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Abstract

Within the framework of nuclear safety analysis, we present here experimental and
numerical results in the field of debris bed coolability. Experimental data are provided
by the SILFIDE 3D experimental facility in which the debris bed is heated by
induction, at Electricité de France (EDF). Numerical computations are obtained with
MC3D-REPO which is a 3-phase and 3D code developed by the Commissariat à
l'Energie Atomique (CEA). The uniform debris bed consists of 2 and 3.17 mm
diameter steel beads contained in a 50 cm x 60 cm x 10 cm vessel. Water is used as
a coolant and can be introduced either by the top or the bottom of the bed at a
determined temperature. Due to heterogeneous power distribution within the bed,
two definitions for the critical heat flux are proposed: the classical mean value and
the local flux (much higher). Even in the first case, the measured dryout heat flux is
higher than the Lipinsky 1-D flux. Temperature curve analyses show that the dryout
phenomenon is very local, therefore one should be careful about the right flux
definition to use. As the injected power is being increased stepwise, steady
temperature stages above saturation temperature before dryout can be observed. A
discussion is proposed. For some very high values of the induction power, some
spheres melted together, leading to a bigger non-porous region. Even if the local
temperature went over 1300°C, the bed was still coolable and the critical heat flux
value was not impacted. Some parametric studies led to the following conclusions :
bottom coolant injection leads to a twice time higher critical flux than by top injection,
the influence of the height of the water pool above debris bed is negligible, a sub-
cooled liquid injection has no influence on the coolability. Fluidization of surface
particles is also discussed. The MC3D-REPO model assumes a thermal equilibrium
between the three phases, which gives results in agreement with experiments until
dryout occurs.
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1. Introduction

In a case of the unlikely situation of a severe accident in a pressurized water nuclear
reactor, the degraded core results in a melt of fuel and structure component called
corium. During the corium flow into the lower plenum, it is likely that corium will
fragment resulting in a debris bed whose coolability has to be studied. Volumetric
residual power at this time is still important and need to be evacuated from the
heated solid particles to the water. The dryout heat flux could be of the same order of
magnitude as the residual power remaining a few hours after the accident initiation.
For this reason, it is important to know whether coolability of such debris bed can be
reached through boiling mechanism or not.
Lots of studies have been undertaken to understand how these events can be
managed and how safely cooled states can be reached. In a physical point of view,
these experiments exhibit an upper limit to the internal heat power, beyond which it is
not more possible to keep a steady state boiling regime. This limit is called « critical
heat flux » or « dryout heat flux »:

• under this limit, power is being removed from the debris bed under boiling
regimes, increasing the average void fraction,

• above this limit, one part of the heat generation accumulates within the solid,
resulting in an overheating of the particles leading to their fusion and later to a
pool.

Similar scenario can be anticipated for containment situation in reactors with water-
filled cavity after RPV failure (intentional flooding).

Numerous critical heat flux studies have been investigated in small scale tests,
mostly with 1-D configurations. For multidimensional experiments, one can refer to
Decossin [1] and Zeisberger et al [2] works. In addition to an overall physical
phenomena understanding, critical heat flux have been particularly studied as a
function of particle size and height of the debris bed. The obtained values are always
closed to those calculated with the 1-D Lipinsky correlation [3] which is still the
reference correlation.

As far as the mathematical formulation is concerned, models have been developed
most of the time based on the same assumptions due to the lack of detailed physical
knowledge: concerning the momentum equations, they generally come from
generalized Ergun equations applied to both liquid and vapor phases. The flows of
the two phases are taken into account with the use of relative permeabilities and
passabilities, and friction terms between liquid and vapor which are strongly related
to the flow patterns [4]. Concerning this last point, one can refer to some studies
done recently by Schmidt et al. f]. The set of equations is closed by the capillary
pressure expression depending on the saturation value.

However, one of the most difficult part of the formulation is the energy balance issue.
At this time, there is no qualified model for heat transfer modeling between the three
phases. As a consequence, most of the numerical codes uses the thermal
equilibrium assumption between the phases, which is considered appropriate as far
as the debris bed evacuate the heat flux through a boiling regime. When dryout
occurs, this modeling is no more valid and a complete equation set for the three
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phases has to be used. This involves knowledge of the three heat transfers which
are still within the frame of theoretical works [6].

2. Experimental investigations

2.1 The SILFIDE facility

The 500x600x100 mm parallepipedic crucible made of epoxy resin has been
designed to allow multidimensional flow. In order to simulate residual power in the
particles without affecting the local porosity of the porous media, the steel beads are
internally heated through the use of an induction coil.

The maximum available electric
power is 500 kW with a frequency
ranging from 3 to 9 kHz,
corresponding roughly to a thermal
power of 350 kW. Water is supplied
either by the top at atmospheric
pressure or by the bottom of the bed.
The bottom cooling injection is
expected to improve the bed cooling.
The generated vapor is led to a
condenser, and the liquid is re-
injected at a controlled temperature
closed toTsat- 5°C.

cooling
loop
,..<£„„.

heater

up to 500 kW
power generator

Figure 1: SILFIDE experimental loop

• Debris bed simulation

According to FARO experiments [7], particle granulometry is expected to range
approximately between 1 and 10 mm. As far as morphology of the debris obtained by
water-simulated corium interaction is concerned, the overall shape of a particle is far
from a sphere. The influence of the shape and surface aspect should be discussed,
as relative permeabilities and passabilities, or even the different boiling regimes may
be affected. However, in order to make our results comparable to existing
experimental and numerical studies, stainless steel spherical beads with diameters
ranging from 2 to 7 mm are used.

• Temperature measurements



The main measurement used for dryout
detection is a set of 32 thermocouples
located in the median plan of the vessel.
As shown in fig. 2, each thermocouple is
soldered to a 4.76 mm diameter bead, and
the temperature measurement is done at
the center of it.
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Figure 2: bed size and thermocouple scheme

• Heat spatial distribution

Because of skin effects, using an induction coil leads to a heterogeneous power
distribution within the bed.
Especially next to the wall, the density of the
volumetric heat source can be approximately
50% higher than the average value whereas
in the middle of the bed, the local heat source
can be 60% lower. This is different from 1D
experiments. As a consequence, two
definitions for the critical heat flux are
proposed: a mean value Ocr, and a local

value Ocr xpf(x,y) where pf(x,y) is the heat
generation distribution. As most of the dryout
area are located close to the wall where the
power is high, the local value can be much
higher than the mean value. Both of these
values are reported on the critical heat flux
graph (fig. 5).

50

Length (mm)

Figure 3: example of internal power spatial
distribution (discrepancies to the mean
value)

2.2 Experimental results

2.2.1 Critical heat flux

To detect critical heat flux, the
volumetric heat power is injected
stepwise. Permanent boiling regime
is reached before changing steps.
Ideally, when dryout occurs, the
temperature exceeds saturation
temperature and the corresponding
heat power measured is the critical
heat flux.
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Figure 4: dryout detection



• Critical heat flux values with top cooling conditions and comparison with Lipinsky
1D correlation

In a 1D approach with a top cooling injection, dryout usually appears in the lower part
of the bed. In multi-D experiments, as the liquid and vapor phases get less in each
other's way, liquid can penetrate more deeply into the bed. Then dryout generally
occurs in the upper part of the bed, when the void fraction is high. Even if the dryout
phenomenon is rather different in 1D and multi-D, results of CHF are always
compared with Lipinsky 1D correlation.
However, as it can be seen on the fig. 5,
the mean heat fluxes are always from 5
to 15% above Lipinski 1D curve for this
range of particle diameter and bed height.
On the other hand, the local heat fluxes
obtained are much more higher than the
mean values. As generally the dryout
occurs where the heat flux to remove is
high (generally at the side of the bed), the
critical heat flux can be of about 1.6 times
the average value.
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Figure 5: critical heat flux values

• Uncertainties

Reproducibility tests have been performed for different bed configurations. All of
them show good reproducibility. The relative deviation between two measurements
of the critical heat flux in the same operational condition is lower than 5% and the
dryout areas are almost the same.

2.2.2 Overheating phenomena and merging of particles

As the injected power is being increased stepwise, steady temperature levels above
saturation temperature before dryout can be observed. Moreover, the temperature
levels can remain constant during several ten minutes.

This phenomena is more T.?.-?^*
significant with a bottom ; ,,,
cooling injection, which is
probably due to the fact
that the LA/ co-current
flow, quieter, allows
detection of more physical
details, whereas a counter-
current flow would
destabilize more these
plateaux. ** " *" ~ "_ . : - - i ' k

Figure 6: temperature field, overheated thermocouples (bottom
cooling injection)
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There are two proposals of hydrodynamic patterns to explain this overheating
phenomena.

The first one consists in considering preferential vapor paths in the interstitial space
of the porous media, as mentioned by Tung & Dhir [4] in isothermal condition. With
volumetrically heated bead, we think that when the bead-thermocouple sees a vapor
path, one part of its surface is in nucleate boiling regime (then closed to Tsat)
whereas the other part is in contact with pure vapor (temperature much higher than
TSat)- The measured superheat value would be between those two extreme
temperature.

The other proposal deals with chugging phenomena: as boiling occurs in a confined
space, such a behavior can be obtained if the bubbles growing at the wall surface
merge rapidly due to the elongated shape they take due to the confined space. In
that case, we may have a chugging like phenomenon: large bubbles escaping rapidly
from the confined space and being replaced by liquid. In that case, the wall sees
alternatively large steam bubbles and liquid slugs which corresponds to some kind of
transition boiling.

• Merging of particles

Some few melted beads have been found in the upper part of the bed and along the
wall. Although the temperature was above 1300°C (which is the melting temperature
of the steel) during some experiments, no specially high temperatures were
measured by the thermocouples located in the vicinity of this area.

2.2.3 Parametric studies

• Influence of injection position

With a top injection, the critical condition is reached when the accumulated vapor
flowing upwards acts like a barrier regarding to the cooling water penetrating by
gravity into the porous media (flooding phenomena). Vapor and water circulate in
counter-current flow.

In the case of a bottom cooling
condition, coolability is much
higher, as the water and vapor flow
upward co-currently, therefore
access for the liquid is easier to
quench the whole bed. Dryout
occurs at heat fluxes about twice
the critical heat flux obtained with a
top cooling system.

200

150 -

100

5 0 •

n •

•
_ •

• •

' 1

• Top cooling

• Bottom cooling

1.5 2.5
d (mm)

3.5

Figure 7: averaged CHF obtained with bottom cooling
injection (kWe : electrical kW)
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Hoffman et a/. From FZK [8] found for only one bed configuration (3 mm diameter
particles heated inductively, porosity 0.4, height of the bed of 485 mm) a factor of
2.28 between bottom and top cooling injection.

• Influence of height of the water pool (d = 3.17 mm)

Heights of the water pool ranging from 100 to
300 mm don't give a significant difference on the
CHF value neither on the location of dryout
areas. Recirculation cells were expected
between the water pool and the porous media,
improving coolability. Actually, it seems that the
low permeability and passability act preventing
this phenomena.

Influence of sub-cooled water injection
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Figure 8: influence of height of
the water pool (top cooling)

No influence on dryout has been noticed with water injection at lower temperature
(Tsat - 20°C and Tsat - 40°C).

• Fluidization of upper particles

Removing the grid from the top of the 2 mm and 3.17 mm
beds doesn't give any difference on the critical heat flux
values. However, as far as the 2 mm bed is concerned,
after the experiment, the surface of the bed has changed:
the very upper part of the bed has moved. Although the
fact that the CHF value was the same, the location of
dryout was slightly different. Considering the shape of the
pile, one may think that the rising vapor streamlines are
concentrated along the wall because of heterogeneous
power distribution, dragging some particles with them. F isu r e 9: shaPe o f the bed

without grid

2.3 Conclusion

Several phenomena can be highlighted from these experimental results.

As far as the CHF definition is concerned, it seems that the local flux definition is the
more appropriate one. In that case, the values obtained are much more higher than
Lipinsky 1D correlation if it is still valuable to compare a multi-D experiment to a 1D
calculus.
Concerning the criterion for detecting the CHF value, the classical one (fig. 4) is not
valuable anymore when considering the overheating phenomena. Then, dryout is
signaled by at least one continuously rising thermocouple signal and a corresponding
"failure to achieve steady state at a given power level", as carried by Rivard [9].
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For a severe accident approach, the very local dryout behaviour should be taken into
account. Several questions can be issued from these results. In particular, can a
local dryout be accepted knowing that the merging propagation seems to be limited ?

3. Numerical calculations with MC3D-REPO code

3.1 Presentation of MC3D-REP0, initial and boundary conditions

The MC3D-REPO code is a finite volume eulerian multiphasic code issued from a
more generic multifield code [10]. In MC3D-REPO, classical friction laws adapted to
porous media have been introduced. The capillary pressure law of Leverett is used
as well as the hypothesis of thermal equilibrium between the three phases. A 20x15
grid is used for this benchmark. The porous media is a solid fixed matrix which does
not allow fluidization of the upper particles. Initial and boundary conditions and the
bed properties are data from the SILFIDE experiments. The heterogeneous power
distribution is taken into account and the step by step power injection is reproduced
so that the calculated critical heat flux is given to within about 5 kW and as for the
experimental data. The only slight difference lies on the upper surface of the bed
which is fixed at atmospheric pressure (the experiments showed that height of the
water pool has a negligible influence on dryout).

3.2 Set of equations

Porous media definitions and parameters

MC3D being a general multifield code, use of classical volume fractions Oj and
velocities Vi is made. These variables are linked to the general porous medium
variables porosity e and saturation s and superficial velocities ^through the relations

aL=eS aJ?L = rjL in which tjt are the classical
c^=£(l-s) cc$ =d superficial velocities used in
„ _ i _ r

 G G G porous media modelling
Cs

Mass balance equations

—ccLpL + v{ccLpLVL) = -GLV ~àtasPs = 0 ~âaGp° +
 ^{VGPGVG) = GLV

for L phase for S phase for V phase

Momentum balance equations

(L) laj
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(v)â< LG

Energy equations

All the phases are assumed in thermal equilibrium, so there is only one internal
energy equation:

T —T = T = T
SL 1V 1S Â

—{aLpLeL + avpvev + aspses) + v[aLpLeLVL + avpvevVv\

where X* : thermal conductibility of the bed
$ : source term

and PL is being chosed as principal variable with PV-PL= PC (S)

Choice of physical parameters

• Effective conductivity: knowing the conductivity of the three phases S, L, V,
several expressions for saturated porous are being used by MC3D-REP0: the
Krischer, geometrical or empirical formulations,

• Absolute permeability K: from Blake & Kozeny, 1960 or Kozeny & Carman, 1974

• Relative permeabilities Kri: from Corey, 1964 or Brook & Corey, 1966 [12],
• Absolute passability rj: from Ergun, 1952 [13],
• Relative permeabilities ?]„: from Lipinski, 1982 & 1984 [3],
• Capillary pressure: from Leverett, 1941 [u],
• Evaporation I condensation term: from Theofanous & Amarasooriya, 1991 [14] :

My

- 1

This expression is used to restore thermodynamic equilibrium with a time constant
around x.

• Liquid-vapor friction term: from Schulenberg & Muller, 1987:

LG W{s)pLK

(1-5) S
with = 350.s7{l-s)

3.3 Calculation of a SILFIDE experiment
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The benchmark has been realized with a 2D 500 mm bed consisted of 3.17 mm
diameter particles (Cp=473 J.Kg^.K"1, p=7780 Kg.m"3, À=38 W.m-'.K"1). Water was
supplied by the top of the bed, and heterogeneous power distribution has been
reproduced.

• Critical heat flux value and dryout location

Calculations are in good agreement with SILFIDE experiments.

Critical heat flux is calculation is less
than 10% different than the
experimental value in the same
operational conditions, and dryout
location is rather the same (at the
side, in the upper part of the bed).

Figure 10: temperature (°K) field just after dryout.
Yellow curves are experimental dryout areas

Implementation of the friction laws
between liquid and vapor phases has two
consequences : dryout happen slightly
earlier and the dryout area is being
extended.

• Saturation field

As expected volumetric heat generation
within the whole bed makes the void
fraction more important at the upper part
of the porous media.

Figure 11: saturation field

without FLa
with FLQ

Experimental
CHF (kWe)

95 (+/- 5)
95 (+/- 5)

Calculated
CHF (kWe)

110(+/-5)
105 (+/- 5)

•5JJ6-O1

• Velocity field (without FLG) before dryout

Velocity magnitude for the vapor phase are much higher than those for the liquid
phase. As it can bee seen on the following pictures, the liquid streamlines present
more complex patterns, especially at the side where two recirculation cells can be
observed at the middle of the bed where liquid has some difficulties to penetrate the
lower part of the bed.
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Figure 12: velocity field of
the liquid (Vmax = 2.9 cm/s)

Figure 13: velocity field of
the vapor (Vraax = 5.4 m/s)

4. Conclusion

The main objectives of these studies laid on

• multidimensional aspects of cooling behaviour from which a significantly better
coolability is expected than results based on 1D analysis mainly oriented at top
cooling conditions,

• improving our knowledge to help us to evaluate cooling options for existing and
future nuclear reactors,

• validation of MC3D-REPO with SILFIDE experiments before dryout.

SILFIDE experiments show that the coolability is improved in terms of CHF values in
comparison with Lipinski 1D correlation. The steady flows obtained within the bed
allowed us to observe local overheating phenomena. The high temperatures reached
in this particular case did not permit us to conclude on a permanent boiling regime
but two proposals has been exposed. Investigations are in progress. The other
surprising experimental results is the merging of some particles showing that dryout
occurance in such a porous media is a very local phenomenon. As a consequence,
critical heat flux definition in such a case is a sensitive subject, as local versus mean
heat flux value question.

Parametric studies are useful for overall understanding of multiphasic flow in an
internally heated porous media. In particular, if the height of the water pool within the
experimental range has no influence on dryout phenomena, the bottom cooling
injection has a dramatic consequence on the flow and the critical heat flux.

These experimental results help up to go on validate MC3D-REPO numerical code.
The first benchmark using this code is in good agreement with the experiment as far
as critical heat flux value and dryout location are concerned.

5. Next steps

Concerning SILFIDE facility, the experimental setup will be transformed to make the
power distribution homogeneous. Therefore, we expect to remove doubts concerning
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the local or average definition of the critical heat flux. As far as MC3D calculations
are concerned, complementary benchmarks are planed with SILFIDE experiments.

After the homogeneous debris bed studies, a work program centered on
heterogeneous debris bed will be realized.

With the help of SILFIDE and MC3D-REPO results, the CEA is being working
parallely on another numerical module which would be able to deal with non local
thermal equilibrium models, necessary for post-dryout investigations.
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