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Abstract: - The present study invetigated the dam breaking containg the particles by handling three pahses of 
the lquid-gas-solid mixure. The discrete element method (DEM) - computational fluid dynamics (CFD) 
conbined methos was adopted to resolve the three  pahses of the lquid-gas-solid mixure. The present study 
considers the wide range of the liquid density to investugate the effect of the liquid density on the behavior of 
the particles and the free-surface. Three regimes of the overlapping, divergent and impinging behaviors govern 
the time evolution of the particles and the free-surface. The overlapping regime shows that the front head 
positions of the liquid and the particles are almost identical and two dimensional behaviors. However, in the 
divergent regime, lower liquid densities derive that the liquid front head is faster than that of the particle. Over 
the critical liquid density, the opposite divergent pattern to the low liquid density appears. Especially, the three-
dimension effect on the distribution of the particles and the free-surface appears in the divergent regime. 
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1 Introduction 

The liquid-gas-solid (particle) mixture is very 
important in wide areas of the academics, industries 
and also the real life. In addition, because of its 
natural complexity to be investigated by the numeric 
and experimental methods, the problem containing 
liquid-gas-solid mixture is greatly challenged by 
numerous researchers. 

For examples, the failure of a natural dam can 
initiate a debris flow that are dangerous to life and 
property [1], which results in the catastrophic 
disaster and simultaneously the downstream flood 
damage. Also, in the safety analysis of core 
disruptive accidents of a liquid metal cooled reactor, 
sloshing dynamics of a molten core strongly affects 
the entire progression of an accident and correlated 
consequences. In addition, the movements and the 
interactions, for example, of refrozen fuels and 
disrupted pellets in the molten core are other 
concerns and sources of difficulties that 
significantly influence sloshing in molten core [2]. 
Therefore, the prediction of the liquid-gas-solid 
mixture flow is fundamental to prevent and 
minimize the risk. 
The present study considers the particles 

containing dam break problem which can 
correspond to the typical liquid-gas-solid problem. 

As an element of the present problem, the dam 
break has been intensively studied as one of the 
popular liquid-gas problems to identify an 
interaction of liquid-gas in various fields [3-12]. 
However, it is hard to find the researches relevant to 
the present study which covers the dam break flow 
containing a particle bed, based on the three phases 
of liquid-gas-solid.  

A few studies have handled the single fluid-solid 
phase. Guo and Morita [2] investigated the sloshing 
in a liquid-solid mixture by using the finite volume 
particle (FVP)-DEM coupled method. Also, Sun et 
al. [3] studied various solid-liquid flows (dam break 
and rotating cylindrical tank) by using DEM-
smoothed particle hydrodynamics (SPH). 
Recently, Sun and Sakai [13] conducted 

experiment and CFD-DEM simulation for dam 
break problem containing particles. Thus, their 
problem is based on three phases of liquid-gas-solid. 
The main focus of their study is not to interpret the 
physics of three-phase problem but to validate the 
adopted numerical methods of CFD-DEM by 
comparing the simulation results with the 
experimental ones. 
Based on authors’ literature survey, as mentiond 

above, it is hard to find the not only numerical 
simulations but also experiments which dealt the 
three-phase based dam breaking problem. Especially, 
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there is no study which provides the physical 
interpretation for the various conditions in terms of 
the fluid and particle properties and water clolumn.  

Therefore, as the initial study for the three-phases 
of liquid-gas-solid based dam breaking problem, the 
present research aims at inverstigating the effect of 
the liquid density on the behaviors of the particles 
and the liquid under the circumstance of the dam 
breaking by using the CFD-DEM combined 
simulations.  
 
 
2 Description of numerical simulation  

The fluid motion is solved CFD based approach 
with gas-liquid interface capturing provided by the 
volume of fraction (VOF). The particle phase is 
tracked by DEM as discrete entities.  
 
2.1 Governing equations of particle motion 

The movement of a particle is described by DEM. 
Contact forces are described by the Voigt model 
which consists of spring, dash pot and slider. At 
time t, the translational displacement 𝑣𝑣𝑎𝑎of particle 𝑎𝑎 
with the mass of 𝑚𝑚𝑎𝑎  by the contact force that acts 
between two particles is given in Eq. (1). 
 

𝑚𝑚𝑎𝑎
𝑑𝑑𝑣𝑣𝑎𝑎
𝑑𝑑𝑑𝑑

= 𝐹𝐹𝑛𝑛 + 𝐹𝐹𝑔𝑔 + 𝐹𝐹𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑑𝑑                      (1) 
 

The right hand side contains terms for the normal 
direction contact (𝐹𝐹𝑛𝑛), gravity (𝐹𝐹𝑔𝑔) and fluid forces 
( 𝐹𝐹𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑑𝑑  consists of drag and pressure gradient 
forces). In Eq. (1), the normal direction contact 
forces are calculated using the linear spring contact 
model. 

Besides translational motion, particles also 
undergo rotational motion which is governed by Eq. 
(2) 
 

𝐼𝐼𝑎𝑎
𝑑𝑑𝜔𝜔𝑎𝑎
𝑑𝑑𝑑𝑑

= 𝑇𝑇𝑎𝑎(= 𝑅𝑅𝑎𝑎 × 𝐹𝐹𝑑𝑑)           (2) 
where 𝐼𝐼𝑎𝑎 , 𝜔𝜔𝑎𝑎 , 𝑇𝑇𝑎𝑎 , 𝑅𝑅𝑎𝑎 , 𝐹𝐹𝑑𝑑  and 𝑀𝑀𝑎𝑎  are the moment of 
inertia, the angular velocity, the torque generated by 
the tangential forces, the distance from the center of 
mass to the contact point and the tangential direction 
contact force, respectively. Further details of the 
implementation can be found in Sun and Sakai [13]. 
 

2.2 Governing equations of fluids flow 
The present three-dimensional two-phase flow is 

governed by the continuity equation in Eq. (3), the 
Navier–Stokes equation in Eq. (4).  
 

𝜕𝜕𝜕𝜕𝑓𝑓 𝑓𝑓
𝜕𝜕𝜕𝜕 𝑓𝑓

= 0                         (3) 

 
𝜕𝜕
𝜕𝜕𝑑𝑑

(𝜌𝜌𝜕𝜕𝑓𝑓𝑓𝑓) +
𝜕𝜕
𝜕𝜕𝜕𝜕𝑗𝑗

�𝜕𝜕𝜌𝜌𝑓𝑓𝑓𝑓𝑓𝑓𝑗𝑗 � = −𝜕𝜕
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝑓𝑓

 

+ 𝜕𝜕
𝜕𝜕𝜕𝜕𝑗𝑗

�𝜕𝜕𝜀𝜀 �𝜕𝜕𝑓𝑓𝑓𝑓
𝜕𝜕𝜕𝜕𝑗𝑗

+ 𝜕𝜕𝑓𝑓𝑗𝑗
𝜕𝜕𝜕𝜕𝑓𝑓
�� + 𝜕𝜕𝜌𝜌𝑔𝑔 − 𝑆𝑆𝑚𝑚       (4) 

 
where 𝜕𝜕𝑓𝑓  is Cartesian coordinates, 𝑓𝑓𝑓𝑓  is the 
corresponding velocity components, p is the 
pressure, ρ is the density, μ is the viscosity, ε is the 
porosity and 𝑔𝑔 is the gravity. The source term 𝑆𝑆𝑚𝑚  
take into account the interaction force between fluid 
and particles by two-way coupling.  
In this study, the VOF method is employed to 

capture the free surface of two-phase flow. In each 
cell, the volume fraction (𝑄𝑄𝛿𝛿 ) of the  𝛿𝛿th fluid is 
introduced because this method is designed for two 
or more immiscible fluids.  
 

𝜕𝜕 𝜕𝜕𝑄𝑄𝛿𝛿
𝜕𝜕𝑑𝑑

+ 𝜕𝜕𝑓𝑓𝑓𝑓
𝜕𝜕𝑄𝑄𝛿𝛿
𝜕𝜕𝜕𝜕 𝑓𝑓

= 0                  (5) 
 
Convection and diffusion terms are discretized 

using the second order upwind scheme and the 
second order central differencing scheme, 
respectively. For unsteady flow calculations, time 
derivative terms are discretized using the second 
order accurate backward implicit scheme. The 
velocity–pressure coupling and overall solution 
procedure are based on a SIMPLE-type segregated 
algorithm adapted to an unstructured grid. 
 
2.3 Computational domain specification 
The computational domain is shown in Fig. 1 

where the dimensions of the length, breadth and 
height are 0.2, 0.1 and 0.3 (m), respectively.  
 

 
Fig. 1 The schematic of the computational domain. 
 
Fig.2 illustrates typical two dimensional dam 

breaking flow with particle bed. The reservoir’s 
initial length (LR), breadth and height (HR) are 0.05, 
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0.1 and 0.1 (m) respectively. The rest of the 
computational domain is assumed to be air. 

 
Fig. 2 The dam break flow with particle bed 

 
The dimensionless variables used in this study are 

time (t*), liquid front head position (xl
*), liquid 

height (yl
*), particle front head position (xp

*). They 
are described as follows: 
 

t* = t(2g/LR)1/2                                  (6) 
 

xl
* = xl / LR                                           (7) 

 
yl

* = yl / LR                                           (8) 
 

xp
* = xp / LR                                         (9) 

 
No-slip boundary condition is imposed on the 
vertical and horizontal walls. 

Tables 1 and 2 show the properties of particle and 
fluids, respectively.  

 
Table 1 Parameter of particle 
Type Glass beads 
Diameter (m) 0.0027 
Density, ρp (kg/m3) 2,500 
The number of particles 3,883 
Total mass of particles (g) 100 
Spring constant (N/m) 1,000 
Restitution coefficient 0.9 
Friction coefficient 0.3 

 
Table 2 Properties of fluids 

Liquid density, ρl (kg/m3) 1000, 1500, 
2000, 2400 

Liquid viscosity (Pa·s) 10-3 
Air density, ρa (kg/m3) 1 

Air viscosity (Pa·s) 10-5 
2.4 Validation 
To assure the validity of numerical methods, the 

quantitative comparison between the present results 
and Sun and Sakai [13]’s ones is carried out for the 
time histories of normalized positions of the liquid 
front head. Fig. 3 shows the favorable comparison 
with Sun and Sakai [13]’s results.  
 

 
Fig. 3 Comparison of normalized position with the 
present results (solid line) and Sun and Sakai [13]’s 
ones (square symbol). 
 

 
(a) 

 

 
(b) 

 

 
(c) 

Fig. 4 Comparison of particles distribution and free-
surface formation at (a) t=0.1 s, (b) t=0.2 s and (c) 
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t=0.3 s with the present results (right column) and 
Sun and Sakai [4]’s results (left column). 
 Figure 4 shows the comparison of the present 
particles distribution and free-surface formation in 
the time sequence of dam break flow with Sun and 
Sakai [4]’s results. Particles’ motion is captured by 
scattered dots with their velocity contours. The 
present and Sun and Sakai [13] represents the 
identical results as follows. The moving particle bed 
that moves more slowly than the water front head 
does in early stages of the dam break for t < 0.2 s. 
And then, the solid particle bed expands over the 
floor of the tank and the water hits the vertical wall. 
The bulk of the water-particle mixture goes on 
moving forward and strongly impacts against the 
tank, which leads to a high water jet attached to the 
wall at t = 0.3 s. The solid layer also follows this 
motion, as it is found that at the left corner of the 
tank lies a pile of particles as well as some splashing 
ones. 

As a result of the above excellent comparison, the 
present numerical methods are reliable to handle 
three phase flow problem. 
 
 
3 Result and discussion 

Figure 5 presents the typical three dimensional 
perspective views which show the time evolution of 
the particles and the free-surface between the liquid 
and the gas for ρl =1000 kg/m3. When the liquid 
starts to collapse by the gravity, the front head of the 
liquid and the particles becomes advance against the 
wall. At the initial stage of the dam breaking, the 
front head positions of the liquid and the particles 
are almost identical, as shown in Fig. 5(a). This 
stage is designated as the overlapping regime of the 
front head positions of the liquid and the particles. 

As time goes by, the liquid front head becomes 
faster than that of the particles, as shown in Fig. 5(b). 
Thus, this stage is named as the divergent regime. 
Successively, the liquid early impinges on the wall 
and then goes up due to the inertia, which can be 
identified Fig. 5(c). Finally, the impinging regime 
covers the classification of the time evolution of the 
particles and the free-surface. The time period of 
each regime is dependent on the liquid density, 
which will be dealt later. 

The front head positions of the liquid for different 
liquid densities are plotted in Fig. 6. In general, the 
front head positions for different liquid densities 
have about the same profile which is governed by 
the parabolic pattern. Therefore, the initial variation 
of the front head position is almost negligible, 
resulting in very small advance velocity. Then, the 
front head position increases quickly. Therefore, the 

front head speed becomes fast. Finally, near the wall 
before the impinging regime, the front head speed 
decelerates. This variation of the front head speed 
according to liquid advance can be identified by the 
front head speed in Fig. 6. 

The dependence of the liquid front head position 
on the liquid density can be also clarified in Fig. 6. 
Generally, as the liquid density becomes larger, the 
liquid front head position increases.  
 

 
(a) 

 

 
(b) 
 

 
(c) 
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Fig. 5 Snapshots of the particulate flow in dam 
break for water density of 1000 kg/m3 at t*=1, (b) 
t*= 3 and (c) t*= 6. 

 
Fig. 6 Time histories of dimensionless position of 
liquid front head according to liquid density. 
 

Figure 7 shows the front head positions of the 
particles for different liquid densities. 

Regardless of the liquid density, the profile of the 
front head position of the particle is composed of 
three sections governed by the linear behaviour. The 
first regime has the smallest slope which 
corresponds to the front head speed. In this regime, 
the front head position is independent of the liquid 
density.  

The second regime exposes the sharp slope which 
is induced by higher speed than the first regime. In 
this regime, the front head position depends on the 
liquid density. Resultantly, as the liquid density 
increases, the front head position of the particle 
increases. This suggests that the front head speed 
increases with increasing the liquid density. Finally, 
near the wall before the impinging regime, the front 
head position changes very slowly.  
 

 
Fig. 7 Time histories of dimensionless position of 
particle front head according to the liquid density. 

 
Fig. 8 Snapshots of the particulate flow in dam 
break for water density with different values of (a) 
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1000, (b) 1500, (c) 2000 and (d) 2400 at t* = 1. Unit 
of density: kg/m3. 
 

Figure 8 shows the top views of particles and the 
free-surface for different liquid densities.  As early 
discussed in Fig. 4 showing the typical three 
dimensional perspective views of particles and the 
free-surface, the time evolution of the particles and 
the free-surface is classified by three regimes. 
Figure 8 represents the identical regime where the 
front head positions of the liquid and the particles 
are almost same. However, the overlapping location 
sustains longer distance with increasing the density. 
In this regime, the three dimensional effect is minor. 

Regarding to the divergent regime, the typical 
distribution of particles and the free-surface for 
different liquid densities is plotted in Fig. 9. In this 
regime, two divergent patterns appear according to 
the liquid density. First, the liquid front head is 
faster than that of the particle in the small density 
region, as shown in Fig. 9(a). Another pattern is 
opposite to first one, as shown in Figs. 9(c) and (d). 
It is noted that the co-existence regime of the 
divergent-overlapping pattern is observed at a 
critical density over which the regime is divergent, 
as shown in Fig. 9(c). 

In contrast to the overlapping regime, the 
divergent regime shows the three dimensional effect 
in the spanwise and also the streamwise directions, 
because the instability is augmented by the increase 
of the velocity of the fluids and particles.  
 

 
Fig. 9 Snapshots of the particulate flow in dam 
break for water density with the different values of 
(a) 1000, (b) 1500, (c) 2000 and (d) 2400 (kg/m3) at 
t* = 3. Unit of density: kg/m3. 
 
 
4 Conclusion 

The present study invetigated the dam breaking 
containg the particles  by handling the three  pahses 
of the lquid-gas-solid mixure. The DEM-CFD 
conbined methos was adopted to resolve the three  
pahses of the lquid-gas-solid mixure. The presnet 
method was exellently validated by comparing the 
previous results obtained by the numerical and 
experimenal methods to investigate the similar 
relavant problem to the present study. The main 
purpose of the present study is to investugate the 
effect of the liquid density on the behavior of the 
particles and the free-surface.  
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The time evolution of the particles and the free-
surface is classified by three regimes of the 
overlapping, divergent and impinging behaviors. At 
the initial stage of the liquid collapse, the 
overlapping regime governs the front head positions 
of the liquid and the particles, resulting in that the 
front head positions of the liquid and the particles 
are almost identical. 

The divergent regime contains two patterns. One 
is that the liquid front head is faster than that of the 
particle in the small density region. Another pattern 
is opposite to first one.  
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