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ABSTRACT

The crucial part in isothermal premixing experiment simulation is the correct
prediction of the gas chimney, which forms when the spheres penetrate into water. The first
simulation results with the developed original combined multiphase model showed that the
gas chimney starts to close at the wrong place at the top of the chimney and not in the middle,
like it was observed in the experiments.

To find the physical explanation for this identified weakness of our numerical model a
comprehensive parametric analysis (mesh size, initial water-air surface thickness, water
density, momentum coupling starting position) has been performed. It was established that the
reason for the unphysical gas chimney closing at the top could be the gradual air-water
density transition in the experiment model, since there is due to the finite differences
description always a transition layer with intermediate phases density over the pure water
phase.

It was shown that this difference between our numerical model and the experiment can
be somewhat compensated if the spheres interfacial drag coefficient at the upmost mesh plane
of the unphysical air-water transition layer is artificially risen. On this way a more correct gas
chimney formation can be obtained.

1 INTRODUCTION

In multiphase flow different phase distributions may occur, which can not be
adequately modeled neither solely with free surface models nor solely with multiphase flow
models. Such a phase distribution occurs for example in isothermal steam explosion
premixing experiments, where dispersed spheres penetrate into water and the water-air
surface remains sharp. Steam explosions are extensively explored in nuclear engineering,
since the conditions for a steam explosion are fulfilled during some scenaria of severe nuclear
reactor accidents, when the molten core comes into contact with the coolant water. A common
practice in isothermal premixing experiments modeling is to treat all three phases involved:
the water, the air and the spheres phase, equally with a multiphase flow model. So the water-
air surface is treated as a dispersed flow of air bubbles in water or water droplets in air. This is
physically not a correct description. Because of very stiff interface coupling terms
convergence problems occur and in explicit numerical methods extremely small time steps
have to be used. In addition, since in multiphase flow models no special attention is
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given to the phases interface, the water-air surface numerically spreads due to numerical
diffusion [1].

Therefore we decided to treat the isothermal premixing process with an original
combined multiphase model. In the developed combined multiphase model the water and air
phases are treated with a free surface model as a single joint phase with discontinuous phase
properties at the water-air interface. The spheres are treated as usually with a multiphase flow
model, where the spheres represent the dispersed phase and the joint water-air phase
represents the continuous phase.

2 EXPERIMENT SIMULATION

Each phase in the so defined quasi two-phase flow – the dispersed spheres phase and
the continuum joint water-air phase – was described using the ensemble averaged continuity
and momentum equation [2]. In the interfacial momentum coupling terms beside the drag
force also the virtual mass force and the lift force have been taken into account. The water-air
surface was determined using the front capturing level set method, which was developed for
free surface problems and is widely used in the last years [3]. For the interface thickness the
recommended value h∆= 2

3ε  was chosen, where h∆  is the grid spacing.

Figure 1 Schematic model of QUEOS experiment Q08.
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For the analysis of the developed combined multiphase model the QUEOS isothermal
premixing experiment Q08 has been chosen [4]. In this experiment 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
through a tube into a water filled vessel with an inner cross section of 70 cm x 70 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. In the
experiment simulation only the part of the vessel filled with water together with a 20 cm wide
air (instead of the unknown steam argon gas mixture) zone over the water surface has been
modeled (Figure 1). All other experiment features have been taken into account with
appropriate boundary conditions. The phases presence probability and the phases velocities
were calculated in 2D in the cylindrical coordinate system on a mesh 41 x 120 grid points
using the second order accurate high-resolution finite differences method [5].
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Figure 2 The joint water-air phase density, the spheres phase-presence probability
and the joint water-air phase velocity field at different times at the
simulation of experiment Q08.

On Figure 2 the results of the simulation are presented. The figure shows the joint
water-air phase density (black contours), the spheres presence probability (gray contours) and
the joint water-air phase velocity field in the cylindrical coordinate system (r, z) in equidistant
25 ms long time intervals. The time is measured as in the experiment after the release of the
spheres, that is 0,46 s before the simulation started. The joint water-air phase density
( 3kg/m997=wρ , 3kg/m2,1=aρ ) contours correspond to values 2, 100, 200, ... , 800, 900,
996 kg/m3 and the spheres presence probability contours correspond to values 0.02, 0.05, 0.1,
0.15, etc. The velocity field is presented with unit vectors showing only the direction of the
velocity vector and not also the speed since otherwise the figures would be unclear. As seen
on the figures the gas chimney, which forms during the spheres penetration into water, starts
to close at the top of the chimney, what is not in accordance with the experimental
observations. On Figure 3 the images of all performed isothermal QUEOS premixing
experiments are presented. Beside the simulated experiment Q08 also experiments Q01, Q02,
Q05 and Q06, where the spheres diameter, spheres material and spheres total mass have been
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varied, are shown. On all images it is clearly seen that the gas chimney starts to close in the
middle and not at the top as in the simulation.

Q01 Q02 Q05 Q06 Q08

Figure 3 Images of all isothermal QEUOS premixing experiments (images taken
from [4]).

The purpose of the paper is to identify the presented weakness – the unphysical gas
chimney closing at the top - of our numerical model, the way how we tried to find the
physical explanation for that behavior and the way how we tried to cure it.

To find out why the simulation results are qualitatively wrong a comprehensive
parametric analysis has been performed. Since the geometry of the model of experiment Q08
(Figure 1) is not suited for a straightforward mesh size influence analysis, the parametric
analyses have been performed in a slightly different geometry. The spheres jet radius was
reduced from 9 cm to 8 cm and the radius of the vessel from 41 cm to 40 cm. So all
characteristic dimensions of the model are more times divisible with 2, what makes the mesh
size influence analysis more straightforward.

3 PARAMETRIC ANALYSIS

First the mesh size influence analysis has been performed to establish if the simulation
results converge to the right physical solution. For the basic grid the mesh 40 x 120 grid
points, denoted with size 1x, has been chosen. So the grid spacing was exactly 1 cm. On
Figure 4 the results of the simulations performed on grid sizes 0.5x (20 x 60 points), 1x (40 x
120 points) and 2x (80 x 240 points) are presented. As seen on the figure on reasonable
meshes the results do not converge to the right physical solution. In contrary, on the finer
mesh the unphysical closing of the gas chimney at the top becomes still more expressive.

To find out if the reason for that behavior is the unphysical gradual air-water transition
in the model due to the numerical finite differences solving procedure, the simulations have
been performed for different initial water-air surface thicknesses ε . Since at the level set
method the interface thickness is predetermined and constant for all interface positions (also
vertical) this parametric analysis has been performed using the high-resolution method for the
joint water-air phase density determination. The results of the simulations, which are
presented on Figure 5, are quite surprisingly and in opposite with our expectations. It turned
out that at the thickest initial air-water transition layer the air chimney starts to close at the
right place in the middle like it was observed in the experiments. It should be mentioned that
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on a staggered grid the velocity "sees" due to averaging a one grid spacing thicker surface
than it is modeled.

To explain this strange behavior the influence of the water density on the simulation
results has been analyzed. On Figure 6 the results of the simulations for different artificial
water densities are presented. It may be seen that at the lowest water density 2 kg/m3, which is
only slightly higher than the air density, the air chimney starts to close in the middle. That
could be the explanation why the results for the thickest initial air-water transition layer
(Figure 5) are qualitatively the best, since in the upper layer of the wide water-air interface the
joint water-air phase density is low and so the vortex forms likewise in the lowest artificial
water density case (Figure 6).
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Figure 4 The simulation results at time
610 ms performed on different mesh
sizes.

Figure 5 The simulation results at time
660 ms for different initial water-air
surface thicknesses.
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Figure 6 The simulation results at time
660 ms for different artificial water
densities.

Figure 7 The simulation results at time
610 ms for different momentum coupling
starting positions.

But what is then the reason for the closing of the air chimney at the top? In reality the
spheres momentum coupling during the free fall through air is quite low and than abruptly



206.6

Proceedings of the International Conference Nuclear Energy in Central Europe, Portorož, Slovenia, Sept. 10-13, 2001

rises when the spheres start to penetrate into water. To find out the influence of this abrupt
momentum coupling change a parametric analysis has been performed, where the spheres
momentum coupling during the spheres free fall has been switched off till a certain depth. On
Figure 7 the results of these simulations are presented. The spheres momentum coupling has
been switched off till one grid spacing over the water-air surface (+1x h∆ ), till the water-air
surface (0x h∆ ) and till one grid spacing below the water-air surface (-1x h∆ ). It may be seen
that the air chimney closing at the top is more pronounced if the water layer over the position,
where the spheres momentum coupling starts to drag the water down, is thicker.

In the experiment model the joint water-air phase properties always change gradually
due to the finite differences description and so there is always a transition layer with
intermediate phases density over the pure water phase, where the spheres momentum
coupling rises to its maximum value. This transition layer chokes the water splashing
observed in the experiments (Figure 3) and causes the unphysical air chimney closing at the
top (Figure 2). This air chimney closing at the top is most expressed on the finest mesh
(Figure 4), where the water, due to the more detailed description, is not so strongly forced to
the collective movement anymore, whereas the transition layer still is about 1 cm thick.
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Figure 8 The simulation results at time
635 ms for different spheres drag
coefficients at the upmost mesh plane of
the water-air transition layer.

Figure 9 The simulation results at time
610 ms performed with the modified
spheres drag coefficient on different
mesh sizes.

Thus we are not simulating the real experiment, but a modified experiment with a
transition layer with intermediate phases density over the pure water phases. If in reality the
experiment would look like our actual numerical experiment model (transition layer over the
pure water phase) we anticipate that there would also be no water splashing and that the gas
chimney would also start to close at the top.

To somewhat compensate this inherent numerical model deficiency, in the model an
artificial abrupt rise of the spheres momentum coupling at the water-air surface, like it is in
reality, has to be incorporated, what can be achieved if the spheres momentum coupling at the
upmost part of the unphysical air-water transition layer is artificially risen. This is easiest
done if the spheres interfacial drag coefficient C  at the upmost mesh plane of the air-water
transition layer, that is one grid spacing h∆  over the water-air surface, is multiplied by a
factor. On Figure 8 the results of the simulations with the unmodified (1x C) and multiplied
spheres drag coefficient (10x C, 20x C) are presented. As expected the air chimney starts to
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close at the right place in the middle if the spheres drag coefficient at the upmost mesh plane
of the water-air transition layer is artificially risen enough ( CC up 10≥ ). On Figure 10 the
calculated pressure in water 250 mm above the bottom of the vessel is presented for different
artificial spheres drag coefficients upC . From Figures 10 and 8 it is evident that the artificial
spheres drag coefficient at the upmost mesh plane of the water-air transition layer has a
negligible influence on the simulation results if it is large enough ( CC up 10≥ ). So in our
combined multiphase model at the upmost mesh plane of the unphysical water-air transition
layer the following grid dependent artificial spheres drag coefficient has been chosen:

,m01.010 C
h

C up

∆
= (1)

which takes into account the fact that on a finer grid the influence of the spheres drag
coefficient rise in one mesh plane is lower. It should be stressed that the spheres drag
coefficient has been artificially risen only in one mesh plane of a region (transition layer),
which was not correctly described with the finite differences approach. On this way we tried
to bring our numerical model more to reality.

On Figure 9 the results of the simulations performed with the artificially modified
spheres drag coefficient (Eq. 1) on different mesh sizes are presented. It is evident that the gas
chimney qualitatively develops like in the experiments (Figure 3). On Figure 10 the pressure
curves for the artificially modified spheres drag coefficient case calculated on different mesh
sizes are presented. The pressure curves are somewhat grid dependent also on the finer
meshes (mesh sizes: 1x, 1.5x and 2x), but that is predominantly because of the very sensitive
nature of the problem. So one can conclude that the basic mesh size 1x with the grid spacing 1
cm is adequate for such kind of simulations.
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Figure 10 Pressure curves calculated for different spheres drag coefficients (left
side) and on different mesh sizes (right side).

With the developed combined multiphase model, where the presented weakness of the
numerical model has been somewhat compensated with the artificially modified spheres drag
coefficient at the upmost mesh plane of the water-air transition layer (Eq. 1), the premixing
experiment Q08 has been simulated again. This time the simulation results agreed
qualitatively (images) and quantitatively (spheres penetration depth, spheres plume width,
pressure curves) quite well with the experimental data.

4 CONCLUSIONS

The crucial part in isothermal premixing experiment simulation is the correct
prediction of the gas chimney, which forms when the spheres penetrate into water. The first
results of the QUEOS isothermal premixing experiment Q08 simulation with the developed
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original combined multiphase model showed that the gas chimney starts to close at the wrong
place at the top of the chimney and not in the middle, like it was observed also in other
experiments.

To find the physical explanation for this identified weakness of our numerical model a
comprehensive parametric analysis has been performed. It was established that the reason for
the unphysical gas chimney closing at the top could be the gradual air-water density transition
in the experiment model, since there is due to the finite differences description always a
transition layer with intermediate phases density over the pure water phase. This transition
layer also chokes the water splashing observed in the experiments. Thus we are not simulating
the real experiment, but a modified experiment with a transition layer with intermediate
phases density over the pure water phase.

It was shown that this inherent numerical model deficiency can be somewhat
compensated if the spheres interfacial drag coefficient at the upmost mesh plane of the
unphysical air-water transition layer is artificially risen. On this way the abrupt rise of the
spheres interfacial momentum coupling at the water-air surface, which appears in reality, is
obtained. The performed parametric analysis showed that the artificially risen spheres drag
coefficient at the upmost mesh plane of the unphysical water-air transition layer has a
negligible influence on the simulation results if a threshold is exceeded.

The results of the premixing experiment Q08 simulation with the improved model,
where the identified numerical model deficiency is somewhat compensated with the
artificially risen spheres interfacial drag coefficient at the upmost mesh plane of the
unphysical air-water transition layer, are qualitatively and quantitatively in quite good
agreement with the experimental data.
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