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ABSTRACT: Multiphase flow (i.e., gas−solid flow and gas−liquid−
solid flow) extensively exists in industries, yet the strong coupling
between different phases poses challenges in the discrete element
method (DEM)-based model establishment. This work developed a
fully coupled framework by combining computational fluid dynamics
(CFD) with DEM, with the further extension to incorporate volume-
of-fluid (VOF) to study multiphase flow systems. A smoothing
method is implemented to allow the grid size to be close to or smaller
than the diameter of the particles, benefiting the subsequent
interphase and interfacial interactions calculation. Iso-Advector, an
advanced VOF-based surface-capturing method, is further introduced
to describe interface evolution and interfacial interactions effectively.
The integrated model is verified in three benchmark cases, i.e., a
quasi-two-dimensional spouted bed, a fully three-dimensional spout-
fluid bed, and a dam-break flow. The numerical results agree well with
experimental measurements, confirming the model’s reliability in
simulating multiphase flow systems.

1. INTRODUCTION
Multiphase flow widely exists in chemical engineering
processes including fluidized-bed drying, wet ball milling, and
blast-furnace ironmaking.1−3 The fundamental physics behind
the two- and three-phase systems are the complex interparticle
collisions, interphase interactions, and interfacial interactions at
the particle-scale level. Over the last few decades, many
experimental works have been made for a better understanding
of the two- and three-phase systems.4−6 Link et al.5 presented a
map of a spouted bed via the experimental identification of
gas−solid behaviors by the positron emission particle tracking
technique. Ma et al.6 designed a gas−liquid−solid fluidized
bed, where particles lighter than water were fluidized
downward through the induced gas. The hydrodynamic
characteristics were experimentally investigated with five
types of particles under different operating conditions, and
four kinds of fluidization regimes (i.e., complete fluidization,
entrainment, transition, and fixed bed) were observed. Chen et
al.4 designed a bidirectional sinusoidal three-phase fluidized
bed and investigated the effects of pulsed liquid frequency/
amplitude and particle characteristics on the flow properties.
These studies have great implications for a better under-
standing and design of the multiphase fluidized beds. However,
the experiments are only applicable for limited operating
conditions and are impractical to quantify interparticle,
interphase, and interfacial interactions from the microscopic
perspective.

As an alternative, numerical simulations have gained
considerable attention to investigate multiphase flow.7−11

Recently, Wang et al.12 have conducted a comprehensive
review of the applicability of numerical methods and their
application in gas−solid flow simulation. The numerical
methods generally consist of the Eulerian−Eulerian and
Eulerian−Lagrangian methods.13 The former regards fluid
and solid phases as continuous media and simplifies
interparticle collisions.14 It is numerically efficient but has
the incapability of obtaining particle information. Moreover,
the complicated closures challenge the model implementation
and extension.15 On the contrary, the computational fluid
dynamics discrete element method (CFD-DEM) under the
Eulerian−Lagrangian framework has intrinsic advantages of
fully solving interparticle collisions and accurately describing
particle characteristics.16 For the past few years, the CFD-
DEM has been successfully adopted in simulating gas−solid
two-phase flow in various chemical engineering processes.17−19

Peng et al.20 numerically studied a laboratory-scale chemical
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looping combustion unit using the CFD-DEM and successfully
obtained flow patterns and solid distributions. Kong et al.17

numerically studied the biomass gasification process in a
bubbling fluidized bed using the CFD-DEM and thoroughly
discussed the influence of key critical operating parameters on
particle behavior. Besides, it is easy to develop the CFD-DEM
to integrate surface-capturing models for modeling gas−
liquid−solid flow involving particle−gas/liquid interactions,
particle−particle/wall collisions, and gas−liquid interfacial
interactions.8 However, because of the nonlinear coupling
relationship between different phases, it is still very difficult to
accurately denote gas−liquid−solid systems, especially the
gas−liquid interface. Furthermore, the volume-of-fluid (VOF)
method is known as an efficient algorithm to capture the gas−
liquid interface, extensively applied to simulate gas−liquid−
solid flow.21 A few studies have been reported on modeling
gas−liquid−solid flow using the CFD-DEM coupled with VOF
(CFD-DEM-VOF). Sun and Sakai8 first developed the CFD-
DEM-VOF to numerically investigate gas−liquid−solid flow,
demonstrating the reasonability of VOF in capturing the gas−
liquid interface. Similarly, Li et al.22 implemented the CFD-
DEM-VOF on OpenFOAM and tested this model by three
benchmark cases, i.e., particle collision in water, particle in
pure gas, and gas−liquid−solid dam break. On the basis of the
same framework, Tang et al.9 studied gas−liquid−solid
behaviors and assessed the solid mixing behaviors in a rotary
drum under various operating parameters. Although previous
studies provide insights into the gas−solid/gas−liquid−solid
flows in particulate systems, two drawbacks still need to be
overcome. The first is that the grid size-to-particle diameter
ratio should exceed 3 in a conventional CFD-DEM, making it
difficult to accurately describe interphase interactions.23 The
second is that the conventional surface-capturing method of
the MULES algorithm leads to distortion during the interface
evolution.24

Accordingly, a well-established CFD-DEM method is
extended to couple with VOF for accurate modeling of
multiphase flows. The gas−liquid−solid phase interactions are
denoted by a fully coupled CFD-DEM framework. The novelty
of the present work can be summarized as (i) incorporating a
smoothing method to allow the grid size to be smaller than the
particle diameter, which benefits subsequent calculation of the
interphase and interfacial interactions and (ii) implementing a
recently developed iso-Advector algorithm25 for effective
capture of the interface between different phases, which is a
VOF-based geometric surface reconstruction method. The
paper is organized as follows: Section 2 specifies the
mathematical model including governing equations, interface-
capturing method, smoothing method, and numerical scheme.
Section 3 verifies the accuracy of the proposed model with
three benchmark cases including a quasi-two-dimensional
spouted bed, a three-dimensional (3D) spout-fluid bed, and
a dam-break system.

2. MATHEMATICAL MODEL
The integrated model is detailed in this section, in which the
CFD module governs the fluid phase, the DEM module
describes solid motions, and the VOF module captures the
gas−liquid interface. A divided particle volume method is
adopted to account for the contribution from the particle
properties to the cell if the cell size exceeds the particle
diameter. After that, a smoothing method is introduced to
smooth the filtered quantities of the particle properties at the

fluid cell over a length. An iso-Advector algorithm is
implemented for an effective description of the interface
evolution.

2.1. Fluid Phase. The volume-averaged governing
equations are formulated to describe a fluid phase involving
mass and momentum conservation:

t
u( ) ( ) 0f f f f f+ · =

(1)

t
p

u u u

g F F

( ) ( )

( )

f f f f f f f

f f f f s pf

+ ·

= + · + + (2)

where g is the gravitational acceleration. εf, ρf, pf, and uf are the
voidage, density, pressure, and velocity, respectively. Ffp is the
interphase momentum exchange source term. Fs is the surface
tension force. τf is the fluid stress tensor, calculated as

u u( )f f f f f
T= + (3)

The VOF method is employed for capture of gas−liquid
interface:26

t
u( ) 0f+ · =

(4)

where α ranges from 0 to 1 and can be calculated as
V

V V
liquid

cell particles
=

(5)

The density (ρf) and viscosity (μf) of the gas (g)−liquid (l)
mixture are formulated as

(1 )f l g= + (6)

(1 )f l g= + (7)

The surface tension force Fs is calculated by27

Fs = (8)

where σ is the surface tension coefficient. κ is the local interface
curvature given by the normal vector of the gradient of α:

i
k
jjj y

{
zzz= ·

| | (9)

2.2. Solid Phase. Under the Lagrangian framework, the
translational and rotational motions of particle i are calculated
as16

m
t

m
v

g f f
d
di

i
i i ic, pf,= + +

(10)

I
t

T
d
di

i
i=

(11)

where mi is the mass and vi is the velocity. fc,i is the contact
force, and fpf,i is the fluid−particle interaction force. ωi is the
angular velocity. Ii is the moment of inertia. Ti is the total
torque. Specifically, fpf,i can be calculated as

f f f f fi i i ipf, d, , p, s= + + +· (12)

fd,i, f▽·τ,i, and f▽p,i are the drag force, viscous stress force, and
pressure gradient force, respectively. fd,i is calculated by the
correlation proposed by various drag models.14,28 Specifically,
the drag model for particles is mainly related to the fluid
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properties (e.g., velocity, viscosity, and density) and particle
properties (e.g., velocity and diameter). The fluid properties
are interpolated to the position where the particle is located.
By combination with the particle properties, the drag force for
each particle can be obtained. The calculation of f▽·τ,i and f▽p,i
can refer to the previous literature.29 The interphase force can
be calculated as

V
wF f1

j
j i

N

ij ifp,
cell, 1

pf,

p

=
= (13)

where Np is the particle number in this cell. wij is the weight
identifying the contribution of the particle properties, which is
given in the following section.

2.3. Interface Capturing. The gas−liquid interface needs
to be well captured in the gas−liquid−solid system simulation.
A suitable surface-capturing method can illustrate the interface
evolution process and the resultant gas−liquid−solid behav-
iors. In this work, a recently developed iso-Advector algorithm
is implemented to reconstruct the gas−liquid interface.
Specifically, as a VOF-based geometric surface reconstruction
method, the iso-Advector algorithm can capture extremely
sharp interfaces.25 The iso-Advector algorithm uses a novel
interpolation scheme and can calculate the face−interface
intersection evolution of cells in unstructured or structured
meshes at every time step. This algorithm includes two steps:
interface reconstruction and geometric advection. In the
former, piecewise planar patches are constructed in each
interfacial cell. The plane can cut the cell by choosing an exact
volume fraction, which can be freely chosen between 0 and 1
referring to the calculation set for better calculation accuracy
and efficiency. In the latter, intermediate time steps are
adopted to account for the topological changes of the cell
slicing along the plane movement.25 According to the
performance assessment, by validating a Rudman−Zalesak
solid rotation test30 as shown in the Supporting Information,
the iso-Advector algorithm can accurately capture surface
morphology.

2.4. Mapping and Smoothing. The mapping algorithm is
adopted to calculate the weight wij based on the satellite point
method.23 Specifically, each particle is marked with 29 satellite
points, and the weight is evaluated by division of the number
of satellite points of particles in a cell by the total number of
satellite points in the fluid domain. In this algorithm, the
contribution from the particle to the cell only accounts for
those cells that physically overlap the particle. The mapping
algorithm is unsuitable for the scenario if the diameter of the
particles is larger than the cell size.

To address this dilemma, a smoothing method is performed
after the mapping algorithm.31 In our previous work, the
smoothing method based on the unresolved CFD-DEM is
used to study the raceway dynamics, which shows advantages
both in the algorithm and application perspectives.31 The
smoothing method links the quantities between the continuum
phase and discrete particles by using fine grids. By solving an
isotropic diffusion equation, we can obtain the smoothest
variables in the computational domain. Specifically, the filtered
Eulerian quantity of the particle characteristics can be
smoothed over a length λ, indicating that each particle will
affect the surrounding fluid at a certain distance. The
smoothing length is typically specified as λ = 3dp, as suggested
by the previous literature.31 By solving the isotropic diffusion

equation, the smoothing operation is achieved for transferred
quantity ξ as31

t t

2

CFD

2=
(14)

The smoothing procedure is commonly performed at a small
ratio of cell size-to-particle diameter (Δx/dp). When Δx/dp is
large, the mapping algorithm can deliver satisfactory results,
and the smoothing procedure has no effect.

2.5. Numerical Scheme. The developed CFD-DEM-VOF
model can simulate granular flow, two-phase flow, and three-
phase flow. Numerical schemes for the former two scenarios
have been well documented in previous publications. Thus, the
coupling procedure of the last scenario is given here:

(a) The fluid field is first initialized. The free surface is then
captured through the iso-Advector algorithm. After that, the
mapping algorithm is adopted to calculate the weights wij,
which helps to determine the contribution of the properties of
particle i to cell j.

(b) After the mapping algorithm, filtered Eulerian quantities
of the particle properties are available at each fluid grid and can
be further smoothed over a length λ.

(c) The Eulerian fields (e.g., pf and uf) are transferred to the
DEM module. The particle kinematics (e.g., ωp and vp) is then
calculated based on the initial particle information and
transferred fluid properties.

(d) The CFD module calls the particle information after
several DEM iterations.

Figure 1. Schematic and the dimensions of the quasi-2D spouted bed.

Table 1. Geometry and Particle Parameters in the
Simulation

parameters value unit

column width 210 mm
internal angel 60 deg
bottom width 45 mm
slot width 30 mm
column height 1.2 m
column thickness 36 mm
particle diameter 6 mm
particle density 2518 kg/m3
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Specifically, the fluid time step (ΔtCFD) should be 10−100
times larger than the solid time step (ΔtDEM) because a tiny
ΔtDEM is necessary to avoid the unphysically large overlap
displacement between two particles and to guarantee
numerical stability.16 Specifically, ΔtCFD is calculated based
on the Courant−Friedrichs−Lewy (CFL) condition:32

t
x

u
CFL max 1f

fi
k
jjj y

{
zzz= | | <

(15)

The Courant number (Co) is used in the VOF simulation:

Co
x

t
1
2

0.01 0.99=
| |

< <
(16)

where ϕ is the mass flux.
ΔtDEM is limited by the Rayleigh time (ΔtRay):

33

t t
d

Y2(0.1631 0.8766)

2 (1 )
p Ray

p

p

p p

p
= =

+
+

(17)

where Yp and υp are Young’s modulus and Poisson ratio of the
particles, respectively. χ is a constant in the range of 0.1−0.5,
and the ΔtDEM is related to the particle properties.33

3. RESULTS AND DISCUSSION
3.1. Quasi-2D Spouted Bed from Zhang et al. (2017).

The first demonstration of the CFD-DEM model is to simulate
gas−solid flow in a quasi-2D spouted bed experimentally
conducted by Zhang et al.34 Figure 1 presents the simulated
geometric dimensions. Table 1 details the parameters of the
geometry and the particle properties. Particles are loaded at the
lower part, and the static bed height (Hb) is 12.4 mm initially.
The gas is fed from the orifice, and the velocity (Ug) is 4.39 m/

Figure 2. Comparison of the particle characteristics between the simulation results and experimental data:34 (a) Instantaneous solid motions, where
Hb = 12.4 mm and Ug = 4.39 m/s. Particles in the simulation results are colored by their velocity magnitude (vp). (b) Solid axial velocity (Usz).34

Figure 3. Schematic and the dimensions of the 3D spout-fluid bed. Figure 4. 3D view of the spout−annulus interface at t = 0.08 s: (a)
simulation results from Link et al.;5 (b) current simulation results.
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s. The right and left walls are assigned as nonslip boundary
conditions, while the back and front walls are assumed as slip
boundary conditions to eliminate the wall effect. The top
surface is specified as the atmospheric boundary condition.
The orifice is assigned as the uniform velocity inlet boundary
condition.

Figure 2a compares instantaneous solid motions between
the experimental and simulation results. A qualitative agree-
ment of particle characteristics is achieved. The whole bed is
generally divided into three regions, i.e., an annulus region near
the sidewalls where particles move downward with low
velocities dominated by the interparticle collisions, a spout
region in the central bed where particles move upward with
high velocities and are dominated by interphase interactions,
and a fountain region with scattered particles where particles
are thrown into the freeboard region. Moreover, Figure 2b

compares the time-averaged vertical particle velocity (Usz)
predicted using the current model and experimental data.34

Particles accelerate rapidly from the bottom to about 0.05 m
and then reach the maximum velocity (1.2 m/s) at 0.13 m due
to interphase interactions. After the kinetic energy dissipation,
the particles reach the maximum height of about 0.25 m.
Therefore, the model can accurately predict the flow patterns
and particle dynamics in quasi-2D spouted beds.

3.2. Fully 3D Spout-Fluid Bed from Link et al. (2008).
The CFD-DEM model is further demonstrated by simulating
gas−solid flow in a fully 3D spout-fluid bed experimentally
conducted by Link et al.5 Figure 3 presents the geometry
configuration of the invested system. The calculation domain is
divided into 21, 14, and 100 in three directions. The gas is fed
from the orifice with a size of 22 × 12 mm. The spout and

Figure 5. Comparisons of Usz with the independent simulation and experimental measurements by Link et al.5 (Exp. 1 and 2 represent the data
obtained by two independent experiments, respectively): (a) Usz at Z = 0.15 m; (b) Usz at Z = 0.25 m; (c) U′sz at Z = 0.15 m; (d) U′sz at Z =
0.25 m.
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background velocities are 60 and 2.5 m/s, respectively. The
number of particles is 44800.

In 3D spout-fluid beds, the spout and annulus regions are
identified by an interface. As presented in Figure 4, the 3D
view of the spout−annulus interface is an isosurface with a
threshold solid volume fraction of 0.3 at t = 0.08 s to
differentiate different phases. It is noted that the current work
can successfully reproduce the typical spout−annulus interface.

Figure 5 quantitatively compares the time-averaged vertical
particle velocity (Usz) and root-mean-square (RMS) velocity
(U′sz) between the current simulation and experimental data
by Link et al.5 Due to the high gas inlet velocity, a narrow spot
channel characterizing the spout-fluidization regime is
observed because of vigorous interphase momentum exchange
intensity. Similar trends in Usz can be observed at two different
heights. The current model can well reproduce vertical particle
velocity with independent simulation results and experimental
measurements.5 This model better predicts the RMS velocity
than the independent simulation by Link et al.5 does. This may
be caused by the fact that the soft-sphere collision model
adopted in this work can more accurately describe the colliding
procedure of multiple particles in dense gas−solid flow than
the hard-sphere collision model used by Link et al.5 Thus, the
RMS velocity of the particles can be more accurately captured
in this work. Besides, it is noted that both the current model
and the model from Link et al.5 have difficulty capturing the
tendency of the RMS velocity near the wall region at Z = 0.25
m (Figure 5d), which may result from the incapability of the
current drag model in reproducing gas−solid hydrodynamics
near the wall region, especially for the dilute gas−solid flow. A
sensitivity analysis of the existing drag models in such a
scenario must be conducted in future work. In general, this
model is reliable for numerical study of the particle dynamics
and flow patterns in 3D spout-fluid beds.

3.3. Dam-Break Flow from Sun and Sakai (2015). The
CFD-DEM-VOF model is demonstrated by simulating gas−
liquid−solid flow in a dam-break case experimentally studied
by Sun and Sakai.8 The experimental observation is measured
from the experimental photographs, which are recorded by a
high-speed camera. As shown in Figure 6, the computational
domain is 0.2, 0.1, and 0.3 m in length, depth, and height,

respectively. At the initial time, a box of water is controlled by
a locked door at the right corner of the computational domain
with 0.05 0.1, and 0.1 m in length, depth, and height,
respectively. The number of particles is 3883, and the particles
with a diameter of 2.7 mm are packed at the bottom of the
water. Two grid resolutions are used in this case to test the
smoothing method. For coarse grids, the calculation domain is
divided into 40, 20, and 60 in three directions, respectively.
The Δx/dp value is about 1.85, suitable for the satellite point
method. For fine grids, the calculation domain is divided into
80, 40, and 120 in three directions, respectively. The Δx/dp
value is about 0.92, which is feasible for the smoothing
method. Thus, the simulation with and without the smoothing
method is quantitatively compared.

Figure 7 presents the particle motions and gas−liquid
interface evolution during the dam-break process at different
time instants. The particles are colored by the velocity
magnitude. At the start time, the locked door rises, and the
dam collapses at t = 0.1 s. The particles are dragged by the
liquid phase due to interphase momentum exchange. The
solid−liquid mixture moves to another side, forming an
elongating surge front because of the accelerating water and
particles. At t = 0.2 s, the liquid−solid mixture reaches the left
wall and is pushed up along the wall. After t = 0.3 s, the
particles fall because of the combined influence of gravity and
interphase drag force. Through a comparison with the
experimental data, the air−liquid interface evolution and
particle motions are successfully predicted by the CFD-
DEM-VOF model.

In a typical water dam process, the motion is usually
described through dimensionless time t*, waterfront position
x*, and water height z*.8 As illustrated in Figure 8, the
waterfront position x* and water height z* are the normalized
positions at the bottom floor and right wall, which can be
calculated as8

t t g a x x a z z a2 / , / , /* = * = * = (18)

where x is the front position at the bottom floor and y is the
remaining height at the right wall. a is the initial width of the
dam, and t is the actual time.

Figure 9 quantitatively compares the evolution of the
normalized waterfront position (x*) and water height (z*)
over dimensionless time t* with the experimental observations.
The simulation results are in line with experimental measure-
ments, proving the current model’s applicability in predicting
gas−liquid−solid flow. In the experiment, a high-speed camera
is used to record the motion of the dam-break flow. At the
initial time, a box of water is controlled by a locked gate at the
right corner of the computational domain. It can be measured
that the gate rises at a constant velocity of 0.84 m/s. Although
the effect of gate rising was considered in the simulation by
adding an obstacle in front of the water column, it cannot
completely reflect the real effect. Thus, a slight difference can
be seen in Figure 9 in that the experimental results are higher
than the simulation results. Besides, the simulation with the
smoothing method shows a more accurate prediction than that
without the smoothing method, illustrating the necessity of the
smoothing method in the gas−solid-flow system simulation.

Accordingly, the advanced interface-capturing method of the
iso-Advector algorithm25,35 is implemented and compared with
the conventional MULES algorithm in predicting the
dimensionless waterfront position and water height at three

Figure 6. Schematic and the dimensions of the dam-break case.
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Figure 7. Comparisons of the predicted particle motions and gas−liquid interface evolution (right column) with experimental observations (left
column)8 at different time instants: (a) t = 0.1 s; (b) t = 0.2 s; (c) t = 0.3 s; (d) t = 0.4 s. Particles in the simulation results are colored by the
velocity magnitude (vp).
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typical time instants. As illustrated in Figure 10, the iso-
Advector algorithm can more accurately predict the interface
evolution than the MULES algorithm in the dam-break
benchmark case, indicating the superiority of the iso-Advector
algorithm in modeling gas−solid−liquid systems.

4. CONCLUSION
In this study, a fully coupled framework by combining CFD
with DEM is developed, with a further extension to
incorporate VOF to study gas−solid and gas−liquid−solid
flows. The integrated model is verified in three benchmark
cases, i.e., a quasi-2D spouted bed, a fully 3D spout-fluid bed,
and a dam-break flow. Tips are given by the following:

(1) The interactions between gas/liquid−solid phases are
denoted through a fully coupled CFD-DEM framework. The
VOF method is adopted to describe the free surface and
update the fluid properties and liquid volume fraction.
Furthermore, a smoothing method is implemented to allow

Figure 8. Schematic diagram and calculation procedure of the
normalized variables in a typical dam-break process.

Figure 9. Comparisons of the predicted normalized waterfront position x* (a) and water height z* (b) over dimensionless time with the
experimental observations.8 The surface-capturing method of the MULES algorithm is used in the two scenarios to assess the smoothing method.

Figure 10. Comparisons of the predicted normalized waterfront position (a) and water height (b) over time with the experimental observations.8

The smoothing method is used in the two scenarios to assess the iso-Advector algorithm.
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the size of the grid to approach or be smaller than the diameter
of the particle, better for the subsequent calculation of the
interphase and interfacial interactions. Iso-Advector, an
advanced VOF-based surface-capturing method, is further
introduced to effectively describe the interface evolution and
interfacial interactions.

(2) The current model can well reproduce the vertical
particle velocity and RMS velocity in spout-fluid beds, which
indicates its reliability to predict the flow patterns and particle
dynamics in spout-fluid beds. In the dam-break flow
simulation, the air−liquid interface evolution and particle
motions are successfully captured by the CFD-DEM-VOF
model. Besides, this work considering a smoothing method
shows a more accurate prediction than that without a
smoothing method, indicating the need for a smoothing
method in gas−solid-flow system simulation. Compared with
MULES, the iso-Advector algorithm can more accurately
predict the interface evolution in the dam-break benchmark
case, indicating the superiority of iso-Advector in modeling
gas−solid−liquid systems.

Thus, this work provides an accurate and reliable integrated
model for numerical study of gas−solid and gas−liquid−solid
flows.
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