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Abstract

In the framework of severe accident studies, the BALI experiment has been designed to create a data base about
heat transfer distribution at corium pool boundaries for in-vessel or ex-vessel configurations. The mechanism
investigated is natural convection at high internal Rayleigh number (1015 to 1017) in cavities with volumetric
heating.
After a description of the facility and a synthesis of results obtained for in-vessel configurations, the purpose of
this paper is to present or extend local or average heat transfer correlations in the prototypic range of
dimensionless parameters.
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1. Introduction

In the framework of severe accident studies performed at DRN/DTP under CEA, EDF and FRAMATOME
agreement, the BALI experiment has been designed in 1993 to create a data base about heat transfer distribution
at boundaries of corium pools for in-vessel or ex-vessel configurations. During the last European 4th PCRD, a
part of the BALI program has been included in the MVI project coordinated by Professor Sehgal.
The knowledge of heat transfer in corium pools is one of the important issues for corium retention; with CHF
limits, it defines the safety margin for vessel integrity and provides the necessary inputs for core catcher design.
Of course, for reactor applications the assessment of heat transfer laws is not sufficient. It has to be completed by
an appropriate description of corium physical properties and by thermo-mechanical calculation. The severe
accident scenarios and the physico-chemical effects are various and complex. Thus, different pool configurations
such as homogeneous pool, stratified pool or porous pool have to be studied.

For reasons of safety but also for technological and cost reasons, the BALI program makes use of simulant fluid.
It is the only way to obtain reasonably prototypic values of dimensionless parameters in order to respect high
turbulent natural convection regime of reactor cases.

After a synthesis of the results obtained for in-vessel situations, the purpose of this paper is to present local or
average heat transfer correlations derived from BALI results. Depending on the kind of code used for severe
accident simulation, the need will not be the same. The validation on the basic data base could be done by DNS
code in the future or by code having their own sub-grid model. For other codes such as TOLBIAC (9),
(developed also at DTP and specific to severe accident simulation) local heat transfer laws have to be used. For
safety code, considering corium pools as only one mesh, heat flux distribution laws can be used in addition to
average heat transfer correlation to obtain more realistic spatial pool evolution or thermal loads on the vessel.
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2. Description of the facility

The use of simulant fluid requires particular cares
to reproduce the same physical behavior. The
dimensionless parameters and the boundary
conditions have to be respected.
In the case of heat transfer by natural convection in
a cavity with volumetric heating, we have to
respect three dimensionless parameters : the
Prandtl number, the aspect ratio of the cavity and
the internal Rayleigh number (built on the
volumetric power density Q).

Pr-ii e = «- &>, = *&£.
a R Xva

By using water as simulant fluid for corium, the
same order of magnitude for Prandtl number is
maintained as for oxidic corium. Nevertheless, to
check the effect of viscosity on heat transfer the
pool viscosity could be increased by adding
cellulose compound in water.
To respect the internal Rayleigh number, which
depends on the length scale at the power 5, the test
sections used to reproduce lower head or core
catcher shapes are full scale. In this way, the aspect
ratio of the cavity is also maintained.

(Lower kead ffautatba)

Concerning the boundary conditions we have to
reproduce : uniform volumetric power, uniform
temperature at pool boundaries and uniform gas
superficial velocity at downward or lateral pool
boundaries for configuration such as MCCI.
Volumetric heating is obtained by direct current heating in a 2D full scale hemi-cylindrical or rectangular
geometry (15cm thick) by using the slice of water itself as electrical resistance. The power dissipated from two
electrodes in water by Joule effect could vary up to 50 kW. The use of electrode grids allows direct qualitative
and quantitative flow motion observations.
The condition of uniform temperature at the boundaries of the pool is obtained by change of state. Ice crust
formation is obtained and controlled by heat exchanger cooled at low temperature (-50° to -80°C) with organic
liquid cooled itself by liquid nitrogen. To take into account different conditions of cooling at the upper surface,
tests have been run for extreme configurations: with or without top cooling.
The lateral or downward heat exchanger walls are externally covered by multi layer porous medium which
allows both gas injection and heat transfer by conduction. In this way, the gas can be injected uniformly through
the ice crust. This feature will be used for MCCI applications.

The configuration of stratified pool, where metal and oxide phases are separated, has been considered in a
specific test section where the metallic layer is simulated independently from the oxidic pool. Because the
Prandtl number for metal has an intermediate value between liquid metal (Na, Hg,...) and water and because
both correlation obtained for metal or water can be extrapolated for Pr~0.2, we decided to use also water as
simulant for metal. The simulation is based on the respect of Grashof number and ratio between upper and lateral
heat transfer coefficients. The heat flux fed from oxidic pool to the metal layer is simulated by means of a lower
heating plate in a 2D rectangular test section (2m long, 5 to 40 cm high and 13 cm thick). One side is cooled at
low temperature by ice crust with a uniform temperature at 0°C. The thermal resistance at upper surface
simulates a radiative heat transfer with the upper surrounding structure assumed to be at melting temperature.
This thermal resistance was obtained by using a plastic layer cooled from the outside.

For all the tests the thermal balances on upper and curvilinear or lateral heat exchanger, temperature profiles in
the fluid and heat flux distributions are measured. For some tests, specific measurements such as Particle

Figure 1 In-vessel test section
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Imaging Velocimetry for velocity field, Laser Induced Fluorescence for temperature field, and gamma
absorption for void fraction measurement have been done. The thermal balances are usually better than 10%.

3. Synthesis of results

Tests matrix

The three first test campaigns have been carried out for homogeneous pool. The purpose of the first campaign
was to study the effect of internal Rayleigh number in the range 1015 to 1017. To vary this parameter, tests have
been carried out for different pool heights (1.0, 1.5, and 2.0 m) and different volumetric power densities. The
second campaign was dedicated to study the effect of Prandtl number on heat transfer. The viscosity of pool has
been increased by adding cellulose compound in water to obtain Pr number up to 1000. The third campaign was
dedicated to the study of heat transfer by convection in a porous medium. In that case, we have tried to represent
a metallic pool with solid oxide debris by a water pool filled with lcm diameter solid glass balls. From reactor
point of view, the main difference is that in our case the power is dissipated directly in the fluid phase and not in
the debris.

The 4* test campaign has been dedicated to stratified pool situation with a specific study of "focussing" effect in
a metallic layer. This test campaign will be presented in more details in another publication together with a
model of heat transfer in the metallic layer. Nevertheless the main results will be presented here.

General observations

Cold botatdary layer

Figure 2 : General flow observations

For all tests with uniform cooling, three
different zones have been observed, an upper
unstable layer (Hu) at uniform temperature, a
lower zone stratified in temperature where the
fluid rises in the center with low velocity (~ few
mm/s) and a boundary layer where the fluid in
contact with the ice is cooled and comes back
with high velocity to the bottom of the pool.
The upper layer is a consequence of the
instability induced by the presence of a cold
layer at the top. This tiny denser layer (~ 0. lmm
at high Rayleigh number) is periodically
released as cold plumes in the hot fluid
(configuration of Rayleigh Benard convection).
This mechanism is responsible for the heat
transfer in the upper part of the pool and has
been studied in detail in the frame of a thesis (7) to develop a phenomenological model of heat transfer. At high
Rayleigh number in the cavity, large scale convection cells appears and disturb the basic mechanism introducing
some deviation in heat transfer correlation which is also called the transition between soft and hard turbulence.
Among other measurements, wavelength between thermoconvective plumes have been measured from
visualization of temperature field by Laser Induced Fluorescence technology. Wavelengths around 1 cm have
been measured. As these plumes control the upward heat transfer, it is concluded that a 15 cm thickness of test
section is large enough to have representative heat transfer mechanism.

Temperature profiles

The temperature profiles have been measured on the vertical axis of the pool with thermocouples inserted in the
mid-plane of the test section 10 cm from the adiabatic side which simulates the axis.

For the comparison of different tests, the temperature and the depth are reduced to the following dimensionless
values: T/T,^ and Depth/IW

The main difference on the shapes of the profiles appears between tests with or without top cooling. For test
without top cooling, the profile has an inclined S shape with a very small upper layer at uniform temperature
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which is only due to the thermal losses from the top surface. For all the tests with top cooling, even for viscous
and porous tests, the height of upper layer Hu is about 40% of the total height.
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Figure 3 : Temperature profiles

Nevertheless, for viscous tests V10 and V100 (-10 and -100 times the viscosity of water) differences are
observed in the lower part of the profile. For porous medium the profiles are quite similar to those obtained for
non porous medium.

For cases with top cooling, the ratio between maximum and average pool temperature is quite constant, it ranges
from 1.11 for 1.0m and 1.5m height tests to 1.13 for 2.0m height tests. For tests with viscous fluid, this ratio is a
little bit higher : 1.16 and 1.18 respectively for V10 and V100. Of course for tests without top cooling the ratio
is higher with a value around 1.7.

Curvilinear heat flux profiles

The heat flux profiles on curvilinear
wall have been calculated from local
temperature difference measurements
obtained from thermocouple pairs
inserted in the porous layer used for
gas injection. The main source of
uncertainty is the local thermal
resistance between each pair of
thermocouple. An average value for
thermal resistance has been used. It
is calculated from a comparison
between average thermal balance and
local heat flux integration on the
surface of curvilinear heat
exchanger.
To compare different tests, the heat
flux and the depth are reduced to the
following dimensionless values:
<|>A|W and Depth/Hmax.
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Figure 4 : Heat flux profiles (Turbulent regime)
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For the first test campaign, the results are consistent with temperature profiles. For tests with top cooling, the
heat flux is quite uniform over the top height (60% Hmax). This is connected with the temperature profile shape
and with the turbulent regime of the boundary layer flow (in that case heat transfer coefficient do not depend on
curvilinear abscissa). The ratio between maximum value and average value is constant (about 1.75) for different
aspect ratio. For tests without top cooling this ratio is equal to about 3.6. The heat flux profiles have been
satisfactorily compared to profiles
calculated from temperature profile 1I

and local Chawla or Churchill o.<
correlations (5-6) in turbulent
regime.

For viscous or porous tests with top
cooling, the shapes of heat flux and
temperature profiles are different
Despite the fact that the temperature
is uniform in the upper part, the heat
flux increases at the upper corner of
the pool. This is because the
boundary layer flow regime is
laminar. In that case the comparison
with local Chawla or Churchill
correlations (5-6) in laminar regime
gives also good results.
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Figure 5 : Heat flux profiles (Laminar regime)

4. Average heat transfer comparison with other experiments

The BALI results are compared with two complementary experimental programs: COPO at IVO in Finland (1-2)
and ACOPO at UCLA in USA (3). In order to compare our different results, it is important to define the same
references in particular for the temperature used to calculated the physical properties in dimensionless numbers.
For our comparison the temperature used for the calculation of physical properties is the film temperature
between the wall and the maximum temperature in the upper unstable layer. For upward heat transfer, the
average Nusselt numbers are calculated from maximum pool difference, whereas for downward heat transfer the
difference between wall and average pool temperature is used.

Average upward heat transfer

The COPO I experiments have been conducted on a 2D half scale test section designed for LOVIISA geometry.
Before BALI results have been obtained, a transition with a significant increase for upper heat transfer was
assumed for Rai greater than 6 1014 on the basis of COPO I results. The new COPO II experiments were carried
out with uniform wall temperature, obtained also by change of state for LOVTISA and PWR geometry. A good
agreement is observed between results from COPO II and BALI. The transition assumed previously is not
confirmed and the correlation derived from COPO II and BALI is only 10% higher than the extrapolation of
Steinberner correlation (4).

Steinbemer: Nuup = 0345Rai
0.233

COPO - BALI: Nuup = 0.383#a/

In ACOPO experiment the tests are conducted in a 3D half scale hemispherical geometry using a different
approach for simulating volumetric heating. As uniform heating by joule effect is not possible for 3D geometry,
a transient cooling of the pool is used. From their experimental results two correlations are derived for upward

0.18
and downward heat transfer: Nu =1.95 Rat and Nu. = 0.3 Raf

0.22
*dn

Because the geometry are different, the comparison between ACOPO and BALI requires particular cares. For
upward heat transfer, as the distribution of heat flux is uniform, the local or average heat transfer coefficient
values are the same. The small wavelength of thermoconvective instabilities and the small effect of large scale
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convection motion observed in hard turbulent Rayleigh B6nard regimes assess the direct transposition between
2D and 3D geometry for upward heat transfer.

For upward heat transfer, the ACOPO Nusselt numbers are 20 to 30% lower than those obtained on BALI or
COPO for Rayleigh numbers greater than 1015. Up to now, the different hypothesis formulated to explained this
difference have not been successful (effect of geometry, system effect...).
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Figure 6 : Average Upward heat transfer

Average Downward heat transfer, transposition 2D-3D

For downward heat transfer, it is not possible to compare directly the results from BALI and those from
ACOPO. To take into account the effect of geometry, a simplified model is used to transpose 2D results in 3D
average heat transfer correlation.

From the BALI results, average 3D downward heat transfer correlation is derived by integration of local heat
transfer correlation on hemispherical geometry. In this approach we consider that the local heat transfer
correlation checked on BALI results is valid for both 2D or 3D geometries. For the needs of the model, the
temperature profile is simplified (uniform maximum temperature on the height IL, and linear decrease in the
bottom part). Hu and Tmax are determined by the calculation.

In a first step, the calculation has been performed for 2D geometry to check the model on BALI results.

for 1013 < Rat < 1017 •Ra
(H

Correlation obtained for 2D geometry : Nuda = 0.1 IS — t

The aspect ratio of the pool has a small effect which is taken into account here by the term H/Ry Ry is the radius
of an equivalent hemicylindrical geometry whit same volume as pool geometry. The correlation obtained is
plotted for H/Rv= 1 and compared with experimental data on figure n°7.

In a second step, the calculation has been performed for 3D geometry. The correlation obtained is plotted also on
figure 7 for H/Rv=l and compared with results from ACOPO. So doing, it is also possible to observe on this
figure the differences between 2D and 3D geometry.

Correlation obtained for 3D geometry
* < * ,

Ra 0.25
forlO1 <10r
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Here Rv is defined as the radius of equivalent hemispherical geometry.
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Figure 7 : Average downward heat transfer

For downward heat transfer, the ACOPO Nusselt numbers are 10 to 25% lower than the correlation derived for
3D geometry. Nevertheless for reactor applications, when we calculate from 3D correlations the ratio between
power extracted from the top of homogeneous pool and the total dissipated power we obtained similar values to
those obtained with ACOPO correlations.

Results obtained from 3D BALI correlations

H/R
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0.50
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0.75
- 5 1 %

1.0
-44%

For ACOPO experiments and Ra; around 1O1S this ratio is about 43% (H/R=l for ACOPO). So, even if the
results are not exactly the same for absolute heat exchange coefficients, the power splits to top and bottom are
the same for the oxidic pool. For the oxidic pools different absolute values of heat transfer coefficients lead only
to different pool temperatures.

For viscous tests, if there is no significant difference for upward heat transfer a 40% decrease is observed for
downward heat transfer.
For tests in porous medium, the differences for downward Nusselt numbers are very important whereas for
upward heat transfer we have been surprised to observe similar values to those obtained in non-porous tests.
Complementary tests with different glass ball diameters (2mm, 6mm and 10mm) have been performed in a small
Rayleigh-Benard mockup. The result for 10 mm diameter is confirmed, but an important reduction of heat
transfer coefficient is observed for 2 mm diameter (values are 10 times lower). We assume that this effect might
be due to an interference between the diameter of particles and the wavelength of thermoconvective instabilities.
Similar results have been also observed in the work of David, Lauriat and Cheng (8).
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5. Stratified Pool: metallic layer study

Different tests have been run for
5 to 40 cm heights of water layer
with uniform or non uniform
distribution of bottom heat flux.
From phenomenological point of
view, when the height is
reduced, in a turbulent unstable
flow large scale convection cells
induced by the boundary layer
flow on the cold side wall are
periodically destroyed. In the
same time, the temperature
measurements show that for
shallow layers (5cm, 10cm) the
radial temperature gradient
increases in the fluid layer. This
phenomenon reduces the
focusing effect (i.e. the ratio
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Figure 8 : Concentration factor in 2D geometry

between lateral heat flux and bottom inlet heat flux), when compared to a OD model. However, this reduction is
restricted and not sufficient to suppress the focusing effect. The reduction of heat flux near the cooled wall with
same total power injected is not very significant. In 2D rectangular geometry the concentration factor is still
higher than 4 for thickness under 20 cm, which means higher than 2 for 3D reactor application.

6. Conclusion

From this experimental program, the data base on heat transfer in corium pool has been enlarged. For the first
time, prototypic values of dimensionless parameters have been obtained (Rap-lO17). A good agreement is
observed with COPO II results. The comparison with ACOPO shows some difference for absolute heat exchange
coefficients, but the power split is the same. For metallic layer, reduction of focussing effect from OD model is
observed for 10cm and 5cm high metal layers, but concentration factor remains higher than 2 for height under
20cm. From experimental results and simplified transposition model, 3D correlations are derived for reactor
applications.
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