will be characterized by a variable hydraulic diameter (from a few

centimeters to, about, 20 centimeters).



The water may be fed at different temperature levels up to near the saturation temperature

corresponding to the working pressure.

This pressure may be varied between 1 bar and 8 bars.

The heat flux may be as high as 100 W/cm2 (1 MW/m2).

Forced convection and natural convection tests will be performed.

These tests are expected to start in 1993.
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Fig. 12 : Sketch BALI hemi-cylindric



5. CONCLUSION

In studies on the behaviour of an internal or an external core-catcher, some phenomena

have to be taken into account. The distribution of internal wall heat flux is influenced by the

natural convection regime in the pool of corium. The thermic rola of a temporary corium

crust, the non homogeneity of corium, the melting of a sacrificial material and its presence

in the pool may also change locally the distribution of heat flux on the wall of the core

catcher. The behaviour of such a system should be investigated in a multiphase and

multicomponent approach. An experimental program has to be realised to validate these

models.
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