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1 Introduction
SIMMER-III1),2) is a next generation computer program used to predict the coupled neutron and
fluid-dynamics behaviors of liquid metal fast reactors (LMFRs) during core disruptive accidents (CDAs).
It is a two-dimensional, multi-velocity-field, multiphase, multi-component, Eulerian fluid dynamics code
coupled with a fuel-pin model and a space- and energy-dependent neutron kinetics model. In order to
model the complex flow phenomena in a postulated disrupted core, the mass and energy conservation
equations are solved for 30 density and 17 energy components, respectively. Multi-velocity fields (up to
seven for liquids and one for vapor) are modeled to simulate the movement of the different fluid
components. The fluid convection is treated using a semi-implicit method.
The development of the SIMMER-III code has successfully reached a milestone with the completion
of all of the physical models originally intended for simulating accident sequences of CDAs in LMFRs.2) It
has been applied to many kinds of LMFR safety analyses, which have proved its general validity and
flexibility. Meanwhile, in order to apply it more widely and reliably to the accident analysis of any future
or advanced fast reactors, the improvement and assessment of SIMMER-III is still an on-going program
for general types of multiphase flow problems.
In a CDA of an LMFR, there is a possibility of the formation of a disrupted core, in which solid
particle-liquid multiphase flows are formed comprising a mixture of molten fuel, molten structure, refrozen
fuel and solid fuel pellets, etc. In Fig. 1, a schematic view of this kind of disrupted core is shown. It is
anticipated that such multiphase flows with rich solid phases might cause the formation of a degraded core
with low mobility. Severe recriticality due to massive relocation of disrupted fuel in the core, which is a
matter of great importance to the fast reactor safety, could be prevented in this situation. From a
safety assessment point of view, however, it is difficult to consider the low fluidity of a mixture of solid
particles and liquid components in the present CDA analysis on a conservative basis. This is because we
have insufficient knowledge about the behavior of multiphase flows with rich solid phases in a postulated
disrupted core, regardless of its importance to the recriticality event.
In the SIMMER-III code, there are some models that take consideration of the extra influence of solid
particles on the behavior of multiphase flows, such as the particle viscosity model and the particle jamming
model.3) The particle viscosity model, which is based on equations proposed by Russel,4) was introduced to
model the effective increase in the fluid viscosity of materials due to the existence of solid particles in the
molten mixture, while the particle jamming model was used to ensure that the volume fraction of solid
particles does not exceed a maximum packing fraction in computational cells. These models were initially
introduced to SIMMER-III to consider the effect of solid phases in channel flows. Besides, the viscous
diffusion term, i.e. the momentum diffusion term,5) was implemented for the purpose of investigating the
effect of bubbles on the behavior of a molten pool. The particle viscosity model is applied to the fluid
viscosity in both the viscous diffusion term as well as the fluid-fluid drag term. Despite the existence of
these models, however, little work has been performed with regards to verifying the validity of the
SIMMER-III code on simulating the dynamic behaviors of pool multiphase flows with rich solid particles.

On the other hand, concerning multiphase or two-phase flows with rich solid particles, significant
advances were made in numerical modeling during the past few decades, especially in gas-solid flows. For
example, Gidaspow and his co-workers worked on a two/multi-fluid approach,6),7) while Tsuji and his
co-workers8),9) concentrated their efforts on establishing a distinct element model. Gera et al.9) has made a
comparison of the two approaches. Generally, the Eulerian-Lagrangian approach is well applied to
simulations with a small number of particles, while the Eulerian two/multi-fluid model is a preferred
method for simulating the fluid dynamics of highly loaded particle flows.10),11) However, while all of the
above works are mainly concerned with fluidized beds, the available experiments were performed with
small solid particles or fine powders mainly in a two-dimensional column, which may be very different
from the pool multiphase phenomena in a postulated disrupted reactor core with relatively larger solid
particles mixed with melted fuel etc.
In the previous study,12) a series of liquid dominant multiphase flow experiments was performed to
verify SIMMER-III in simulating the pool flows with rich solid particles. Sensitivity analysis of models
showed that the viscous diffusion term coupled with the particle viscosity model does not contribute to
improve the simulations and further experiments for the verification of the particle jamming model are
necessary. Although the viscous diffusion term has been introduced to SIMMER-III for the investigation of
the effect of bubbles on the behavior of a molten pool, SIMMER-III without this term reasonably
represented the behaviors of the performed experiments. The simulation results indicated that although
there is no consideration of an additional pressure field for the solid phase in the momentum equation of
the solid phase, SIMMER-III can still be applied for representing the behavior of multiphase flows with
solid phase when the liquid phase is dominant in the dynamic behavior. In this study, therefore we
performed two series of solid-particle dominant multiphase flow experiments, including dam-break
experiments and bubble visualization experiments. Verification of SIMMER-III was also conducted based
on numerical analyses of these experiments.
This report is organized as follows. Simulation models and methods of SIMMER-III are described in
Chapter 2. The dam-break experiments and SIMMER-III analyses are explained in Chapter 3. Chapter 4
presents the bubble visualization experiments and SIMMER-III analyses. In the last chapter, concluding
remarks are drawn.

2 SIMMER-III models and methods
2.1 Multiphase flow models
In the SIMMER-III code, conservation equations are written for independent variables in a unit
volume. Therefore, the mass equation is expressed with respective to macroscopic density, for which
formula U D X is used, where D is the volume fraction and X is the specific volume.
The experimental conditions described in Chapters 3 and 4 indicate that there is no necessity to
consider heat and mass transfers, so the experimental three-phase flows of solid particles, water and
nitrogen gas, which are, respectively, assigned to different velocity fields, can be modeled by the following
three-fluid mass and momentum equations:1),5)
wUq
wt

   ( Uq vq )

wUq vq
wt

0

(2-1)

   ( Uq vq vq )

2
ª
º
D q p  Uq g  K qs vq  ¦ K qq' (vq '  vq )  VM q  «  (2D q P q Sq )  ( D q P q (  vq )) »
3
¬
¼
q'

(2-2)

where q and q ' (= 1, 2, and 3) represent the components of the three phases, v is the velocity vector,

VM q is the virtual mass term, Sq is the strain rate, and K qs and K qq ' are called momentum exchange
functions, which will be explained later.
The above conservation equations indicate that in the SIMMER-III code with a consideration of 30
density components in 8 velocity fields, all phases are assumed to share the same pressure field, i.e. there is
no consideration of the solid-phase pressure and the solid-phase stress tensor, which have been considered
by some researchers in the modeling of gas-solid fluidized beds.6),7),10),11),13)
The overall fluid dynamics solution algorithm of the SIMMER-III code is based on a
time-factorization approach called the four-step method developed for AFDM, in which intra-cell
interfacial area source terms, momentum exchange functions etc. are determined separately from inter-cell
fluid convection.14)

2.2 Momentum exchange functions and viscous diffusion term
In the momentum Eq. (2-2), the term K qs vq is the fluid-structure drag while K qs is called the
momentum exchange function between velocity component q and structure. In pool flow, the influence
of structure could be ignored, the detail description of K qs will not be described here, but it is necessary
to be pointed out that in the SIMMER-III code, K qs has more functions than the above definition.
Pressure drop coefficients are added to K qs in order to consider the pressure drop through an orifice, and
the effect of the particle jamming model, which will be explained later, can also be taken into consideration
though K qs .

Because both theoretical and experimental knowledge of details is limited for a multi-component
multi-velocity flow, the fluid-fluid drag term

¦K

qq'

(vq'  vq ) of Eq. (2-2) is formed based on an analogy

q'

from engineering correlations of the steady-state two-velocity flow. K qq' is called the momentum
exchange function between components q and q ' , among which the K qq' between continuous and
discontinuous components are modeled based on Ishii’s drag-similarity hypothesis.15) The mathematical
form for K qq ' is defined as
K qq '

Aqq '  Bqq' vq  vq'

(2-3)

where Aqq' is called the viscous term while Bqq' stands for the turbulent term. The quantities Aqq' and

Bqq' are functions of flow regime, volume fraction, velocities, binary contact areas, and viscosities.
Detailed definition of K qq' can be referred to the work of Tobita et al. in 1991.16) In the SIMMER-III code,
this fluid-fluid drag term is simulated for the purpose of considering the intra-cell momentum transfer
between different velocity components.
The eighth term in the left hand side of Eq. (2-2) is the so-called viscous diffusion term. In the
SIMMER-III code, this term is simulated to represent the inter-cell momentum transfer of velocity
component q . The viscous diffusion term was initially introduced to the SIMMER-III code for the
investigation of the effect of bubbles on the behavior of a molten pool.5) In the previous study,12) however
it was found that the viscous diffusion term coupled with the particle viscosity model does not contribute to
improving the simulations. Here, taking off the viscous diffusion term, the momentum Eq. (2-2) for
modeling the three phase multiphase flow experiments becomes
wUq vq
wt

 ¦   ( Um vq vq )  D q p  Uq g  K qs vq  ¦ K qq' (vq'  vq )  VM q
m q

0

(2-4)

q'

2.3 Particle viscosity model
In order to simulate the penetration of molten materials into, and their blockage formation in, a cold
structure channel during CDAs, it is important to simulate the effective increase of the fluid viscosity of
the materials due to the existence of solid particles in the molten mixture. Russel4) has made a
comprehensive report relevant to the viscosity increase due to the solid particles and has proposed the
following formulation for colloidal suspensions:

PC
PL

1  2.5D P  6.2D P 2  O(D P 3 )
°
® 8 (D P D MP )1 3
° 9 1  (D D )1 3
P
MP
¯

D P d 0.3
(2-5)
0.3 d D P d D MP

where PC is the effective viscosity of the continuous liquid phase, P L is the viscosity of the continuous
liquid phase, D is the volume fraction, the subscripts L and P stand for liquid and solid particles,
respectively, and D MP = 0.62 is the maximum volume fraction of solid particles.
The above formulation was verified by experimental data17),18) using water and polystyrene

latex-particles with a diameter of 0.1 to 1.12u10-6 m. Although we need discussion on the applicability of
Eq. (2-5) to systems with much larger particles, this issue is outside the analysis range of this study.
A particle viscosity model based on Eq. (2-5) was introduced to the SIMMMER-III code by replacing
it with the following formulation:3)

PC

½
DL
f D MPD P

¾
¯ D L  D P D MP (D L  D P )  D P ¿


PL ®

(2-6)

where f is a model parameter. Tailored from Eq. (2-5) proposed by Russel, Eq. (2-6) is used in the
SIMMER-III code with f = 5.0. This reformatted equation realizes the smooth change of effective viscosity
over the wide range of particle volume fraction. Fig. 2 shows the comparison of effective viscosity
between Eqs. (2-5) and (2-6) as a function of effective volume fraction D P (D L  D P ) of solid particles in
the liquid and solid-particle phases.3) In SIMMER-III calculations, a numerically large constant value is
assigned to PC P L when D P (D L  D P ) exceeds D MP .
With the application of Eq. (2-6) in SIMMER-III, PC is used to substitute the conventional liquid
viscosity appearing in the calculation of the quantities Aqq ' and Bqq ' as well as Pq in the viscous
diffusion term. Although the particle viscosity model was originally introduced to SIMMER-III in the
simulation with respect to the penetration and blockage formation of molten materials to a structure
channel, little work has been done toward the verification of its effect on the simulation of pool multiphase
flows with rich particles. The influence of this particle viscosity model on the dynamic behavior of the
particle bed in a liquid pool has been discussed in the previous study.12)

2.4 Particle jamming model
A particle jamming model was also developed in SIMMER-III in order to appropriately simulate the
blockage formation of molten materials when penetrating into a structure channel. Considering a situation
in which solid particles flow into a cavity and accumulate from the bottom, solid particles usually cannot
occupy all of the space in the cavity, and thus their volume fraction has a certain maximum value. This
phenomenon is called “particle jamming.” As shown by Fig. 3, in SIMMER-III, this is modeled by
inhibiting the inflow of solid particles into a computational mesh cell when the volume fraction of solid
particle in the cell exceeds a maximum packing fraction by assigning a large value to the momentum
exchange function at the cell interface.
The idea behind the particle jamming model is to define a function of the volume fraction of particles,
which increase exponentially with the increase of particle volume fraction and become large as the
maximum packing fraction is approached in a computational mesh cell. Using the same function adopted
by SIMMER-II,19) a particle jamming function was introduced to the SIMMER-III code. The function is
based on the assumption that when the solid particle volume fraction is smaller than a defined maximum
packing fraction, the function remains equal to zero, but when the solid particle volume fraction
approaches the maximum packing fraction, then the function will rapidly increase to an infinite value. This
particle jamming model is expressed by the following formulation:3)

CPJ

I

 max(D P  D PJ max E PJ , 0)
½
max ®1 
, 0.1¾
D PJ max (1  E PJ )
¯
¿

1

(2-6)

where D PJ max = 0.7 is the maximum volume fraction of solid particles while E PJ = 0.95 is the fraction of

D PJ max above which the particle jamming model is applied. The model parameter CPJ is set to –10.0.
This function remains zero (i.e. I = 0.0) if D P is not larger than D PJ max E PJ and increases rapidly to
0.1CPJ  1 (i.e. I = 0.1CPJ  1 ) when D P exceeds D PJ max E PJ .

In the SIMMER-III code, I is added (not multiplied) directly to the momentum exchange function
K qs between liquid phases and structures of the momentum Eq. (2-2). For pool flows where the effect of
the structure is negligible, through this addition mathematic treatment, the effect of particle jamming can
be considered by applying K qs = I to Eq. (2-2).
The particle jamming model was also mainly introduced for structure channel flows, and thus
knowledge about its influence on pool multiphase flows with rich solid particles is limited. In this study,
the effect of this model will be discussed.

3 Dam-break experiments
3.1 Experimental apparatus and method
Dam-break experiments are performed using a rectangular water tank made from transparent acrylic
resin under the atmospheric environment. Both the length and height of the water tank are 260 mm while
its wide is 100 mm. Fig. 4 shows a schematic view of the dam-break experimental apparatus. A dam board
is fixed at a location of 64 mm away from the left wall of the water tank in order to hold the mixture of
water and solid particles being in a stagnation state in the beginning of each experiment. Different
experimental cases are performed by changing the particle bed height h or the water height H as shown in
Fig. 4. When experiments begin, the dam board will be pulled out from the water tank with a vertical
velocity of about 3 m/s by an external force system. At the same time, the water-particle dam breaks and
dam-break flow forms. A high-speed camera, which has a frame rate of 200 fps, is used for recording the
movement observed in the rectangular water tank.

3.2 Experimental conditions
Solid particles used in all dam-break experimental cases are the plastic particles (YB balls), which
have a density of 1010 kg/m3 closing to the density of room temperature water, with smooth surface. This
kind of particle is used because with a similar density to water, it would serve much better for the purpose
of investigating the influence of solid-solid interactions on the multiphase flow behaviors.
A lot of experimental cases with different combinations of the water height H and the particle bed
height h were performed. In this report, experiments with a fixed H (H = 128 mm) and variable h will be
mainly analyzed. For cases with H < h, an extreme case, where H = 0 mm, will be shown as a sample
explanation. Experimental conditions of five selected typical cases are shown in Table 1. The name of all
cases, in which W stands for water while P represents particles, reflects the ratio of the water height and
particle bed height. The case W8_P0 will be analyzed as a reference case since in this case no particles
exist. From cases W8_P5, W8_P7, to W8_P8, the water height is fixed as 128 mm while the particle bed is
increased from 80 mm to 128 mm. In the case W0_P8, there is no water existing but an air solid-particle
two phases flow formed.

3.3 Experimental results
Before presenting the experimental results, visible errors existing in the experimental images as well
as definition of an experimental parameter goes first here. Fig. 5 shows two sample images of the case
W8_P8. For a direct observation and comparison, the back wall of the water tank was marked by 5 u 5
uniform grids. The two images in Fig. 5 show an area including 5 u 4 grids.
In the vertical Z direction, as measured in the beginning of the case W8_P8, both the water and the
particle bed height are 128 mm, however, the recorded images show a height very close to 3 grids, which is
156 mm. This indicates that when performing this experiment case, error exists in the visual angle between
the camera and the water tank. Actually, in all other cases, the same error also exists. Therefore, to compare
the exact height (for example, the height along the right wall or left wall that the movement can arrive.) in

the images is of great difficult, while comparison between the general movement trends is meaningful and
possible.
In the horizontal X direction, 3D images were recorded with the visible left and right walls of the
water tank, which cause the length of the water tank looks more than 5 grids. XD, which is the distance
between the left wall and the front head of the flow as shown in Fig. 5, will be analyzed as an experimental
result. Therefore, in order to consider this experimental error, the experimental results of XD are calculated
in a relative way by keeping the total visible length of the recorded images being 260 mm as shown in the
figure.
Fig. 6 presents the time for the dam-break flow front head to arrive at the right wall of the water tank
of all experimental cases listed in Table 1. A rough conclusion is that the more solid particles exist, the
longer it takes for the front head of the flow to arrive at the right wall. Curves showing variations of XD
with time of three selected experimental cases are also given in Fig. 6. The slopes of these curves indicate
that the speed in the dam-break flow is very different from each other among cases W8_P0, W8_P5 and
W8_P8. The reference case W8_P0, in which there is no solid particles, has the fastest speed. Considering
the close densities between water and solid particles, different from the experiments analyzed in the former
chapters, results of the dam-break experiments indicate that the solid phase has a prominent influence on
the multiphase flow phenomena.
Figs. 7 to 11 show the dam-break flow images of the five experimental cases, respectively. All images
in those figures represent the same area of 260 mm u 208 mm as the 5 u 4 grids images in Fig. 5. During a
two seconds period, the flow front head climbs along the right wall of the tank three times in the reference
case W8_P0 while only twice in both cases W8_P5 and W8_P7. This indicates that the existence of solid
particles caused larger and faster loss of the total momentum probably because of frictions and collisions
between solid particles as well as friction between the two-phase flow and tank walls or inside the
two-phase flow.
With the increase of the initial particle bed height h, difference comes up. However, difference
between cases W8_P5 (Fig. 8) and W8_P7 (Fig. 9) is far less than that between cases W8_P7 (Fig. 9) and
W8_P8 (Fig. 10). This may be explained as follows. When the height of solid particle bed is the same as
that of the water, which means that the solid particles volume is much more than that of water considering
the particle size, momentum loss due to the solid-solid interactions becomes probably much larger than the
loss caused by the frictions between solid and water.
In the first 0.3 s, the images shown in Figs. 10 and 11 are very similar although there is not any water
in the case W0_P8 while initially all solid particles are immersed in water in the case W8_P8. This may
also indicate that the solid-solid interaction has prominent effect on the movement of the case W8_P8. The
final steady state of the case W8_P8 has a flat surface while the case W0_P8 shows a different surface
shape. This is because of the continuous property of water existing in the case W8_P8 and the
discontinuity of the solid particles in the case W0_P8.
The above discussions and comparisons between the five experimental cases indicate that the

solid-solid interactions, i.e. frictions and collisions between solid particles, are crucial to the multiphase
flow behaviors under the present dam-break experimental conditions.

3.4 Numerical simulations using SIMMER-III
In the present numerical simulations using SIMMER-III, the multiphase flow behaviors in the
dam-break experiments were modeled as a three-phase flow with the air, water and solid particles. As
discussed in the previous study,12) the numerical simulations of the liquid dominant multiphase flows, the
particle jamming model did not show significant influence on SIMMER-III results. This is because the
effect of solid particles is not evident on the flow behaviors. Although in the dam-break experiments, as
discussed in the above section, the solid phase has very prominent influence on the multiphase flow
behaviors, it was found that the particle viscosity model coupled viscous diffusion term did not contribute
to the improvement of numerical simulations. Therefore, in the followings, based on the mass Eq. (2-1)
and the momentum Eq. (2-4), the sensitivity of the particle jamming model will be tested and discussed.

3.4.1 Simulation geometry for the experiments
An X-Z two-dimensional Cartesian coordination is adopted for simulating the dam-break experiments.
Fig. 12 is a schematic view of the analytical geometry used for SIMMER-III simulations. A same
computational cell system is adopted for all dam-break flow cases. In order to obtain an easy application of
the same cell system to all experimental cases with various particle bed heights, the first 128 mm in the Z
direction is uniformly divided into 8 computational cells whilst the first 64 mm in the X direction is
separated into 4 ones with a consideration of the particle size. Since computational cells in the X direction
will be counted to obtain XD, the distance between the left wall and the flow front head as defined in Fig.
6, totally 22 cells are defined in the X direction while the Z direction has 19 cells.
SIMMER-III cannot model the pulling out process of the dam board directly by its velocity so that in
the simulation, the dam board was assumed to be 19 separated walls in consistence with the computational
cell number in the Z direction. By this way, the pulling out of the whole dam board with a vertical speed of
3 m/s can be simulated in such a way that the 19 separated walls are taken away one by one from the
bottom to the top in a period of around 86 ms. The cell number in the Z direction of the water particles
mixture region lies on the solid particles bed height h. The left, right and bottom wall of the water tank is
defined as no-slip wall boundaries. Top boundary of the simulation region is open to the atmosphere and
has a continuous inflow-outflow condition under the atmospheric pressure.

3.4.2 Simulation of the reference case with only water
Fig. 13 shows the variation of XD with time in the reference case W8_P0. Simulated results are
defined in such a way that for computational cells of the first row in the Z direction, if the volume fraction
of water in a cell is no less than 0.3 then its total length in the X direction contributes to XD. As described
in Fig. 6, after the experiment started, water arrives at the right wall of the water tank for the first time in
175 ms, the results simulated by SIMMER-III well represent the displacement process of the dam-break
flow front head along the bottom of the water tank.

Fig. 14 shows the dam-break flow images during the first period of 2 seconds. First, it should be
admitted that SIMMER-III, an Eulerian code using coarse meshes, cannot simulate free surface and water
splashing shown in the experimental images. Simulated images of 1.2, 1.6 and 2.0 s seem underestimate
the water height along the right or left wall of the water tank. However, experimental images at these
instances show that the volume of the splashing water at the front of the flow is very few. On the other
hand, considering errors existing in the experimental images as explained in Fig. 5, and the wide range of
the volume fraction shown by the color bar, it becomes understandable that there is difficulty for the
contour images with coarse mesh cells to clearly present splashing water volumes in the front of the flow.
Except for these errors and the limitation of the Eulerian code itself, the simulated results agree well with
its experimental counterparts particularly in the general movement trend.

3.4.3 Simulation of experimental cases with a particle-water mixture
As explained in Chapter 2, the particle jamming model of SIMMER-III is represented by Eq. (2-6) in
which the maximum volume fraction of solid particles D PJ max and the index CPJ are two key parameters.
So far, 0.7 is defined as the maximum limitation of D PJ max . In order to ensure solid particles volume
fraction of one computational cell not to exceed D PJ max , CPJ is defined as – 10 helping to decrease solid
particles velocity in its upwind neighbor cells to a very small value quickly and in turn making solid
particles in these neighbor cells not able to enter this computational cell, where the volume fraction of solid
particles is already close to D PJ max E PJ , as sketched in Fig. 2.
Simulations of the dam-break experiments, which show significant influence of solid particles on the
multiphase flow behaviors, was performed for verification of the particle jamming model. At first, effect of
the key parameters D PJ max and CPJ of the model was tested.
(a) Parametric test of the particle jamming model

Under the current dam-break experimental conditions, experimental images observed did not show
that the packing of the solid particles became more compact compared to its initial state after experiments
started. Besides, the solid particles used are not compressible, therefore, the solid particles volume fraction
in most of the computational cells will probably not exceed initial solid particles volume fractions in the
region with solid particles immersed in water. The initial solid particle volume fraction is defined as 0.6
according to experimental measurement. Therefore the possible maximum solid particles volume fraction
may be far less than defined D PJ max . Considering this possible difference between the real maximum
volume fraction and defined D PJ max , a test simulation of the case W8_P5 was performed by SIMMER-III
without application of the particle jamming model.
Fig. 15 shows the test simulation result. Contour images of the solid particles volume distribution of
the case W8_P5 at time instants 0.05, 0.1, 0.15, 0.2, 0.25, 0.29s are presented. Each color bar, which shows
the range of the solid particles volume fractions from minimum to maximum of the corresponding contour
image at each time instant, is automatically obtained by a post-processing tool for SIMMER-III. Fig. 15
clearly shows that the maximum value of the particle volume fraction of the case W8_P5 is around 0.6.
Therefore, in those experimental cases, the particle jamming model will have no influence on the

simulation results with a definition of D PJ max being 0.7.
Figs. 16 to 18 show comparisons between experimental and simulated variation of XD with time in
the cases W8_P5, W8_P7 and W8_P8, respectively. In those figures, experimental results are presented
together with results simulated by the particle jamming model applied SIMMER-III with various values of
parameters D PJ max (APJ) and CPJ (CPJ). The simulated curves of XD of all these figures are obtained in
the same way as that defined for the reference case W8_P0, although the total volume fraction of water
plus that of solid particles, instead of the volume fraction of only water, is used here.
Figs. 16 to 18 show that when D PJ max is defined as 0.7, the simulated XDs arrive at the maximum
values faster than their corresponding experimental results. This is because, as expected and explained
before, under this definition of D PJ max , the particle jamming model has no influence on the simulations.
Therefore, the effect of solid-solid interactions is completely out of consideration and resistance to the
dam-break flow as well as the momentum loss is underestimated which leads to a fast flow speed.
Besides, Figs. 16 to 18 show that when D PJ max is redefined as 0.6 but the parameter CPJ is kept
being – 10, the simulated XD arrives at its maximum value much later than its corresponding experimental
counterparts. This is because in this case, the particle jamming model function I equals to 0.1–10, when
the solid particles volume fraction approaches D PJ max E PJ . With this value of I , the momentum loss is
very large and the velocity of solid particles calculated from the momentum Eq. (2-4) becomes very small,
which, in turn, causes the delay of the arrival of the flow front head to the right wall of the water tank.
When 0.6 for D PJ max and – 1.5 for CPJ are used for the particle jamming model in SIMMER-III,
obtained numerical results represent their corresponding experimental results best. When a small absolute
value of C PJ is used, the actually effect of the particle jamming model is changed from its original idea.
However, by introducing a suitable function I to the K qs in the momentum equation, the frictions
between solid particles can be countered to some extent, and then good agreement can be obtained between
the experiments and simulated results with adjustment of the model parameters.
(b) Simulation of the dam-break flows

Based on the parameters test results of the particle jamming model, simulation of the dam-break flow
processes of all the three cases was performed with D PJ max = 0.6 and CPJ = – 1.5. For the cases W8_P5
and W8_P7, a period of 2.0 s was simulated while behavior of the case W8_P8 was simulated till 0.8 s
because the behaviors shown by images at 2.0 s of the cases W8_P5 and W8_P7 and images at 0.8 s of the
case W8_P8 are already close to their final steady state.
Figs. 19 to 21 show comparisons between experimental and simulated images of the dam-break flow
behaviors of the cases W8_P8, W8_P7 and W8_P8, respectively. All dam-break flow images represent an
area of 260 mm (length) u 208 mm (height). The images labeled “SIMMER-III” are obtained from
simulated results of distribution of the total volume fraction of water and solid particles. All those figures
show that the simulated flow images over the computation period agree well with their corresponding
experimental images. This indicates that, by adjusting the key parameters of particle jamming model,

SIMMER-III can simulate somewhat the interaction, probably mainly frictions, between solid particles
under the current dam-break experimental conditions, in which all solid particles are immersed in the
liquid working fluid.

3.4.4 Simulation of the experimental case with only particles
Fig. 22 shows the dam-break flow process of the case W0_P8, in which no water exists in the flow.
Therefore, it is a gas-solid two-phase flow. All the dam-break flow images represent an area of 260 mm
(length) u 208 mm (height). Simulated results show distribution of the volume fraction of solid particles.
Although the flow images in the first 0.4 s are very similar to images of the case W8_P8 shown in Fig. 21,
which was well simulated, Fig. 22 does not show good agreement between simulated and experimental
images for the two analytical cases with different D PJ max and C PJ .
As discussed before, the maximum solid particles volume fraction of the experiment result probably
does not exceed its initial value of 0.6. However, when using SIMMER-III, which treats all solid particles
as a continuous fluid and has no special model for interactions between solid particles but a particle
jamming model, to simulate the gas-solid two-phase flow, it is of great difficulty.
As shown in Fig. 22, when D PJ max = 0.6 and a relatively small C PJ are used for simulation, the
maximum solid particles volume fractions arrive at unreasonable values as automatically shown by the
color bar. This is because when a small C PJ is used, solid particles can still enter into a computational cell
even if the volume fraction of solid particles in this cell has already arrived at D PJ max .
On the other hand, when keeping the absolute C PJ being as large as 10, the original idea of the
particle jamming model works, in which the velocity of solid particles is artificially decreased in order to
keep the maximum volume fractions do not exceed the defined D PJ max . However, under this situation,
momentum loss caused by this method is too large that movement of the solid particles is almost stopped
as shown in Fig. 22.
The real physical behavior of the case W0_P8 may be as follows. Solid particles in one computational
cell can continue to move into its neighbor mesh cells even if the solid particles volume fraction in these
neighbor mesh cells has been already at its maximum value, by pushing the solid particles formerly
existing in these neighbor mesh cells to move forward. We need to investigate further how to model this
kind of pushing force by SIMMER-III.

4 Bubble visualization experiments
4.1 Experimental apparatus and method
Experimental apparatus and method used for the bubble visualization experiments are similar to those
for the liquid dominant multiphase flow experiments.12) The difference lies in the size of the experimental
apparatus and the visualization of the bubble inside the particle bed. Fig. 23 is a schematic view of the
main experimental dimensions. The main testing section is a cylindrical pool constructed from transparent
acrylic resin but with a relatively small size (inner diameter 85 mm and height 395 mm). Different from the
apparatus used in the previous study,12) the cylindrical pool here is directly open to the atmosphere because
in these experiments, the liquid height in the cylinder pool will be far from its top exit, which makes it no
necessary to have an upper pipe. Inside this cylinder pool, transparent acrylic resin particles (hereafter
called acrylic beads) are used to form the particle bed. As the liquid working fluid, sodium iodide (NaI)
water solution is used instead of tap water for the purpose of bubble visualization, which will be further
explained later.
Outside the cylindrical pool, a quadrate pool made from transparent acrylic resin (length 175 mm,
wide 175 mm and height 320 mm) is employed in these experiments for the same purpose of avoiding the
convex effect of the cylinder, NaI solution height in the quadrate pool is made the same as that of the
corresponding particle beds in the cylindrical pool. The flow road from the hand-made rupture disk to the
iron sieve was fabricated with the same radii of 10 mm, therefore, the nominal opening diameter of the
rupture disk will be 20 mm. The pressure vessel made from stainless steel, which was sealed by the rupture
disk in the beginning of each experiment, has an inner diameter of 35 mm and an effective capacity of
about 115 cm3.
Other characteristics of the experimental apparatus are the same as those of the liquid dominant
multiphase pool flow experiments, except that the corresponding dimensions of each part is changed to be
consistent with sizes of the new experimental apparatus. All experiments were performed in the same way
and the whole experimental system is almost the same as the previous study12) except that there is only one
high-speed camera (400 fps) and one pressure sensor used as shown in Fig. 23 for the bubble visualization
experiments.

4.2 Experimental conditions
(a) Physical properties of the NaI water solution

The acrylic beads employed in the experiment have a refraction rate of 1.49. In order to make the
bubble passing through the particle bed visible, liquid with the same refraction rate has to be used. NaI
water solution20) and potassium thiocyanate (KSCN) water solution21) can serve as this kind of working
fluid. NaI water solution is employed for our experiments.
The physical properties of the NaI water solution have been measured by many researchers.22),23) Data
of Nishida et al.23) are adopted in this work since they used the same transparent acrylic resin as our acrylic
beads in their experiments. Refraction rate N D of the NaI water solution is a function of the NaI

concentration C (wt %) in the solution. The following equation shows this mathematic correlation:
ND

1.2369  0.0040486C

(4-1)

Accordingly, when the concentration of the NaI water solution is about 64 wt%, the refraction rate of
the solution equals to that of the acrylic beads used. In this experiment, therefore, as the liquid working
fluid, 64 wt% NaI water solution is used for the purpose of visualization. Besides, sodium thiosulphate
(Na2S2O3) is added to the NaI solution with a concentration of 0.1 wt% in order to restrain the separation
of the I-element from the NaI water solution. The influence of Na2S2O3 on the dynamic behavior is ignored
in the later SIMMER-III simulation.
Density of the NaI water solution in each experimental case, listed in Table 2, is measured on-site by a
gravimeter. The kinematic viscosity Q (m2/s) of the 64 wt% NaI water solution is a function of the
solution temperature T (qC). According to Nishida et al.,23) when the temperature is in the range of 10 to
40 qC, the temperature-dependent Q is expressed by

Q

(3.18  0.0955T  0.00160T 2  9.96 u 10 6 T 3 ) u 10 6

(4-2)

(b) Initial conditions of each experiment case

The acrylic beads used to form the particle beds have a diameter of 6 mm and a density of 1190 kg/m3.
The NaI water solution with a concentration of 64 wt% has a density close to 1900 kg/m3. Therefore a low
liquid (NaI water solution) height compared to the particle bed height was adopted in each experimental
case in order to make the bottom of the particle bed not to leave the bottom of the cylindrical pool and to
get a compact particle bed with particles positioned side by side. The initial particle volume fraction in the
particle bed area is around 0.57 for all cases. Besides these cases with a particle bed, the reference cases
were also performed without particle beds while keeping the liquid heights equal to the particle bed heights
of their corresponding cases. Table 2 lists the initial conditions of each case. A relative low initial nitrogen
gas pressure around 0.137 MPa was designed for each case. The difference between the initial pressures of
each case shown in Table 2 is due to the property of the hand-made rupture disk.

4.3 Experimental results
Pressure transients obtained from the pressure sensor installed at the pressure vessel are presented
first. Fig. 24 shows the pressure transient of the reference case 1 and the case I, whilst Fig. 25 shows that
of the reference case 3 and the case III. After experiments begin, the pressure in the pressure vessel
decreases accompanying the upward expansion of the nitrogen gas.
Because of differences existing in parameters as liquid densities and initial nitrogen gas pressure
between the reference cases 1 to 3 and the cases I to III, it is not easy to compare those results between
corresponding cases and their reference cases. However, comparison between the reference case 1 and the
case I is still possible. Although the case I has a higher initial nitrogen gas pressure than the reference case
1, Fig. 24 shows that the pressure has a longer first expansion period and can arrive at a much lower value
in the reference case 1 than in the case I with a acrylic beads particle bed. This is because in the reference

case 1, the resistance received by the nitrogen gas is smaller than that in the case I with a particle bed.
However, liquid height in the reference case 1 is equal to the particle bed height in the case I, and the
liquid density is larger than the acrylic beads used in the case I. Therefore, these conditions indicate that in
the case I with a particle bed, besides the gravity, interactions between particles as well as those between
liquid and solid, and gas and solid contribute much to the resistance received by the nitrogen gas in its
expansion process. These interactions between solid particles may also contribute to the difference between
pressure transients shown in Fig. 25.
Figs. 26 to 28 show images recorded by the high-speed camera of the corresponding cases. Frames at
10 to 240 ms are presented for a representation of the movement process in each case. The bottom of each
frame in these figures corresponds to the location of the iron sieve, which is 10 mm under the bottom of
the cylindrical pool as sketched in Fig. 23. All frames in Fig. 26 stand for a region of 85 mm (radial
direction) u 130 mm (axial direction) while frames in Figs. 27 and 28 stand for a region of 85 mm (radial
direction) u 150 mm (axial direction).
Besides the expansion of the nitrogen gas in the cylindrical pool, Figs. 26 (b) and 27 (b) show the
movement of the particles. As can be seen from these figures, first, the particle bed is accelerated to move
upward by the expansion of the nitrogen gas, then its velocity decelerates but keeping an upward
displacement in the axial direction because of inertia when there is no upward driven force, finally,
particles will begin to fall back to the body of the particle bed when the axial velocity decrease to zero as
shown by frame at around 100 ms in Figs. 26 (b) and 27 (b).
During this moving process, the particle bed moves as a whole body in the first tens of seconds when
the driving force is relatively large, as clearly shown in Fig. 26 (b), part of the particles will separate from
the body of the particle bed later. This may probably because the non-uniform collision between particles
and the discontinuity of particles as a solid phase. The frame at 80 ms in Fig. 27 (b) also shows a
separation between some particles and the body of the particle bed. These figures also show that particles,
separating from the body of the particle bed, are mainly those particles, which does not immersed in the
NaI water solution in the beginning of the experiment. This is because particles, which are not immersed in
the liquid phase, obtained a higher speed than those immersed in the liquid phase since there is no
momentum loss caused by the friction between liquid and particles.
Collision between solid particles may have probably contribute to the obvious particle bed movement
explained above, because Figs. 26 (a) and 27 (a) do not show such obvious surface change although frames
at 80 and 100 ms of Fig. 26 (a) and frames at 80 to 160 ms of Fig. 27 (a) do show some splashing of the
NaI water solution at the liquid free surface.
Difference existing in the expansion process of the nitrogen gas between the reference cases and their
corresponding cases with a particle bed is shown by Figs. 26 to 28. First, bubble shapes are quite different
from each other. Second, difference between the axial velocities of the nitrogen gas can also be seen. Again,
because of some parameter differences existing between the reference cases 1 to 3 and the cases I to III, it
is of difficulty to clearly conclude which factor determines these differences. However, based on the

comparison and analysis of the pressure transients, the momentum loss due to collisions between solid
particles, frictions between liquid-particles, gas-particle and particle-particle, namely, extra resistance to
the expansion of the nitrogen gas caused by the existence of the particle bed may have contribute much to
these differences.

4.4 Numerical simulations using SIMMER-III
4.4.1 Simulation geometry for the experiments
An R-Z two-dimensional cylindrical geometry is adopted for numerical simulations of the bubble
visualization experiments. Similar computational cell systems are used for the cases with particles while
some differences exist due to various particles bed and NaI water solution heights among these cases. Fig.
29 is a schematic view of the simulation geometry adopted for the case II listed in Table 2.

4.4.2 Simulation of the reference cases 1 to 3
Figs. 30 to 32 show comparisons between the experimental and simulated pressure transient in the
pressure vessel of the reference case 1 to 3, respectively. As can be seen from these three figures, the
results simulated by SIMMER-III are close to their corresponding experimental counterparts. Rough
comparison between the pressure transients of the three reference cases shows that the pressure oscillating
extent in these figures is different from each other. Due to the inertia of the liquid, higher liquid height in
the reference case 3 causes longer oscillating period as well as larger amplitude than that of the reference
case 1, which has a lowest NaI water solution height among the three reference cases. Meanwhile, the
pressure in the pressure vessel of the reference case 1 arrives at its steady state faster than the cases 2 and
3.
Figs. 33 to 35 show comparison between experimental and simulated bubble images of each reference
case, respectively. Sizes of the regions presented by these images were labeled in these figures. All radial
lengths are equal to the pool diameter. In the Z direction each image begins from the location of the iron
sieve shown in Fig. 23, which is 10 mm below the bottom of the cylindrical pool. The tops of these images
in Fig. 33 and 34 correspond to the locations of the initial liquid surface, while Fig. 35 shows a total height
of 150 mm in the Z direction. Frames at 20 to 180 ms were employed for comparisons. The simulated
bubble images are represented by isolines of the nitrogen gas volume fraction in the respective regions.
Fig. 35 shows very good agreement between the experimental and simulated images. Figs. 33 and 34
show that there are some differences between the experimental and simulated images presented in some
frames of the reference cases 1 and 2. Both the reference case 1 and 2 have a low liquid height (35 mm and
70 mm, respectively) compared to the cylindrical internal diameter (85 mm), therefore, in order to obtain
satisfied images of the bubble in this liquid region, fine mesh system may be necessary. However,
SIMMER-III is a code suitable for relatively coarse computational mesh systems. With the increase of the
liquid height, this deficiency of SIMMER-III decreases as shown by the good agreement in Fig. 35. Except
for these differences, Figs. 33 and 34 show that the simulated images present a general bubble movement
trend close to that of the experimental ones.

4.4.3 Simulation of the cases I to III
In the same manner as the simulations of the dam-break experiments, we performed parameter test of
D PJ max (APJ) and CPJ (CPJ) of the particle jamming model at first. Figs. 36 to 38 show the pressure
transient in the pressure vessel of the cases I to III, respectively. In these figures, lines labeled “APJ =
0.7_CPJ = – 10” and “APJ = 0.6_CPJ = – 2.5” are the results simulated by SIMMER-III. As can be seen
from these figures, when CPJ = – 10, pressure transient of each case is far different from the experimental
one. In the cases II (Fig. 37) and III (Fig. 38), when CPJ = – 10, the simulated pressure agrees with the
experimental results in the first several milliseconds but in the following period the simulated pressure
keeps being a very large value without oscillation. This is because the jamming function is so large that the
momentum loss is overestimated and the particle bed cannot move upward, which in turn leads to difficulty
for the nitrogen gas in the pressure vessel to expand and go out of the pressure vessel. Although the
difference shown in Fig. 36 is not as obvious as that in Figs. 37 and 38, the jamming function is also too
large with CPJ = – 10, which causes the expansion extent of the nitrogen gas being underestimated. When
a small absolute value is used for CPJ , together with 0.6 for D PJ max , the simulated results of pressure
transients show good agreements with their corresponding experimental ones.
Namely, on the basis of the above well-simulated pressure transients in the pressure vessel, which can
be seen as the driven force to the mixture of liquid and solid particles in the pool, dynamic behavior of
bubbles and particle beds can be obtained and compared. Figs. 39, 41 and 43 show the bubble movement
images while Figs. 40, 42 and 44 show the particle bed movement of the corresponding experimental case.
The dimensions of each image were labeled in these figures. What need to be pointed out is, in Figs. 39
and 41, the Z direction of each image starts from the location of the iron sieve and ends at the initial height
of the particle bed surface equaling to the NaI solution height in the surrounding quadrate pool, which is
higher than the initial height of the NaI water solution in the cylindrical pool, that is why the top part of the
experimental images is not visible.
Figs. 39, 41 and 43 show there is great difficulty for the simulated bubble images to agree with their
corresponding experimental counterparts. Those figures show that the simulated bubbles expand and move
faster than their actual situations in the beginning, whilst later because the top particles, which are not
initially immersed in the NaI water solution, does not move upward and stays at the initial position, the
simulated bubbles have difficulty to continue their upward expansion and movement but separate into 2
small bubbles as shown in Figs. 41 and 43. The dynamic behavior of particle bed was not well represented
either as shown by comparisons between experimental and simulated particle bed images, disagreement
especially exists in the change of the surface shape of the particle beds shown in Figs. 40 and 42.
According to the analysis of the dam-break experiments, the existence of the particles, which were not
immersed in the liquid, cause special difficulty for the SIMMER-III code to correctly simulate the
experimental dynamic behavior. Therefore, SIMMER-III cannot provide appropriate simulation on these
experiments because of the lack of models, which deal with the interaction between solid-solid particles.
Although the pressure transient in the pressure vessel, the driven force, can be well represented by
adjusting the particle jamming model, however, additional models need to be introduced to SIMMER-III

for the purpose of simulating the interactions inside or between solid phases as well as controlling the
packing fraction of solid phase not to exceed its maximum value.
Solid phase momentum equations defined in some literatures6),7),10),11),24),25) are found including a solid
stress term with “particle phase viscosity”, incorporating the kinetic theory for granular flows,12),26) to
consider the interaction between solid particles, including collisions and friction etc. Detail descriptions
can be referred to the user’s manual of FLUENTTM code27) and the theory guide of MFIX code.28) While
Chen et al.,29) Lettieri et al.30),31) and Cammarata et al.32) obtained good simulations by employing a
“particle bed model”, developed by Foscolo and Gibilaro,33),34) in their solid momentum equation to
consider the interactions between particles and using an excess solid volume correction algorithm to ensure
the maximum solid packing fraction not to become an unreasonable value. It is be necessary to investigate
further what kind of models should be introduced, and what kind of numerical techniques should be used
to implement the prospective models to the SIMMER-III code.
For the bubble visualization experiments, SIMMER-III cannot either well represent the dynamic
behavior of the bubble expansion and also the particle bed, part of which is not initially immersed in the
NaI water solution. Additional physical models considering the interactions between solid particles and
methods, instead of the particle jamming model, for obtaining a physically reasonable maximum packing
fraction of solid particles, might be necessary for SIMMER-III. Both the kinetic theory for granular flows
and the particle bed model with an excess solid volume correction algorithm may be worth consideration.

5 Concluding remarks
In this study, two series of experiments, that is dam-break experiments and bubble visualization
experiments, were performed to investigate dynamic behaviors of solid-particle dominant multiphase flows.
The experiments were intended to simulate multiphase flow behaviors possible in a disrupted LMFR core
with low energy level for the purpose of the verification of the models and methods in the SIMMER-III
code. Verification of SIMMER-III was also conducted based on numerical analyses of these experimental
results. In the present experiments, solid particles have a prominent effect on the dynamic behaviors of
multiphase flows because collisions between solid particles as well as frictions between particle-particle,
liquid-particle, and gas-particle contribute much to the transient behaviors.
The experimental analyses show that SIMMER-III can simulate the dam-break flow behaviors well,
in which all solid particles are immersed in the liquid phase, by adopting suitable values of the key
parameters used in the particle jamming model. This means that the particle jamming model represents the
motion of solid particles in liquid phase. However, for gas-solid two-phase dam-break flows, currently,
SIMMER-III has great difficulty to model the flow behaviors due to the lack of mechanistic models to treat
the mechanical interactions among particles, such as friction force and stress force. For the bubble
visualization experiments, SIMMER-III cannot either well represent the dynamic behavior of the bubble
expansion as well as the movement of the particle bed, part of which is not initially immersed in the NaI
water solution. This indicates that the particle jamming model is not effective on simulating the motion of
solid particles in gas phase although it can be adjusted to compensate some friction losses. SIMMER-III
has to be further improved with suitable models, which can well represent interactions between solid
particles and can well model the reasonable maximum packing fraction of solid particles in any
computational cell.
For future work, it might be necessary to carefully investigate what kind of model and numerical
technique should be implemented to the current SIMMER-III code. A particle bed model developed by
Foscolo and Gibilaro with an excess solid volume correction algorithm proposed by Lettieri et al. may be
worthy of attentions for its relative simplicity on implementation. Besides, a complete solid stress term
incorporating the kinetic theory for granular flows, which have been adopted in some codes including
several commercial ones, may also be worth consideration for the improvement of SIMMER-III.
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Nomenclature
Aqq'

viscous term for K qq '

Bqq'

turbulent term for K qq'

CPJ

parameter of the particle jamming model

g

gravitational acceleration (m/s2)

K qq '

momentum exchange function between velocity components q and q '

K qs

momentum exchange function between velocity component q and structure

P

pressure (Pa)

S

strain rate (m/s)

t

time (s)

v
VM q

velocity (m/s)
virtual mass term (kg/(m2 s2))

Greek letters

D
D MP

volume fraction
maximum volume fraction of solid particles defined in the particle viscosity model

D PJ max maximum packing volume fraction of solid phases defined in the particle jamming model
E PJ
I

fraction of D PJ max above which the particle jamming model is applied

P

viscosity (Pa s)

PC

effective viscosity of the continuous liquid phase

PL

viscosity of the continuous liquid phase

Q
U

kinematic viscosity (m2/s)

X

specific volume (m3/kg)

function of the particle jamming model

macroscopic density (kg/m3)

Subscripts
L

liquid phase

P
q , q'

solid particles
velocity component of the three fluid phases

Table 1: Initial conditions of the dam-break experiments.

Cases

Water height (H mm)

Particle bed height (h mm)

The ratio of H/h

128

0

8/0

W8_P5

128

80

8/5

W8_P7

128

112

8/7

W8_P8

128

128

8/8

W0_P8

0

128

0/8

W8_P0
(Reference case)

Table 2: Initial conditions of the bubble visualization experiments.

Reference
case 1

Reference
case 2

Reference
case 3

Case I

Case II

Case III

Particle bed height (mm)

0

0

0

50

100

230

Liquid height (mm)

50

100

230

35

70

140

Density of the NaI water
solution (kg/m3)

1890

1890

1870

1895

1905

1885

Initial pressure of the
nitrogen gas (MPa)

0.133

0.135

0.139

0.135

0.137

0.137

Fig. 1: Schematic view of a disrupted core with subassembly scale.
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Fig. 2: Increase of effective viscosity due to existence of solid particles.

PC is the effective viscosity of the continuous liquid phase while P L is the viscosity of the continuous
liquid phase. D P and D L is the volume fraction of solid-particle and liquid phases, respectively.

Fig. 3: Schematic view of particle jamming phenomenon.
“P” means particle. Particles in cell 1 can enter into the aimed cells R1 and Z1 because the particle volume
fraction in cells R1 and Z1 is less than its maximum while particles in cell 2 cannot enter into the aimed
cells R2 and Z2 because the particle volume fraction in cells R2 and Z2 is in its maximum.

Fig. 4: Schematic view of the dam-break experimental apparatus.

Fig. 5: View of image error and definition of XD.
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Fig. 6: Comparison of the dam-break flow speeds along the bottom of the water tank.
DT is defined as the time that takes the flow front heads to arrive at the right wall of the tank, i.e. the front
head of the flow of the cases W8_P0, W8_P5, W8_P7, W8_P8 and W0_P8 arrives at the right wall of the
water tank at 175 ms, 210 ms, 225 ms, 250 ms and 260 ms, respectively.

Fig. 7: Dam-break flow images of the case W8_P0 (h = 0 mm; H = 128 mm).

Fig. 8: Dam-break flow images of the case W8_P5 (h = 80 mm; H = 128 mm).

Fig. 9: Dam-break flow images of the case W8_P7 (h = 112 mm; H = 128 mm).

Fig. 10: Dam-break flow images of the case W8_P8 (h = 128 mm; H = 128 mm).

Fig. 11: Dam-break flow images of the case W0_P8 (h = 128 mm; H = 0 mm).

Fig. 12: Analytical geometry for SIMMER-III simulation.
The dam board was separated to 19 parts according to the mesh cell size in the vertical Z direction. The
mesh cell size for the water + particle area is depended on the particle bed height h.
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Fig. 13: Variation of XD with Time in the reference case W8_P0.
XD is the distance between the left wall and the front head of the dam-break flow as defined in Fig. 5.

Fig. 14: Dam-break flow images of the reference case W8_P0.
All images represent a region of 260 mm (length) u 208 mm (height). The color bar shows the volume
fraction of water in the SIMMER-III simulation results.

Fig. 15: Sample images of simulated solid particles distribution in the case W8_P5.
All images represent a region of 260 mm (length) u 208 mm (height). The SIMMER-III simulation was
performed without the particle jamming model. The color bars show the volume fraction of solid particles
in the SIMMER-III simulation results.
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Fig. 16: Comparisons of XD between experimental and simulated variation in the case W8_P5.
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Fig. 17: Comparisons of XD between experimental and simulated variation in the case W8_P7.
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Fig. 18: Comparisons of XD between experimental and simulated variation in the case W8_P8.

Fig. 19: Dam-break flow images in the case W8_P5.
All images represent a region of 260 mm (length) u 208 mm (height). The color bar shows the total volume
fraction of water and solid particles in the SIMMER-III simulation results.

Fig. 20: Dam-break flow images in the case W8_P7.
All images represent a region of 260 mm (length) u 208 mm (height). The color bar shows the total volume
fraction of water and solid particles in the SIMMER-III simulation results.

Fig. 21: Dam-break flow images in the case W8_P8.
All images represent a region of 260 mm (length) u 208 mm (height). The color bar shows the total volume
fraction of water and solid particles in the SIMMER-III simulation results.

Fig. 22: Dam-break flow images in the case W0_P8.
All images represent a region of 260 mm (length) u 208 mm (height). The color bar shows the volume
fraction of solid particles in the SIMMER-III simulation results. The simulation results labeled
“SIMMER-III APJ = 0.6, CPJ = 㧙 0.6” and “SIMMER-III APJ = 0.7, CPJ = 㧙 10” are obtained with

D PJ max = 0.6, CPJ = 㧙 0.6 and D PJ max = 0.7, CPJ = 㧙 10, respectively.

Fig. 23: Schematic view of the bubble visualization experiment apparatus.
Inside the cylindrical pool, part of the particles is in the air while the left is immersed in the NaI water
solution. In real experimental situations, particles immersed in the NaI water solution cannot be viewed but
the movement of the nitrogen gas becomes visible in this area.
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Fig. 24: Pressure transient in the pressure vessel of the reference case 1 and case I.
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Fig. 25: Pressure transient in the pressure vessel of the reference case 3 and the case III.

Fig. 26: Images of the reference case 1 and the case I.
(a) Images of the reference case 1 with a 50 mm liquid height
(b) Images of the case II with a 35 mm liquid height and a 50 mm particle bed
The index (1) refers to the liquid surface in the surrounding quadrate liquid pool, equaling to the initial liquid
surface height in the cylindrical pool. The index (2) refers to the liquid surface in the surrounding quadrate
liquid pool, equaling to the initial particle bed height in the cylindrical pool. The index (3) refers to the liquid
surface in the cylindrical pool. The symbol d means the axial distance between (2) and (3).

All images represent the same area of 85 mm (cylindrical pool diameter, radial direction) u 130 mm (axial
direction).

Fig. 27: Images of the reference case 2 and the case II.
(a) Images of the reference case 2 with a 100 mm liquid height
(b) Images of the case II with a 70 mm liquid height and a 100 mm particle bed
The index (1) refers to the liquid surface in the surrounding quadrate liquid pool, equaling to the initial liquid
surface height in the cylindrical pool. The index (2) refers to the liquid surface in the surrounding quadrate
liquid pool, equaling to the initial particle bed height in the cylindrical pool. The index (3) refers to the liquid
surface in the cylindrical pool. The symbol d means the axial distance between (2) and (3).

All images represent the same area of 85 mm (cylindrical pool diameter, radial direction) u 150 mm (axial
direction).

Fig. 28: Bubble images of the reference case 3 and the case III.
(a) Images of the reference case 3 with a 230 mm liquid height
(b) Images of the case II with a 140 mm liquid height and a 230 mm particle bed

All images represent the same area of 85 mm (cylindrical pool diameter, radial direction) u 150 mm (axial
direction).

Fig. 29: Simulation geometry for the bubble visualization experiments.
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Fig. 30: Pressure transient in the pressure vessel of the reference case 1.
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Fig. 31: Pressure transient in the pressure vessel of the reference case 2.
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Fig. 32: Pressure transient in the pressure vessel of the reference case 3.

Fig. 33: Comparison between experimental and simulated bubble images of the reference case 1.
The color bar shows the vapor volume fraction of the contour lines.

Fig. 34: Comparison between experimental and simulated bubble images of the reference case 2.
The color bar shows the vapor volume fraction of the contour lines in the SIMMER-III simulation results.

Fig. 35: Comparison between experimental and simulated bubble images of the reference case 3.
The color bar shows the vapor volume fraction of the contour lines in the SIMMER-III simulation results.
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Fig. 36: Pressure transient in the pressure vessel of the case I.
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Fig. 37: Pressure transient in the pressure vessel of the case II.
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Fig. 38: Pressure transient in the pressure vessel of the case III.

Fig. 39: Comparison between experimental and simulated bubble images of the case I.
The color bar shows the vapor volume fraction of the contour lines in the SIMMER-III simulation results.
The simulation results are obtained with D PJ max = 0.6 and CPJ = – 2.5.

Fig. 40: Comparison between experimental and simulated particle bed images of the case I.
The color bars show the volume fraction of solid particles in the SIMMER-III simulation results. The
simulation results are obtained with D PJ max = 0.6 and CPJ = – 2.5.

Fig. 41: Comparison between experimental and simulated bubble images of the case II.
The color bar shows the vapor volume fraction of the contour lines in the SIMMER-III simulation results.
The simulation results are obtained with D PJ max = 0.6 and CPJ = – 2.5.

Fig. 42: Comparison between experimental and simulated particle bed images of the case II.
The color bars show the volume fraction of solid particles in the SIMMER-III simulation results. The
simulation results are obtained with D PJ max = 0.6 and CPJ = – 2.5.
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Fig. 43: Comparison between experimental and simulated bubble images of the case III.
The color bar shows the vapor volume fraction of the contour lines in the SIMMER-III simulation results.
The simulation results are obtained with D PJ max = 0.6 and CPJ = – 2.5.

Fig. 44: Simulated particle bed images of the case III.
The color bars shows the volume fraction of solid particles in the SIMMER-III simulation results. The
simulation results are obtained with D PJ max = 0.6 and CPJ = – 2.5.

