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Abstract: In the present work, the effect of the restitution coefficient on the numerical results for a
binary mixture system of sand particles and char particles in a bubbling fluidized bed with a huge
difference between the particles in terms of density and volume fraction has been studied based
on two-fluid model along with the kinetic theory of granular flow. Results show that the effect of
restitution coefficient on the flow characteristics varies in different regions of the bed, which is more
evident for the top region of the bed. The restitution coefficient can be categorized into two classes.
The restitution coefficients of 0.7 and 0.8 can be included into one class, whereas the restitution
coefficient of 0.9 and 0.95 can be included into another class. Moreover, four vortices can be found in
the time-averaged flow pattern distribution, which is very different from the result obtained for the
binary system with the similar values between particles in density and volume fraction.

Keywords: restitution coefficient; segregation; flow pattern; bubbling fluidized bed; binary particles;
sand; char

1. Introduction

Bubbling fluidized beds are commonly used in industrial processes [1], such as combustion and
gasification, due to their good mixing ability and heat transfer characteristic between the gas and
solid phases. In the process of biomass gasification, the first step is pyrolysis. The gas component
products after pyrolysis are non-condensable gases and tars, and char is left as a solid residue [2].
Due to the irregular shape and low density of char particles, it is difficult to attain a stable fluidization
status. Generally, inert particles such as sand particles are added to the fluidized bed to improve the
fluidization status and the heat transfer effect. During the process of fluidization, char particles will
accumulate toward the top of the bed, whereas the inert particles will sink towards the bottom of the
bed. Hence, segregation is a widespread phenomenon in a binary system of particles in a bubbling
fluidized bed [3,4].

The complicated flow characteristics in the bubbling fluidized bed have a strong effect on the
reaction process. Therefore understanding the flow behavior is important to design a fluidized bed
and optimize the operation conditions. Although the most accurate method is still based on the
experimental data, the application of this method has limitations, in terms of the longer time required
and high costs. With advances in computational fluid dynamics (CFD), simulation studies have become
a useful method to analyze the flow characteristics in bubbling fluidized beds [5,6]. The most widely
used approach for simulating dense gas-solid flow is the Eulerian–Eulerian model (two fluid model)
along with the kinetic theory of granular flow [7,8].
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The main parameters affecting the simulation results include the drag model, particle collision
characteristics, and solid phase wall boundary conditions. The particle collision characteristics are
defined based on the restitution coefficient, and the wall boundary conditions are defined in at least
three ways, which are the traditional no-slip boundary conditions and two partial slip conditions [9,10].
The effects of these parameters on the simulation results have been studied by some researchers.
Chao et al. [10] and Bai et al. [11] focused on the effect of the drag model on the mixing and segregation
behavior of biomass mixtures in a fluidized bed. Tagliaferri et al. [12] and Mostafazadeh et al. [13]
have studied the influence of the restitution coefficient on the flow dynamics of a binary solid mixture.
Zhong et al. [14] have investigated the influence of wall boundary conditions on the concentration and
velocity distribution of particles. In these studies, the density or volume fraction of binary particles
was usually similar. However, in actual biomass gasification, the char has lower density than the
sand. Meanwhile, the char generated from the pyrolysis will continue to react with the gases, hence,
the volume fraction of the char in the solid phase mixtures is very low [15]. When the simulation
conditions do not agree with actual situation, the reasonability and accuracy of simulation results
is questionable.

Many studies [16–18] have studied the suitability of different drag models. Generally, the
Gidaspow drag model is suitable for simulation in a dense bubbling fluidized bed. Loha et al. [6]
reported that the model predictions were sensitive to the specularity coefficient and the simulation
results with a higher value of specularity coefficient were in good agreement with the experimental
results. According to a comparison of the differences between the specularity coefficients of one wall
boundary conditions and traditional no-slip wall boundary conditions, Zhong et al. [19] found that the
no-slip wall boundary condition was more suitable for simulating the dynamic segregation process of
binary particles. In this study, based on a Gidaspow drag model and no-slip wall boundary conditions,
a simulation is carried out to investigate the effect of the restitution coefficient on the segregation and
flow characteristics of a binary particles system in a bubbling fluidized bed with a huge difference
between the particles in terms of density and volume fraction. The particle system consists of char
particles and sand particles with bulk density of 120 and 1590 kg/m3 and volume fraction of 11% and
89%. According to the comparison of results between computation and experiment, a suitable scope of
the restitution coefficient is determined, and meanwhile, the effect of different particles characteristics
in the binary mixture on the fluid dynamic behavior is also compared.

2. Model Description

In the two fluid model (TFM), the gas and solid phases are considered as inter-penetrating
continua, hence the governing equations for the solid phase are similar to those for the gas phase.
For the case of cold fluidization with no chemical reactions, the conservation equations for mass and
momentum are represented as follows:

The continuity equation for the gas phase is expressed as follows:

∂(αgρg)

∂t
+∇ · (αgρg

→
u g) = 0 (1)

The continuity equation for the sth solid phase is written as:

∂(αsρs)

∂t
+∇ · (αsρs

→
u s) = 0 (2)

The momentum balance equation for the gas phase is as follows:

∂(αgρg
→
u g)

∂t
+∇ · (αgρg

→
u g
→
u g) = −αg∇p +∇ · τg + αgρg

→
g +

N

∑
m=1

Kmg(
→
u m −

→
u g) (3)
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The momentum balance equation for the sth solid phase can be written as:

∂(αsρs
→
u s)

∂t
+∇ · (αsρs

→
u s
→
u s) = −αs∇p−∇ps +∇ · τs + αsρs

→
g +

N

∑
n=1

Kns(
→
u n −

→
u s) (4)

The total volume fraction of the phases is equal to 1 and it is expressed in the following way:

αg + ∑ αs = 1 (5)

where t is the time. The subscript “g” refers to the gas phase and the subscript “s” refers to the sth
solid phase.

→
g ,
→
u , and τ are the acceleration due to the gravity, velocity vector, and stress-strain

tensor, respectively. p, α, and ρ are the pressure, volume fraction, and density, respectively. K is the
momentum exchange coefficient between phases.

The solid pressure is evaluated using the expression proposed by Lun et al. [20], and it is composed
of a kinetic term and a second term due to particle collisions:

ps = αsρsΘs + 2ρs(1 + ess)α
2
s g0,ssΘs (6)

where g0,ss and Θs are the radial distribution function and granular temperature of the sth solid phase,
respectively. ess is the restitution coefficient for particle collision, which quantifies the elasticity of
particle collision.

3. Simulation Setup

In this study, the experimental setup by Park et al. [21] forms the basis for the simulation.
The geometry of the rectangular fluidized bed with 200 mm width and 50 mm depth is schematically
shown in Figure 1. In the experiments, sand particles and char particles are used. The properties of the
particles in this study are summarized in Table 1.
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The 2D simulation is carried out using the TFM method, and the computational domain is 
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Figure 1. Schematic representation of the fluidized bed.

Table 1. Properties of particles.

Particles Mean Diameter (µm) Void Fraction Bulk Density (kg/m3)

Sand 387 0.333 1590
Char 957 0.693 120

The 2D simulation is carried out using the TFM method, and the computational domain is
accordingly set to be 200 mm width and 500 mm height. The mesh geometry and coordinate system
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is schematically shown in Figure 2. The Z direction represents the axial direction or height direction,
whereas X direction represents the radial direction or lateral direction.
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Figure 2. Mesh geometry and coordinate system.

In the simulation, ambient air is used as the fluidizing medium. Meanwhile, the uniform gas
velocity is specified at the bottom of the bed and the atmospheric pressure boundary condition is
used at outlet of the bed. The detailed parameters including the material properties and operating
conditions for simulation are summarized in Table 2.

Table 2. Summary of the simulation parameters.

Parameter Value or Model

Bed height (m) 0.5
Bed width (m) 0.2

Minimum fluidization velocity (m/s) 0.14
Superficial gas velocity (m/s) 0.19

Total particle weight (g) Sand: 2000 Char: 40
Particle volume fraction Sand: 89% Char: 11%

Drag coefficient Gidaspow
Granular viscosity Syamlal-O’Brien

Granular bulk viscosity Lun et al.
Restitution coefficient ess = 0.7, 0.8, 0.9, 0.95

Wall boundary condition No-slip

At the beginning of the computation, the sand particles and char particles are perfectly mixed
at the indicated ratio. A time step of 5 × 10−4 s was employed in the simulation using Fluent 15.0
software. When TFM is used for the simulation, the grid size should be much smaller than the physical
dimensions of the geometry. Meanwhile, it should also be bigger than the particle diameter, which
will ensure that the solid phase can be treated as a continuous flow. Therefore, the grid size has a
drastic effect on the flow behavior [22]. A coarse grid could lead to an overprediction of the solid
expansion height of the bed [23]. Sande et al. [17] found that the numerical results agree well with
the experimental results when the grid size is about 10 times the particle diameter and there is no
improvement in capturing homogeneous expansion when the mesh is further refined. Hence, a grid
size of 5 mm was chosen in this simulation.
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4. Results and Discussion

4.1. Stationary Condition

In the fluidization of the binary mixture, the particles that sink at the bottom of the bed are known
as jetsam, while those that accumulate at the top of the bed are known as flotsam. In this study, the
sand particles are the jetsam particles, and the char particles are the flotsam particles.

For the case with ess = 0.9, the time evolution of particle volume fraction in different layers along
the height direction is monitored to obtain the statistical steady-state for solution, as shown in Figure 3.
As time increases, the flotsam moves upwards while the jetsam moves downwards. Hence, with
increase in time, the jetsam volume fraction increases while the flotsam volume fraction decreases at
the height of 0.053 m, and the jetsam volume fraction decreases while the flotsam volume fraction
increases at the height of 0.153 m. At the beginning of fluidization, the volume fractions vary rapidly,
whereas the values change slowly after 30 s, corresponding to complete fluidization. Hence, the
time-averaged variables are computed between 30 s and 50 s. Moreover, the result shows that the
simulation time corresponding to the stationary state should be increased with increase in restitution
coefficient. For the cases with ess = 0.7 and 0.8, the simulation time of 50 s is long enough. However,
for ess = 0.95, the simulation has not converged to a stationary state until the time exceeds 65 s. Hence,
for the case with ess = 0.95, the time-averaged variables are computed between 65 s and 85 s. When the
restitution coefficient increases, it means that there is lesser dissipation of kinetic energy of particle,
due to a more significant elastic particle-particle collision. This may be the reason why a longer
simulation time is required before the mixing pattern reaches a stationary state when the restitution
coefficient increases.
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4.2. Particle Velocity and Flow Pattern

Figure 4 shows the lateral profiles of time-averaged axial velocity of the flotsam at the bed height
of 0.153 m. In this figure, the velocity profiles of the flotsam for ess = 0.7, 0.8, 0.9, and 0.95 are similar.
This clearly shows that the axial velocity of the flotsam is directed upward in the center of the bed and
the axial velocity at the wall is nearly equal to zero, which represents the characteristic of the no-slip
wall boundary condition.

In order to reflect the movement relevance between the jetsam and flotsam, in the case of ess = 0.9,
the predicted flow patterns for the flotsam and jetsam are shown in Figures 5 and 6, respectively.
The flow patterns for the flotsam and jetsam are quite similar. Two vortices show at the bottom of
the bed and two vortices close to the top of the bed. At the bottom of the bed, the particles generally
rise towards the wall, whereas they fall down towards the central region. However, at the top of the
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bed, the movement direction of particles is reversed. The flow pattern obtained in this study is very
different from the result obtained by other researchers [24]. In those studies, only two vortices can be
found throughout the entire region of the dense bed layer. However, in this study, four vortices are
obtained in the simulation. Moreover, the two vortices at the bottom of the bed are relatively close to
the centerline of the bed, whereas the two vortices at the top of the bed are generated near the wall.
It can also be seen that the distance between the two vortices at the top of the bed is farther than the
value for the vortices at the bottom of the bed. This phenomenon might be due to the relationship
between the binary particles in density and volume fraction. When the density and volume fraction
between the binary particles changes not much [14,24], the segregation of particles does not play a
leading role in fluidization process. Hence, in the top and bottom regions of the bed, uniform patterns
can be found. However, in this study, a binary particles system with a huge difference between particles
in density and volume fraction is used, which causes a much more notable segregation. Hence, the
flow pattern of particles at the top region of the bed is different from the result for the bottom region.
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The small bubbles are generally generated near the wall and the larger bubbles form near the
centerline region of the bed as small bubbles move upwards [25]. Based on the analysis of positive
axial velocity of particles, from Figures 5 and 6, it clearly shows that the motion of particles obtained
in the simulation has the same characteristics.
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Figure 6. Time-averaged particle velocity distribution of the jetsam for ess = 0.9 (the color legend
represents the axial velocity of the particles).

Due to the similar flow patterns for the flotsam and jetsam, as shown in Figures 5 and 6, in the
cases with same restitution coefficient, the lateral profile of the time-averaged axial velocity of the
jetsam at Z = 0.153 m is similar to the profile for the flotsam. Some studies [26] have shown that the
central region of the profile for jetsam changed more gently and the minimum value appeared near
the wall when the layer height was at the top of the bed, which was above the jetsam-rich layer. The
shape of the profile mentioned in these studies is similar with the shape of the curve obtained in the
case of ess = 0.95 in this study, as shown in Figure 4.

In the cases of ess = 0.7, 0.8, and 0.95, the flow patterns of the flotsam are shown in Figures 7–9,
respectively. The vortex structures for different restitution coefficients are similar. However, due to the
lesser dissipation of granular energy, with the increase in restitution coefficient, the vortex intensity
increases. At the bottom of the bed, due to the effect of the inlet gas, the restitution coefficient does not
much affect the vortex intensity. However, for the two vortices at the top of the bed, with increase in
the height of the bed, the dissipation of granular energy is accumulated. Hence, the effect of restitution
coefficient on the flow pattern of particles at the top of the bed is more evident. It can be seen that the
vortex characteristic of the two vortices at the top of the bed, as shown in Figure 9, is more obvious
when the restitution coefficient increases from 0.9 to 0.95.
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4.3. Granular Temperature Distribution

Granular temperature is a concept in the field of the kinetic theory of granular flow, and it is
used for assessing fluctuating energy of the particles suspended in the gas flow. The lateral profiles of
the time-averaged granular temperature of the flotsam at a height of 0.153 m are shown in Figure 10.
When the restitution coefficient is no more than 0.9, the granular temperature of the flotsam closer to
the wall is high and decreases towards the central region of the bed. Meanwhile, the curve becomes
almost flat at the center of the bed. However, for the case of ess = 0.95, at the center of the bed, the curve
is no longer flat. Two peaks of granular temperature can be found, which is related to the big values
of the axial velocity, as shown in Figures 4 and 9. With restitution coefficient increases, the values of
the granular temperature increase, since there is less dissipation of the randomly fluctuating kinetic
energy of particles. For a restitution coefficient below than 0.9, the granular temperature increases
slightly. However, the granular temperature increases dramatically when the restitution coefficient
increases from 0.9 to 0.95, especially for the center region of the bed.

Figure 11 presents the axial profiles of the time-averaged granular temperature of the flotsam.
In the region of the gas-solid interface, the granular temperature is very high, due to the collapse
of bubbles and granular splash [27]. The value of granular temperature increases as the restitution
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coefficient increases. When the restitution coefficient increases from 0.7 to 0.8, the granular temperature
along the axial direction increases slightly. However, with increase in restitution coefficient from 0.8 to
0.9, the granular temperature at the top of the bed increases obviously. Due to the similar flow patterns
for the flotsam and jetsam, it can be seen than the effects of the restitution coefficient with different
values on the granular temperature are also different.
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4.4. Distribution of Particle Volume Fraction

The effects of restitution coefficient on the instantaneous volume fraction of char and sand particles
are shown in Figures 12 and 13, respectively. Closer to the gas-solid interface, the volume fraction of
sand particles is relatively low, which is just the opposite of the value of the char particles. This shows
that a strong segregation phenomenon exists in the fluidization process of a binary particle system.
With increase in the restitution coefficient, more char particles accumulate at the top of the bed, which
shows that the tendency of segregation is more remarkable.

More studies [26,28] are concerned with the distribution characteristics of jetsam, however, in the
gasification process, the flotsam will react with gas. Hence, the study on distribution characteristics
of flotsam is much more significant. Lateral distributions of the time-averaged volume fraction of
the flotsam at a height of 0.153 m are plotted in Figure 14. For ess = 0.7, 0.8, and 0.9, the effect of the
restitution coefficient on the volume fraction of the flotsam is not obvious, hence, the profiles are very
similar. However, when the restitution coefficient increases to 0.95, the values of volume fraction
increase dramatically.
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The effect of the restitution coefficient on the distribution of char mass fraction in the axial direction
is shown in Figure 15. The char mass fraction is defined as the ratio of the char mass corresponding
to the specific height range to total char mass in the bed. With increase in restitution coefficient, the
char mass fraction in the upper part of the bed gradually increases, whereas the char mass fraction
in the lower part of the bed decreases. In the case of ess = 0.95, the predicted profile well fits the
experimental result. In the binary particles system with less difference between particles in density or
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volume fraction [12], they found that there was a small difference between the simulation results and
the experimental data only for low restitution coefficient such as 0.8. However, for the binary particles
system with huge difference in density and volume fraction between particles, the predicted degree
of segregation compared with experimental result may be too low, when a relatively small value of
restitution coefficient is adopted. From Figure 15, it can be seen that the mass fraction profile of char
particles along the height direction for ess = 0.95 is quite close to the experimental result.
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Figure 16 presents the axial profiles of the time-averaged particle volume fraction of the jetsam.
Initially, the particle volume fraction along the bed height shows a slight increase, due to the effect
of the inlet gas, and then gradually decreases. Closer to the gas-solid interface, the particle volume
fraction decreases more sharply. This shows that the splash zone formed by the collapse of bubbles is a
small area, which is consistent with previous studies [29,30]. The result from Figure 16 shows that the
restitution coefficient had little effect on the axial profile of the jetsam volume fraction.
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There are some studies about the comparison of results between 2D simulation and 3D simulation
in the rectangular fluidized bed for monoparticle flow. For a pseudo-2D fluidized bed [31], the result
has shown that no major differences are observed between 2D and 3D simulations in predicting the
mean pressure drop and bed expansion. Just for bubble diameter and rise velocity, the 3D simulations
are better agreement with experiments than the corresponding 2D simulations, whereas, for bubble
aspect ratio, the 2D simulation has a better agreement with the experimental data. Xie et al. [32] also
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used an Eulerian-Eulerian model to investigate the differences between 2D and 3D simulations of
a rectangular fluidized bed. They found that for a bubbling fluidized bed a satisfactory qualitative
agreement between 2D and 3D simulations is observed. Hence, for monoparticle flow, though 2D
simulations have certain limitations, they can provide reasonable results compared to experimental
observations. Meanwhile, due to the requirement for lower computational resources, 2D simulation
is widely used. However, for a binary mixture system in the rectangular fluidized bed, there are
few related studies. Geng et al. [33] investigated the difference between the results of 2D and 3D
simulations for a binary mixture system in a pseudo-2D rectangular bubbling fluidized bed. The
results showed that the flotsam (coal particles) is nearly constant along the height direction, which
totally deviates from the experimental observation. This means that 2D simulation is not suitable for
modeling a pseudo-2D fluidized bed, which is entirely different from the conclusion for monoparticle
flow. They also found that when the thickness of the rectangular bed was larger than a critical value
(20 mm in this study), 2D simulation can provide a reasonable result. To sum up, the difference
between 2D simulation and 3D simulation might change with the composition of the particle system.
For a binary particle system, the relationship between the critical value in the thickness direction of the
rectangular bed and the dimension parameters of the bed or the flow parameters may be important,
and how to determine the relationship may be a key task in a follow-up study.

5. Conclusions

In the present work, the effect of the restitution coefficient on the numerical results for a binary
particles system in a bubbling fluidized bed with the huge difference between the particles in terms of
density and volume fraction has been studied based on two-fluid model along with the kinetic theory
of granular flow. The effect of the restitution coefficient on the particle velocity, particle flow patterns,
and mass fraction distribution varies in the different regions of the bed. At the bottom of the bed, the
restitution coefficient does not affect the flow characteristic of particles significantly. However, in the
top region of the bed, due to the cumulative effect of the dissipation of granular energy, the restitution
coefficient has an obvious influence on the flow characteristic of the particles.

With an increase in the restitution coefficient, the degree of segregation increases. However, it does
not change linearly with the restitution coefficient. Considering the effect of the restitution coefficient
on the degree of segregation and flow pattern of particles in the top region of the bed, the restitution
coefficient can be categorized into two classes: restitution coefficients of 0.7 and 0.8 can be included in
one class, whereas the restitution coefficients of 0.9 and 0.95 can be included in another class.

For a binary particles system with the huge density and volume fraction difference between the
particles, two vortices at the bottom of the bed and two vortices at the top of the bed are observed in
the flow pattern distribution. The time-averaged flow pattern of particles in this study is very different
from the result obtained for the system with similar values between particles in density and volume
fraction, in which only two vortices can be found in the entire region of the dense bed layer.
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