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ABSTRACT: The complex multiscale characteristics of particle flow are notoriously difficult to
predict. In this study, the evolution process of bubbles and the variation of bed height were
investigated by conducting high-speed photographic experiments to verify the reliability of
numerical simulations. The gas−solid flow characteristics of bubbling fluidized beds with different
particle diameters and inlet flow rates were systematically investigated by coupling computational
fluid dynamics (CFD) and discrete element method (DEM). The results show that the
fluidization in the fluidized bed will change from bubbling fluidization to turbulent fluidization and
finally to slugging fluidization, and the conversion process is related to the particle diameter and
inlet flow rate. The characteristic peak is positively correlated with the inlet flow rate, but the
frequency corresponding to the characteristic peak is constant. The time required for the Lacey
mixing index (LMI) to reach 0.75 decreases with increasing inlet flow rate; at the same diameter,
the inlet flow rate is positively correlated with the peak of the average transient velocity; and as the
diameter increases, the distribution of the average transient velocity curve changes from “M” to
linear. The results of the study can provide theoretical guidance for particle flow characteristics in
biomass fluidized beds.

1. INTRODUCTION
As energy usage increases, interest in developing renewable
energy sources has been sparked.1 Biomass is a kind of
renewable energy, which is abundant in reserves, widely
distributed, and pollution-free in the world. Therefore, it is
widely used as a heat source and power source, and as a
substitute for fossil fuels, it has made a significant contribution
to global energy production.2 The conversion of biomass
energy is a multiscale, multiphysical, and complex process, and
the yield and performance of different biomass depend on the
chemical composition of the molecules, physical parameters of
the particles, and operating parameters of the reactor.3−5 Since
a fluidized bed has the advantages of high heat and mass
transfer efficiency, wide fuel adaptability, high mixing
characteristics, and there are many successful cases of biomass
fluidized bed energy conversion at both the laboratory and
industrial scales, it is widely used in various fields, such as
biopreparation, chemical, oil exploitation, and biomass
reaction.6,7 However, the particle flow characteristics inside
the bubbling fluidized bed are complex and widely used, so it
has been a hot spot for research.8,9

On the basis of the increasing maturity of computer
technology, computational fluid dynamics (CFD) has also
been developed rapidly, and numerical simulation is becoming
the main tool to study the particle flow characteristics and flow
field distribution in fluidized beds. Currently, there are two
main numerical calculation methods for gas−solid flow that are
most widely used. One method is the two-fluid model (TFM),

which uses the Euler−Euler method10 and treats the fluid and
the particle population as a continuous medium and
pseudocontinuous medium, respectively; the other method is
the discrete element method (DEM) based on the Euler−
Lagrange method.11−13 In CFD−DEM, the gas phase is solved
using Navier−Stokes equations and is regarded as the
continuous phase; the particle motion is solved using Newton’s
second law and is regarded as the discrete phase. The method
tracks each particle in the system independently and takes into
account the interaction between the particles, the fluid, and the
walls.14,15 In addition, the simulation of gas−solid flow can be
divided into traditional one-way coupling (considering only
the action of fluid phase on solid phase), two-way coupling
(considering the interaction of fluid phase and solid phases),
three-way coupling (considering the effect of particle trails on
subsequent particles), and four-way coupling (considering two-
phase interaction while also considering solid-phase particle−
particle and particle−wall collisions). The four-way coupling
has been successfully used in many applications and is
gradually becoming the current research frontier and research
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hotspot in the field of gas−solid two-phase flow.16−18 The
difficulty in the four-way coupling method is how to accurately
solve the particle−particle and particle−wall collisions.
Random collision model is the most effective method at
present, and its accuracy has been widely recognized in the
numerical calculation of fluidized bed gas−solid flow.19

Tsuji et al.20 used DEM modeling to take the gas−particle
interaction into account, and the flow field characteristics of
the gas phase and particle motion were solved simultaneously
to give a realistic image of the particle motion. Balice et al.21

used the one-way coupling DEM model to study the
deposition of droplets from 5 to 22 μm on the particle surface
in a gas−solid fluidized bed, and the deposition factor was
calculated and fitted to an empirical equation, which applies to
the inertial region. Zhou et al.22 used a combination of DEM
four-way coupling and high-speed photographic experiments
for systematic analysis of particle physical parameters on the
flow process inside the fluidized bed, and the results showed
that the particle diameter showed a negative correlation with
the maximum value of the bed height. Chen et al.23 discussed
six different morphologies of fluidized beds on the basis of
experimental studies with columnar particles, derived a
theoretical model for the terminal velocity of columnar
particles, and performed experimental validation. Tang et
al.24 conducted a DEM numerical simulation study on the flow
behavior of single- and multinozzle fluidized beds. In
comparison of the circulation rate and collision characteristics
of a single-nozzle fluidized bed with a multinozzle fluidized
bed, the particles were found to be better mixed in the dual-
nozzle fluidized bed. Zhang et al.25 investigated the drag
coefficient, as well as the mixing characteristics, of polydisperse
particles in a bubbling fluidized bed by the DEM method and
analyzed the minimum fluidization velocity of four drag
models. Fluidized bed hydrodynamic properties significantly
affect the particle fluidization behavior within the bed and,
thus, the overall performance of the fluidized bed. In addition
to bed size, the gas temperature; pressure and velocity; and
operating conditions, such as particle size and particle shapes,
have significant effects on bed fluid dynamics.26−29 Therefore,
an in-depth understanding of the operating parameters is of
great importance for the flow characteristics of fluidized beds
and the distribution of the internal flow field.

In this work, the CFD−DEM four-way coupling method is
used to analyze the flow characteristics inside the bubbling
fluidized bed and the gas-phase flow field distribution. The
overall plan of this work is as follows. The controlling
equations of fluid flow and mass motion are given in Section 2.
The experimental details and the validation of the CFD−DEM
method is stated in Section 3, and the reliability of the
numerical simulations by high-speed photographic experiments
is evaluated. In Section 4 the influence of particle diameter and
inlet flow rate on the fluidization evolution process, mixing
characteristics, and axial velocity of the fluidized bed is
investigated. The main conclusions are given in Section 5.

2. SIMULATION METHOD
2.1. Gas Phase. The gas phase flow field is solved by the

locally volume-averaged Navier−Stokes equations. The equa-
tion is described in detail in other literature and will not be
repeated here.30,31

The main equations include the mass conservation equation
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where ε is the porosity, ρf is the gas fluid, uf is the gas velocity
vector, P is the shared pressure, and τf is the molecular viscous
stress tensor of the gas phase, which is defined as
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where Fpf is the momentum source term that is generated as a
result of the interaction between the two phases:

= =F
F

V
p
N

pf
1 fp

grid

grid

(4)

where Vgrid and Ngrid are the volume of the CFD grid and
number of particles located in the local grid, respectively. Fpf is
the force exerted on the particle by the fluid.
2.2. Solid Phase. For solid-phase particles, the particle

motions (translational motion and rotational motion) are
solved by the first and second laws of the explicit Euler
method, respectively, to track every particle in the fluidized bed
by the Lagrangian method:32−34
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where mp is the particle mass, g is the gravitational acceleration
vector, Fc is the contact force that accounts for particle−
particle and particle−wall collisions, ωp is the angular velocity
vector, Jp is its moment of inertia, and Mc is the net torque
generated by tangential forces that causes the rotation of the
particle. Ffp is the fluid interaction force. It usually consists of
the drag force (Fd), the pressure gradient force (F∇p), the
virtual mass force (FV), the lift force (FL), and the other force
(Fothers). The drag force Fd is definite:

= | |F u v u vC A
1
2

( )d D f p p (7)

where u − vp is the relative velocity between particle and fluid,
A′ is the projected particle area in the flow direction, and CD is
the drag coefficient.

In the DEM numerical simulation, it is assumed that the
particles are spheres with certain elasticity, which are allowed
to produce certain elastic deformation when the collision
occurs, and the force during the collision is calculated by this
deformation variable. Based on the soft sphere model, the
forces on the particles during the collision are calculated on the
basis of the most widely used elastic-damper model, which
contains the Hooke elastic model as well as the Newtonian
damper model, and the elastic deformation during the collision
is calculated by the Hooke elastic model, while the inelastic
deformation is calculated by the Newtonian damper model.
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Figure 1 shows particle i, the particle j with position vectors xi,
xj, and radii Ri and Rj, which are in physical contact.35

= + | |S R R x xi j j in (8)

When collisions occur between particles, the collision force
between the particles can be decomposed into normal collision
force and tangential collision force.36

= +F F Fij ij ij
co n t

(9)

The relative velocity of the particle at the collision point:
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The normal velocity component at the point of collision:
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The tangential velocity component at the point of collision:
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The normal vector is defined as
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Having the tangential velocity at contact point, the
tangential overlap is then calculated as
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3. EXPERIMENTAL AND SIMULATION SETUP
3.1. Experimental Procedure. In order to study the flow

characteristics of particles in fluidized beds under different
conditions (particle diameter, inlet flow rate) and the flow field
distribution of the gas phase, high-speed photographic
experiments were carried out in this work. Plexiglas was
allowed to be used as the fabrication material for the fluidized
bed (for specific dimensions, see Section 3.2). Glass balls are
used as the material of the particles in the experiment, which
have the advantages of high mechanical strength and good
wear resistance. First, the number of particles required for the
experiment is prepared, and the required particles are weighed
out by unit conversion and by a precision electronic balance.
Then, the lines are connected in order according to the process
shown in Figure 2. In order to eliminate the moisture in the gas
flowing through the refrigerated dryer to ensure the stability of
the injected air pressure, the air compressor and refrigerated
dryer are turned on 15 min in advance. Next, the weighed

particles are slowly poured in from the top of the fluidized bed,
and the top of the bed is stirred with a fine iron rod to make it
flat. The exit of the fluidized bed is blocked by a fine screen to
prevent the particles from flying out. Finally, the fill light is
turned on, and the intensity of the light source is adjusted,
while the height of the high-speed camera (1000 frames per
second was used in this experiment); the distance from the
fluidized bed, to minimize the ghosting of the particles and
improve the clarity of the image; and control of the flow rate of
the gas injected into the fluidized bed through the computer
window after completing the above work are appropriately
adjusted. It is worth noting that after completing one
experiment, the interval between two experiments was greater
than 5 min to eliminate the effects caused by static electricity
in the fluidized bed.
3.2. Computational Model and Simulation Condi-

tions. The geometric model of the fluidized bed used in this
work has a height of 1000 mm, a width of 20 mm, and a length
of 150 mm, and the origin of the coordinates is located at the
center of the inlet A. It is worth noting that the inlet is made of
nine evenly distributed circular holes, which are intended to
prevent particles from falling off when at rest. In addition, the
diameter of the circular holes is 2 mm, but in the numerical
simulation, in order to improve the mesh quality and speed up
the convergence time, the inlet uses rectangular holes with the
same area as the experimental area, and the size of the
rectangular inlet is 5.6 mm × 5 mm, as shown in detail in
Figure 3.

In CFD, “mass flow inlet” and “pressure outlet” are the
entrance boundary condition and the outlet boundary
condition, respectively. The standard k-ε turbulence model is
used to describe the effect of turbulence on the flow, and
“Phase Couples SIMPLE” is regarded as the pressure−velocity
coupling. “Huilin and Gidazpow” is chosen for the drag model
in the DEM, and volumetric diffusion is used as the mapping
method. The standard wall function is used for near-wall
treatment. The detailed calculation parameters are shown in
Table 1.
3.3. Grid Independence Analysis and Simulation

Reliability Verification. In this paper, ANSYS ICEM
software is used to divide the computational domain of the
gas−solid fluidized bed into different numbers of grids, which
are 1.48 × 104, 3.06 × 104, 3.49 × 104, 3.93 × 104, 4.40 × 104,
5.45 × 104. In the simulation for different grid numbers, P1(0,

Figure 1. Schematic diagram of the concept after interparticle
collisions and particle−wall collisions.

Figure 2. Schematic diagram of the experiment.
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0, 500), P2(0, 0, 400), and P3(0, 0, 200) are selected as
pressure monitoring points. Figure 4 shows the pressure
difference between P1 and P2 and between P1 and P3. It can be
obtained that when the grid number is encrypted to 3.06 ×
104, the pressure difference curve fluctuates very little. At the
same time, in the DEM of the Lagrangian system, the grid size
should be at least 1.63 times the particle diameter.37

Otherwise, the void rate in a single grid will be “singularity,”

which easily causes convergence errors. Therefore this work
uses a grid number of 3.06 × 104 to obtain calculation results
that match the actual ones and save computational resources.
The calculation grid size is greater than 3 times the maximum
size of the particle for this simulation, which satisfies the
requirement.

Under the same conditions (inlet flow rate of 7 g/s and
particle number of 30 000), the bed height is compared
between numerical simulation and experiment at different
moments with the aim of verifying the reliability of the CFD−
DEM coupling used in this work. Figure 5 shows the evolution
of the fluidized bed over time under high-speed photography
experiments and numerical calculation. What can be obtained
is that both experiments and simulations can capture the
classical bubble morphology and describe the behavior of the
falling process of the particles by both methods consistently
after the bubble breakup at 540 ms. Additionally, a C-shaped
bubble appears on both sides at the top of the experiment and
the simulation at 720 ms.

In addition, it can be seen from Figure 6 that the maximum
error of the bed height occurs at 180 ms with a value of 4.82%,
and the bed height obtained from the experiments and
numerical simulations are in good agreement, which indicates
the reliability of the numerical simulations.

4. RESULTS AND DISCUSSION
To reveal the evolutionary mechanisms within gas−solid
fluidized beds under different conditions, nine different cases
(shown in Table 2) were developed in this work on the basis of
conventional CFD−DEM coupling calculations to analyze the
void fraction, solid phase translation velocity, axial velocity,
absolute velocity, and LMI.
4.1. Void Fraction. The evolution of the gas phase flow

field inside the fluidized bed is indirectly derived by comparing
the distribution of void fraction inside the fluidized bed at
different inlet flow rates. Figure 7 shows the transient
distribution of void fraction of the fluidized process in the
fluidized bed at different inlet flow rates. At the initial moment,
the numerically simulated particles in the three operating
conditions are closely aligned at the bottom of the bed, at a
stationary state, and with zero initial kinetic energy. Before 0.3
s, as the gas is injected into the fluidized bed, the closely
packed bed of particles begins to expand and gradually increase
in height because of the lifting effect of the airflow, and
elliptical bubbles are gradually formed inside with the particles
at the top of the bubble having a higher velocity while the
particles on the lower sides of the bubble are caught in the
bubble because of the existence of the “entrainment effect.” At
0.3−0.7 s, with the continuous injection of gas, the bed
continues to expand, the internal bubble area gradually
becomes larger, the ellipse gradually becomes rectangular,
and the single bubble becomes multiple bubbles. However, the
number of particles at the top of the bubble gradually becomes
fewer, and the bubble starts to rupture, at which time the
particle flow state in the fluidized bed changes from the
original bubbling flow state to the turbulent flow state. At 0.7−
1 s, the bubble is completely ruptured, and the particles start to
fall along the wall to the bed while some other particles fall to
the inlet because of gravity. Between 1−6 s, although the gas
continues doing work on the particles, the change of bed
height is not obvious, and a new bubble appears at the inlet of
the bed, thereby forming a solid phase back-mixing
phenomenon.38 At the start-up phase where the bubble area

Figure 3. Geometry of fluidized bed and grid division.

Table 1. Calculation Parameters

parameter value unit

gas density (ρg) 1.25 kg/m3

gas viscosity (μg) 1.8 × 10−6 Pa·s
solid density (ρs) 2500 kg/m3

gas phase time step (tCFD) 1 × 10−4 s
particle phase time step (tDEM) 9.5 × 10−7 s
coefficient of restitution (e) 0.9
static friction coefficient (μs) 0.3
dynamic friction coefficient (μs) 0.3

Figure 4. Grid independence verification.
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is smaller, the upper particles at the entrance are closely
stacked, and the gas does work to the overall bed of particles,
but after 1 s, because the upper particles at the entrance
become loosely stacked, the gap between the particles becomes
larger, and the gas does much more work to the particles
within the black dashed box of Figure 7a than the other
particles, which causes the top particle layer bubble in the

formation to be very thin. Because this phase does not occur in
the start-up phase fluidization behavior, it is at this time that
the flow regime in the particle bed changes from the original
turbulent fluidization to slugging fluidization. In addition, after
1, 4, and 6 s in Figure 7a and after 3 and 5 s in Figure 7c, the
same bubble shape is captured, and the particle−particle
collisions will be more severe than in the start-up phase.39 It is
worth noting that the inlet flow rate exerts a large influence on
the bed height and bubble diameter. Especially at the initial
stage, the bubble area, the bed height, and the time required to
enter the slugging fluidization are positively correlated with the
inlet flow rate.

To further investigate the effect of particle diameter on
fluidization behavior in gas−solid fluidized beds, particles of
3.5 mm were selected to analyze the evolution of gas−solid
transient flow in fluidized beds. Figure 8 shows the transient
distribution of the void fraction of the fluidization process in
the fluidized bed with different inlet gas flow rates. What can
be observed is that the fluidized bed evolution process also
goes through bubble generation, rupture, and then enters the
steady cycle state when using 3.5 mm diameter particles.
Additionally, the bubble area and bed height become larger
with the increase of the inlet flow rate. By looking at Figure 8a
and Figure 7a, it can be summarized that at the inlet flow rate
of 7 g/s, the 3.5 mm granular bed bubble effect is poor, the bed
height does not change much, and turbulent fluidization and
slugging fluidization do not occur, which is a big difference
from the flow phenomenon in the 2.5 mm granular bed. In
addition, from Figure 8 a, it can be seen that an oscillatory
stratification phenomenon appears in the gas phase distribu-
tion at 0.8 and 0.9 s at the top of the bed particles. When using
8 g/s as the inlet flow rate, the oscillatory stratification
disappears, and turbulent fluidization occurs. When the inlet
flow rate continues to increase to 9 g/s, the fluidization in the
fluidized bed starts to change from bubbling fluidization to
turbulent fluidization to slugging fluidization, which is
consistent with the conclusion of Han et al.40 In summary of
the above, it is concluded that the larger the particle diameter,
the more energy is required to drive the particles to the
fluidized state and the larger of an inlet flow rate is required.
Therefore, the flow characteristics inside the fluidized bed are

Figure 5. Snapshot comparison at different moments, d = 3.0 mm, Qm = 7 g/s.

Figure 6. Comparison of bed height between CFD−DEM and
experiment.

Table 2. Calculation Scheme of Different Inlet Flow Rates

inlet flow rate/(g/s) particle diameter/mm number of particles

7 2.5 52 152
3.0 30 000
3.5 18 684

8 2.5 52 152
3.0 30 000
3.5 18 684

9 2.5 52 152
3.0 30 000
3.5 18 684
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very sensitive to the inlet flow rate and particle size, and it is
necessary to study them in more detail.
4.2. Solid-Phase Translation Velocity. Figure 9 shows

the translational velocity vectors of the x = 0 cross section of
the fluidized bed. Before 0.3 s, with the entry of gas, the
particle vector is upward as a whole, and the upper particle
vectors on both sides of the bubble point upward and toward
the wall, respectively, while the lower ones point toward the
inlet (as shown by the red arrows); between 0.3 and 0.35 s, the
particle population at the top of the bed begins to stratify (as
shown by the red dashed box), and the particle vectors appear
in opposite directions.

Between 0.4 and 0.6 s, the particles on both sides of the air
bubble inside the particle bed move downward and more
closely to the wall, the vector direction turns downward, the
collision of particles inside the bubble intensifies, the vector
direction points around, the particles at the top start to fall, and
then C-shaped bubbles appear on both sides at the top of the
particles, which is consistent with the results in Figure 8. At
0.55 s, we can see clearly that two small bubbles appear inside

the large bubble, which are located on both sides of the
entrance, and it can be seen in Figure 9 that they have been
formed at 0.6 s. With the formation of double bubbles inside,
the height of the large bubble gradually decreases before the
rupture occurs at 0.6 s. Until 0.8 s, the particles at the top of
the bubble descend to the bed, and the large bubble disappears
completely. After 0.9 s, small bubbles are stably formed, and
the bed height changes less. In short, the particle flow
characteristics are characterized by high void fraction in the
bubble area, but large particle velocity and upward direction, or
low void fraction at both sides of the wall with downward
movement, which in turn forms a single bubble flow pattern.
4.3. Axial Velocity. The particle motion process within the

fluidized bed was investigated by varying the particle diameter
and the inlet flow rate. The variation of the axial velocity of the
particles in the local region on the time scale was tracked in the
numerical simulation. The center point of the local region is
P4(0, 0, 122) with a statistical size of 20(x) × 150(y) × 5(z).
Figure 10 shows the relationship between the average axial
velocity of particles in the local area with time for the three

Figure 7. Snapshot of void fraction of numerical simulation, d = 2.5 mm.
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particle sizes at different inlet flow rate conditions. It can be
seen that the average axial velocity under each case has obvious
fluctuation cases. When using particles with a diameter of 2.5
mm, the time series of the average axial velocity in each case
has a certain regular fluctuation, and the fluctuation magnitude
shows a positive correlation with the inlet flow rate because the
larger inlet flow rate leads to a greater force of gas on the
particles, and the collision force becomes the main contact
form between the particles. When using particles with a
diameter of 3.0 mm, the curves under the latter two cases also
show regular fluctuations, but the time series of particle
velocity at 7 g/s basically has no obvious regular fluctuations.
However, as the particle diameter increases, the fluctuations of
particle axial velocity with time under the three cases are more
chaotic, and there is no obvious periodic fluctuation, which is
because of the fact that as particle size increases, the particles
are subjected to a gradually decreasing axial force. This leads to
the change of particle contact form from collision force to
shear force.

To quantitatively study the fluctuation characteristics of the
mean axial velocity of the particles, the time series of the mean
axial velocity for each case was subjected to fast Fourier
transform, and Figure 11 shows the obtained spectrum. Figure
11a shows the spectrum of the particle size, which is 2.5 mm in
the three cases, and it is obvious that the spectrum shows an
obvious characteristic peak; the frequency of the characteristic
peak in the different cases is about 4.5 Hz, and the amplitude
increases with the increase of the inlet flow rate, which is more
similar to the velocity fluctuation amplitude in Figure 10a. It
should be noted that the frequency of the characteristic peak is
about 4.1 Hz at 8 and 9 g/s in Figure 11b, whereas at the inlet
flow rate of 7 g/s, the peaks of the spectrum are more
haphazard, and no obvious dominant characteristic peak can be
seen. The spectrograms in Figure 11c all show the character-
istic peaks. Combining Figure 10 and Figure 11, it is noticeable
that the particle axial velocity in each case shows obvious
fluctuation characteristics; at the same inlet flow rate, the
fluctuation characteristics gradually strengthen as the particle
diameter decreases; at the same particle diameter, the

Figure 8. Snapshot of void fraction of numerical simulation, d = 3.5 mm.
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fluctuation characteristics gradually weaken as the inlet flow
rate decreases.
4.4. Absolute Velocity. Figure 12 show the average of the

norm sum of all particle transient velocity vectors at different
conditions (Q = 7, 8, or 9 g/s; d = 2.5, 3.0, or 3.5 mm)

From Figure 12a, the average transient velocity curve shows
an “M” shape at the diameter of 2.5 mm, and the curve shifts
upward with an increase of the inlet flow rate as a whole. At the
inlet flow rate of 7 g/s, the average transient velocity curve
distribution gradually changes from an “M” shape to

Figure 9. Velocity vector distribution of solid particles; d = 3.0 mm, Qm = 9 g/s.
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approximately linear as the particle diameter increases; when
the inlet flow rate is 8 g/s, the average transient velocity curve
distribution remains “M”-shaped for the 2.5 and 3.0 mm
particle beds, while the average transient velocity curve for the
3.5 mm particle beds becomes approximately semicircular in
distribution. At the inlet flow rate of 9 g/s, the average
transient velocity curve for all three particle diameters becomes
“M”-shaped.
4.5. Mixed Characteristics. It is challenging to analyze the

degree of mixing of particles inside the bed at the macroscopic
scale. The Lacey Mixing Index (LMI) can quantify the degree
of mixing: an index of 0 means complete segregation, an index
of 1.0 means complete random mixing, and an index between
0.75 and 1.0 means a “good” mix. Therefore, LMI is
introduced to quantitatively analyze the particle mixing degree
in this paper.32,41

=
S S
S S

LMI
2

0
2

R
2

0
2 (15)

where S2 is the mass fraction variance, S0
2 is the variance of a

fully segregated system, and SR
2 is the variance of fully mixed

system. In the calculation of the LMI, the precalculated area is
classified into a certain number of samples. Because the
particles are constantly moving in the fluidized bed, the
number of particles in each sample may vary greatly. To
minimize the error, a weighting method is used to solve this
problem.

=S
N

w w1
1

( )i
2 2

(16)

where N is the number of cells, wi is the tracer particles mass
fraction in the cell i, and w̅ is the average tracer particles mass
fraction across cells.

Figure 10. Average axial velocity of particles at different inlet flow rates.

Figure 11. Fourier spectrum of the time series of the mean axial velocity of particles.

Figure 12. Average velocity of particles at different inlet flow rates.
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The green particles in Figure 13a were selected as tracer
particles, while the fluidized bed was divided into 15 × 4 × 100
cells for sampling by Eulerian statistics, and the variation
patterns of LMI for three particle diameters (d = 2.5, 3.0, and
3.5 mm) at three inlet flow rates were investigated. The results
are shown in Figure 13. It can be seen that the LMI is above
0.75 for each case at t = 6 s. When the inlet flow rate is 7 and 8
g/s, the time required to reach an LMI of 0.75 shows a positive
correlation with the particle diameter (the red dashed line in
the figure shows LMI = 0.75). In addition, the inlet flow rate
shows a negative correlation with the time required for “good”
mixing at the same particle diameter, but the time interval is
positively correlated with the larger particle diameter.

5. CONCLUSION
In this work, the flow characteristics of the bubbling fluidized
bed were systematically analyzed on the basis of a combination
of CFD−DEM four-way coupling and high-speed photo-
graphic experiments, from which the following conclusions
have been obtained.

Through analysis of the distribution of the void fraction at
different moments, the influence of inlet flow rate and particle
diameter on the bed height and bubble diameter is very
obvious, which shows that the bed height and bubble area
increase with the increase of inlet flow rate under the same
time node. With time, the bubble fluidizes the bed fluidization
from bubble fluidization to turbulent fluidization and finally to
slugging fluidization. However, when 3.5 mm diameter
particles with an inlet flow rate of 7 g/s are used, the bubble
effect is poor, and the fluidization transitions directly from

bubble fluidization to slugging fluidization. It indicates that the
energy required to drive the larger diameter particles to reach
the fluidization state is positively correlated with the inlet flow
rate. It is concluded from analysis of the solid-phase vector
distribution of particles with a diameter of 3.0 mm and an inlet
flow rate of 9 g/s that the final flow mode of the bubbling
fluidized bed is transformed from a single bubble to a double
bubble.

The average axial velocity showed obvious regular
fluctuations in the time series, and the amplitude of
fluctuations was positively correlated with the inlet flow rate,
but irregular fluctuations occurred in the average axial velocity
curve at the particle diameter of 3.5 mm. The frequency of the
characteristic peak shows a negative correlation with the
particle diameter, and the amplitude at each particle diameter
decreases with the increase of the inlet flow rate. When the
inlet flow rate is 9 g/s, the average transient velocity
distribution of the particle bed at all three particle diameters
is “M”-shaped. The time required for the LMI to reach above
0.75 was positively correlated with particle diameter and inlet
flow rate, and the LMI was maximized at a particle diameter of
3.5 mm and inlet flow rate of 9 g/s with a value of 0.91.
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