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ABSTRACT

During a severe reactor accident following core meltdown when the molten fuel comes
into contact with the coolant water a steam explosion may occur. The premixing phase of a
steam explosion covers the interaction of the melt jet or droplets with the water prior to any
steam explosion occurrence. To get a better insight of the hydrodynamic processes during the
premixing phase beside hot premixing experiments, where the water evaporation is
significant, also cold isothermal premixing experiments are performed.

To analyze the cold premixing experiments the computer code ESE has been developed.
The specialty of ESE is that it uses a combined single-multiphase flow model. Because of
problems with the convergence of the momentum equation written in conservative form on a
staggered grid, the development of a collocated grid version of ESE was planed. But since we
obtained the commercial code CFX-4.3, which uses a collocated variable arrangement, we
decided first to test the capabilities of CFX-4.3.

With ESE and CFX-4.3 the cold premixing experiment Q08 has been simulated. In the
paper the simulation results performed with both codes are presented and commented in
comparison to experimental data.

1 INTRODUCTION

During a severe reactor accident following core meltdown when the molten fuel comes
into contact with the coolant water a steam explosion may occur. The steam explosion can be
divided into more stages. The first, premixing stage is most important since it gives the initial
conditions of the possible steam explosion and determines the maximum quantity of melt,
which might be then involved into the explosion. To investigate the mixing process associated
with the melt penetration, beside hot premixing experiments, where the water evaporation is
significant, also cold isothermal premixing experiments are performed to get a better insight
of the hydrodynamic processes during the premixing phase. In these isothermal premixing
experiments different jets of spheres are injected in a water pool.
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To analyze these cold premixing experiments the computer code ESE (Evaluation of
Steam Explosions) [1] has been developed. The specialty of ESE is that it uses a combined
single-multiphase flow model. In this combined model the water and gas phases are treated as
a single phase with discontinuous phase properties at the water-gas interface using the level
set method. The spheres are treated as usually with a multiphase flow model, where the
spheres represent the dispersed phase and the joint water-gas phase represents the continuous
phase. The transport equations in ESE are solved on a staggered grid where the control
volumes for the velocity components v�  are displaced with respect to the control volumes for
the scalar quantities (phase presence probability α , density ρ , pressure p ).

Figure 1 Staggered and collocated variable arrangement.

The momentum equation for each phase p  has been solved in nonconservative form
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 includes all interfacial forces, since the numerical solution of the coupled system of
transport equations with the momentum equation written in conservative form
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was divergent at non-smooth distributions of the phase presence probability. Because of the
nonconservative momentum treatment the right propagation speed of phase presence
probability discontinuities could be achieved only if the discontinuities have been treated in a
special way [2].

To avoid the drawbacks of the nonconservative momentum treatment we planed to
develop a collocated grid version of ESE, since we hoped that on a collocated grid the system
of transport equations written in conservative form would be more easily solved. Namely with
a collocated variable arrangement the setup of a consistent discretization of the system of
transport equations is more straightforward than with a staggered variable arrangement. But
then we obtained the commercial code CFX-4.3 [3], which solves the transport equations on a
collocated grid, and so we decided first to test the capabilities of CFX-4.3 before developing
the collocated grid version of ESE. With ESE and CFX-4.3 the cold premixing experiment
Q08 [4], which has been performed at the QUEOS facility, has been simulated. In the paper
the simulation results performed with both codes are presented and commented in comparison
to experimental data.
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2 PREMIXING EXPERIMENT SIMULATIONS

2.1 Experiment and Model Description

In the experiment Q08 molybdenum spheres with a diameter of 4.2 mm and a total mass
of 10 kg were discharged from a height of 1.3 m into a water filled vessel with an inner cross
section of 70 cm x 70 cm and a height of 138 cm. The spheres jet diameter was 18 cm and the
spheres entered the water at a velocity of 5.12 m/s and a phase presence probability of 0.17.
The water level in the vessel was 100 cm [4].

Figure 2 Model of Q08 experiment.
In the experiment simulations only the part of the vessel filled with water together with

a 20 cm wide gas zone over the water surface has been modeled. All other experiment
features have been taken into account with appropriate boundary conditions. It was assumed
that the gas over water was air. Indeed it was mostly steam mixed with some amount of non-
condensable argon. The simulations have been performed in the cylindrical coordinate system
presuming axial symmetry of the problem. To mach the cross-sectional area of the vessel an
equivalent radius of 41 cm was used in the axial symmetric model. The falling spheres were
introduced in the model with boundary conditions (B.C.). The appropriate boundary
conditions for the spheres velocity zv  and the spheres presence probability α  at the upper
edge of the simulation region 20 cm above the water surface were determined from the known
values at the water surface. The time interval t∆  the spheres are falling through the upper
boundary of the simulated region was established from the total spheres mass and the
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calculated spheres mass flow rate. The experiment simulations have been performed on a
mesh 41 x 120 grid points – so the grid spacing was exactly 1 cm.

2.2 Codes Numerical Methods and Modeling Description

The simulations have been performed with the developed code ESE and the commercial
code CFX-4.3. To get a picture of the experiment modeling approaches used in both codes the
main characteristics are briefly summarized in the following table.

Table 1 Main characteristics of Q08 experiment modeling in ESE and CFX-4.3.

Subject ESE CFX-4.3
Multiphase flow
treatment

Combined single-multiphase
flow model

Multiphase flow model

Inter-phase drag Spheres-air: Newton regime
Spheres-water: Newton regime
Water-air: separated phases

Spheres-air: Newton regime
Spheres-water: Newton regime
Water-air: mixture model

Non-drag forces Virtual mass force, lift force No
Special spheres-water
surface drag treatment

Yes No

Compressibility Air compressible, spheres and
water incompressible

All phases incompressible

Time marching Explicit Implicit
Time step Adaptive:

Courant num. = 0.9 � ~0.001 s
Fixed: 0.001 s

Advection terms Continuity eq.: Van Leer
Momentum eq.: Van Leer

Continuity eq.: Van Leer
CFX hybrid:
Momentum eq.: Hybrid
CFX Van Leer:
Momentum eq.: Van Leer

Since in CFX-4.3 it is not possible to combine the multiphase flow model with the
homogenous model intended for free surface flows, the interaction between the water and air
phases was treated with the mixture model. The water-air interfacial length scale was chosen
very small (10-6 m) to strongly couple both velocity fields and make the relative motion of
both phases at the water-air surface negligible, as it should be. The interfacial drag was
calculated in both codes with the same particle two-phase drag model valid for the Newton
flow regime, which was suitable modified to account for the third phase. In CFX-4.3 the non-
drag forces could not be incorporated for three-phase flow in a straightforward manner. Since
their influence on the simulation results is not significant, they were omitted for now. In ESE
the spheres-water drag at the water surface was treated in a special way considering the
discontinuous air-water transition. On this way it was achieved that at the numerically spread
water-air surface no artificial vortex forms, which otherwise starts to close the gas chimney at
the top. In multiphase flow simulations CFX-4.3 is limited on the treatment of incompressible
phases. Therefore with CFX-4.3 it was not possible to reproduce the pressure oscillations
appearing in the experiment, as will be seen in the next section. To get a better picture of
CFX-4.3 performance two simulations designated with CFX hybrid and CFX Van Leer, which
differ only in the numerical treatment of advection terms in the momentum equation, have
been performed. At CFX hybrid the first order accurate hybrid differencing scheme has been
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used, whereas at CFX Van Leer the second order accurate TVD Van Leer scheme was
chosen.

3 SIMULATION RESULTS

On Figure 3 the water and spheres presence probability at the ESE, CFX hybrid and
CFX Van Leer simulations are presented together with the picture of experiment Q08 (taken
from [4]). The contours of the water presence probability at the ESE figure correspond to 0.1,
0.3, ... , 0.7, 0.9 value1 and at the CFX figures the red color corresponds to value 1 and the
blue to value 0. The contours of the spheres presence probability at the ESE figure correspond
to 0.02, 0.05, 0.1, 0.15, ... , 0.25, 0.3 value and at the CFX figures the blue color corresponds
to value 0 and the red color to value 0.1109 at the hybrid calculation and to value 0.1450 at
the Van Leer calculation.

At the ESE simulation the water-air surface remains sharp during the whole simulation
because the single-multiphase flow model and the level set surface capturing method have
been used, whereas at the CFX simulations, where no special interface treatment is
incorporated, the surface is numerically spread. In the CFX Van Leer simulation the water-air
surface is more disturbed than at the CFX hybrid simulation. The reason for that is less
numerical diffusion in the momentum equation because of the second order accurate
numerical treatment and therefore a more pronounced artificial vortex, which forms in the
numerically spread water-air surface and starts to close the gas chimney on the top. This
problem was successfully abolished in ESE with a special treatment (will be described in a
later paper) of the spheres-water interfacial drag at the water surface. As seen on the ESE
figure, the gas chimney does not start to close on the top like in the CFX Van Leer
simulations, but in the middle like it was observed also in the experiments.

The comparison of spheres presence probability figures shows that the maximum
spheres presence probability is highest at the ESE simulation and lowest at the CFX hybrid
simulation. The reason for the differences between CFX hybrid and CFX Van Leer is the
greater numerical diffusion of momentum at CFX hybrid because of the first order accurate
numerical treatment of the momentum equation. Whereas the differences between ESE and
CFX are due to the different time marching schemes used, since implicit schemes are more
diffusive than explicit schemes also if the same time step is used. At the ESE simulation the
spheres presence probability in the jets head is so high, that the repulsive forces between the
spheres, which were not modeled, should also be taken into account. If we look at the CFX
figures more precisely we realize that the spheres presence probability is not highest at the
symmetry axis on the left side, as it probably should be in the 2D simulation.

On Figure 4 the spheres jet penetration depth and plume half width at the ESE, CFX
hybrid and CFX Van Leer simulations are presented in comparison with the experiment Q08
measurements. For the jet boundary the presence probability contour 0.02 was chosen. The
choice of this value is not very sensitive since the spheres presence probability gradients are
high. The differences between CFX hybrid and CFX Van Leer results are in accordance with
previously established behavior [2] that more diffusive numerical schemes produce a faster
front propagation and less horizontal jet spreading. The differences between ESE and CFX
results appear mainly because of different numerical modeling (water-air surface treatment,
spheres drag at water-air surface, time marching) and less because of different physical

                                                
1 Indeed, because of technical reasons, 1 minus the air presence probability is presented. Therefore the influence
of the spheres phase can not be seen.
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modeling (non-drag forces, compressibility). The in experiments observed dynamic jet front
velocity behavior, where the spheres first decelerate when they touch the water, than
accelerate during the free fall into the gas channel and finally again decelerate because of the
final jet length and the gas chimney collapse, was predicted only in the ESE simulation.

Figure 3 Water presence probability (top) and spheres presence probability
(bottom) at ESE (left), CFX hybrid and CFX Van Leer (right) simulations
after 0.25 s together with the picture of Q08 taken at the same time.
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Figure 4 Comparison of penetration depth and plume half width at ESE, CFX
hybrid and CFX Van Leer simulations and experiment Q08.

On Figure 5 the calculated pressure at the position 250 mm above the bottom of the
vessel is presented together with the experimental data. Beside the results of the simulations
performed with ESE, CFX hybrid and CFX Van Leer also the simulation results performed
with the incompressible version of ESE are presented. Since the simulations started 0.04 s
before the spheres enter the water, whereas in the experiment the time was measured after the
release of the spheres, the time difference 0.46 s had to be added to the simulation time to
make the simulation results comparable to the experimental measurements. As seen on the
figure, the first pressure rise when the spheres penetrate into water is predicted correctly by all
four simulations, whereas the later pressure oscillations, caused by the entrapped gas bubble
compression and expansion, were obtained only in the compressible ESE case. In the ESE
incompressible case, as expected only a sharp pressure spike occurs when the gas chimney
collapses. Since in the CFX simulations the water-air surface is numerically spread, instead of
this pressure peak only a smooth pressure rise appears. The gas chimney closes in both CFX
simulations much to early since no special spheres drag treatment at the water-air surface has
been incorporated. The results of the compressible ESE simulation are the best but still
deviate somewhat from the experimental data. The reason for the lower pressure oscillations
amplitude is probably the fact that also at the level set method the water-air surface is not
completely sharp but is spread over three mesh cells. And the slightly higher pressure
oscillations frequency is probably the consequence of the presumption that the gas over water
is air. Indeed it is an unknown mixture of saturated steam and argon, which has a higher
compressibility than ideal gas and therefore the pressure oscillations frequency is lower.

Figure 5 Comparison of pressure at compressible ESE, incompressible ESE, CFX
hybrid and CFX Van Leer simulations and experiment Q08.
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4 CONCLUSIONS

The computer code ESE has been developed to analyze cold premixing experiments.
The specialty of ESE is that it uses a combined single-multiphase flow model, where the
water and gas phases are treated as a single phase with discontinuous phase properties at the
water-gas interface using the level set method, whereas the spheres are treated as usually with
a multiphase flow model. Since problems with the convergence of the system of transport
equations with the momentum equation written in conservative form occurred, the momentum
equation was solved in nonconservative form. To avoid the drawbacks of the nonconservative
momentum treatment the development of a collocated version of ESE was planed. But then
the commercial code CFX-4.3 was obtained, which uses a collocated variable arrangement,
and so we decided first to test the capabilities of CFX-4.3 before developing the collocated
ESE version. Therefore instead of the comparison of the simulation results obtained with the
staggered and the collocated version of ESE, the comparison of the staggered ESE and the
collocated CFX-4.3 simulation results have been presented. Since ESE and CFX-4.3 differ in
several numerical and physical modeling aspects, the main characteristics of the experiment
modeling approaches used with both codes have been briefly discussed.

With both codes the QUEOS cold premixing experiment Q08 has been simulated. To
get a better picture of CFX-4.3 performance the CFX simulations have been performed with a
first and a second order accurate numerical treatment of the advection terms in the momentum
equation.

The results of the simulations showed that CFX-4.3, which we did not optimize for such
kind of simulations with additional programming, could not predict all basic features of the
Q08 experiment. Because of the incompressible multiphase flow treatment the pressure
oscillations caused by the entrapped gas bubble compression and expansion could not be
reproduced. Since the water-gas interface could be treated only with the multiphase flow
model the water surface numerically spread during the simulation. In addition, the gas
chimney closed to early and at a wrong place since the spheres-water drag at the water surface
was not treated in a special way considering the discontinuous water-air transition. In ESE all
these drawbacks have been successfully overcome and so the simulation results considering
the modeling deficiencies agree nearly perfectly with the experimental data.
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