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Fluidization of non-spherical particles is widely practised in chemical engineering processes. In this work, the
mixing and dispersion behaviours of non-spherical particles in a bubbling fluidized bed (BFB) are explored by
a computational fluid dynamics-discrete element method (CFD-DEM) featuring a super-quadric model to de-
scribe particle morphology. After model validation, the general flow patterns, solid mixing, and solid dispersion
of ellipsoid particles are studied, together with the discussion of the effect of aspect ratio (AR) on fluidization be-
haviours. The results show that minimum fluidization velocity increases with the aspect ratio. Bed permeability
depends on bed porosity and particle shape. Bubbles place a significant role in determining flow patterns, which
induce a double-recirculation pattern where particles mainly move from the wall region to the central region in
the lower bed and oppositely in the upper bed. Ellipsoid particles with higher sphericity (e.g., AR=0.75 and 1.5)
show a smallermixing index in the bed. Themagnitudes of solid dispersion coefficients in x, y, and zdirections are
about ~10−3 m2/s, ~10−5 m2/s, and ~ 10−2 m2/s, respectively. Ellipsoid particles with higher sphericity show
larger solid dispersion intensity. These findings shed light on the fundamental understanding of the particle
shape on fluidization dynamics.

© 2021 Elsevier B.V. All rights reserved.
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1. Introduction

Fluidization of particles has been widely practised in chemical engi-
neering processes, such as catalysis, pyrolysis, gasification, granulation,
anddrying [1–3], inwhich gas-solidmixingproperty plays an important
role in determining heat and mass transfer, and the resulting reaction
performance [4]. Thus, understanding solid mixing during fluidization
is of significance to the design, operation, and optimization of fluidized
beds [5]. In the past decades, great experimental efforts have beenmade
to explore the solid mixing together with flow dynamics, bubble evolu-
tion, and pressure drop usingmagnetic particle tracking (MPT) and Par-
ticle Image Velocimetry (PIV) [6,7]. However, the establishment of the
lab-scale experiment is expensive and time-consuming, which needs
further calibrations and validation before usage. Besides, the experi-
ment is hard to capture detailed information at the particle scale level
[8].

Numerical simulation is an alternative to study the fluidization pro-
cess in fluidized beds with the increasing improvement of computer
arch Center, Foshan 528311,
capacity [9,10]. Numerical simulation is capable to provide more de-
tailed information of dense gas-solid flow than the experimental
method without disturbing flow fields [11]. Multi-scale numerical
methods have been proposed in the past decades [8,12], including the
particle-resolved direct numerical simulation (PR-DNS), computational
fluid dynamics-discrete element method (CFD-DEM), multi-phase
particle-in-cell (MP-PIC), and two-fluid model (TFM), among which
the CFD-DEM approach is the most suitable method for modelling
dense gas-solid flow in lab-scale apparatuses with detailed particle tra-
jectories and inter-particle collisions resolved at the particle-scale level
[13]. With these advantages, the CFD-DEM approach is feasible for
exploring the solid mixing and dispersion behaviours influenced by
different operating parameters [14], such as particle properties [15],
superficial gas velocity [11], bed width [16], and distributor type [17].

However, all the abovementioned work were focused on spherical
particleswithout the real shape considered. In fact, particles in chemical
engineering processes, such as biomass gasification, tablet coating, and
food processing, have regular or irregular shapes [18]. Particle shape sig-
nificantly affects the particulate behaviours in fluidized beds. For exam-
ple, Shrestha et al. [19] demonstrated that ellipsoid particles had smaller
bubble sizes and lower bubbling rising velocities than the spherical par-
ticles. Ren et al. [20] claimed that the spherical particles mixed more
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Fig. 1. Ellipsoid particles shaperwith different aspect ratios (ARs), where the AR is defined
as (2c/2a or 2c/2b), and n1 = n2 = 2.
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evenly and faster than the corn-shaped particles. The mixing process
varies for different particle shapes, attributed to the variations of
cross-sectional area and the resulting gas-particle interaction force [21].

So far, only limited studies have been reported in the CFD-DEM sim-
ulation of the mixing and dispersion properties of non-spherical parti-
cles in fluidized beds. Vollmari et al. [22] numerically studied the
mixing process of spherical particles and complex shaped particles in
a BFB anddemonstrated that thedragmodel should bemodified by con-
sidering the particle shape and orientation. Abbaszadeh Molaei et al.
[23] numerically investigated the mixing process of ellipsoid particles
with a modified drag correlation proposed for multicomponent mix-
tures. They found that adding ellipsoid particles to the spherical particle
bed reduced the minimum fluidization velocity. Ma et al. [24] numeri-
cally studied the fluidization of disk-like particles in a BFB and found
that the disk-like with larger aspect ratios had stronger movement
and more obvious fluidization. Mema et al. [25] numerically investi-
gated the mixing characteristics of elongated cylindrical particles in a
BFB and demonstrated that elongated particles presented more vigor-
ous intermixing and shortermixing time than the spherical particles. Al-
though these studies shed light on the mixing process of irregular
particles (e.g., disk-like, cylindrical) in fluidized beds, the mechanism
of mixing and dispersion of ellipsoid particles is still far from being un-
derstood. Besides, the existing work mainly employed a multi-sphere
model [25–27] or real geometry model to represent the non-spherical
particles [28], however, a super-quadric model provides a better choice
to describe the non-spherical morphology with numerical accuracy and
computational cost balancing [29]. Via adjustingfive typical parameters,
more than 80% of particles in nature can be represented. Nowadays, the
CFD-DEM approach coupledwith the super-quadricmodel is popular to
simulate the fluidization of non-spherical particles [19,30,31].

The novelty of the present work lies in two aspects: (i) development
of a CFD-DEM approach coupled with the super-quadric model; (ii) un-
derlying mechanism exploration of solid transportation intensity and
mixing property of ellipsoid particles in fluidized beds. The drag
model proposed by Hölzer and Sommerfeld [32] is employed to de-
scribe particle-gas interactions while the well-known Lacey mixing
index is used to quantify the mixing degree of ellipsoid particles. The
present work is organized as follows: Section 2 gives model details re-
garding the governing equations for the gas and solid phases, the drag
model, and the numerical scheme. Section 3 gives the computational
settings. The general flow patterns, solid mixing, and solid dispersion
are presented in Section 4. Section 5 draws the conclusion.

2. Mathematical model

In this section, the CFD-DEM approach coupled with the super-
quadric model is detailed, including the governing equations for the
gas and solid phases, the collision model, and the drag model. The nu-
merical scheme is finally presented.

2.1. Governing equations for the gas phase

Volume-averagedNavier-Stokes equations are employed to describe
the gas phase with the voidage (εg) considered for the solid effect. The
conservation equations of mass and momentum are given by:

∂
∂t

εgρg

� �
þ ∇⋅ εgρgug

� �
¼ 0 ð1Þ

∂
∂t

εgρgug

� �
þ ∇⋅ εgρgugug

� �
¼ −εg∇Pg þ εgρggþ εg∇⋅τg−Fpg ð2Þ

where ρg is the gas density; ug is the gas velocity vector; Pg is the gas
pressure; μg is the gas viscosity. t is the time instant. g and Fpg are the
gravity and inter-phase interaction force, respectively. The gas stress
tensor τg is written as:
211
τg ¼ μg∇ug þ μg ∇ug
� �T ð3Þ

where the gas turbulence is not considered. Specifically, the gas turbu-
lence has been demonstrated to insignificantly influence coarse parti-
cles [33–35] and be commonly not resolved in many previous non-
spherical particle simulations [19,30,36].

2.2. Governing equations for the solid phase

2.2.1. Representation and contact detection of ellipsoid particles
The accurate representation of non-spherical particles is significant

for the calculation of contact forces, torques, and the resulting particle
behaviours (e.g., trajectory, orientation, velocity). In this work, the
non-spherical particle is represented by a super-quadric model [29].
The formulation for a non-spherical particle is given by:

f x, y, zð Þ ¼ x
a

��� ���n2 þ y
b

��� ���n2� �n1=n2

þ z
c

��� ���n1−1 ¼ 0 ð4Þ

where five parameters, i.e., a, b, c, n1, and n2, control the particle shape.
The first three parameters are semi-axis lengths alongwith the x, y, z di-
rections, respectively. The last two parameters are the sharpness con-
stants to adapt the curvature of particle edges. Over 80% of non-
spherical particles encountered can be represented by the above
super-quadric model by adjusting these five parameters [18,37]. For
the ellipsoid particles studied in the present work, n1 and n2 are
specified as 2 with adjusting a, b, and c to generate the following
shapes as shown in Fig. 1. The aspect ratio (AR) is defined as the ratio
of two semi-axis lengths. Thus, the super-quadricmodel balancesmodel
complexity and shape flexibility [29].

The presentwork employs a broad phase of the contact detection al-
gorithm [29]. The non-spherical particle is encapsulated by a bounding
sphere to significantly reduce the number of potential contact pairs. Due
to the memory-efficient feature of the bounding sphere, the computa-
tional cost is significantly reduced. The deepest point method is used
to calculate the maximum penetration/minimum distance between an
interactive pair of particles.

2.2.2. Particle motion and forces
Newton's law of motion is employed to describe particle motions.

The translational motion and rotational motion are expressed as:

mi
dvi
dt

¼ migþ fc,i þ fd,i þ fp,i ð5Þ

Ii
dωi

dt
þωi � Iiωi ¼ τi ð6Þ

where ωi and vi are the rotational velocity and translational velocity of
particle i, respectively. mi and Ii are the mass and moment of inertia of
particle i, respectively. fd,i and fp,i (=-Vp,i∇Pg) are drag force and
pressure gradient force, respectively. Vp,i is the particle volume. fc,i is
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the contact force, which can be calculated by the soft-sphere contact
model originally proposed by Cundall and Strack [38] suitable formulti-
ple collisions. In this work, only the gravity, collision force, drag force,
and pressure gradient force are considered. Other forces, such as lift
force (including Magnus and Saffman forces) and Basset force are
neglected in simulating dense gas-solid flow with a large density ratio
of particle to the gas phase (ρp/ρg > 1000) due to their insignificant
contributions [39]. This strategy has been broadly employed in
simulating ellipsoid particle fluidization [19,30]. Specifically, fc,i can be
divided into a normal component (fcn,ij) and a tangential component
(fct,ij) as follows:

fcn,ij ¼ −kn,ijδn,ijnij−ηn,ijvn,ij ð7Þ

fct,ij ¼
−kt,ijδt,ijtij−ηt,ijvt,ij for fct,ij

�� ��≤μs fcn,ij
�� ��

−μs fcn,ij
�� ��tij for fct,ij

�� ��>μs fcn,ij
�� ��

(
ð8Þ

where δ, k, and η are overlap displacement, spring coefficient, and
damping coefficient, respectively. The subscripts n and t represent the
variables in the normal direction and tangential direction, respectively.
μs is the friction coefficient. vn,ij and vt,ij are the relative velocities. The
spring and damping coefficients can be calculated according to
particle properties [10].

It is easy to imagine that the normal contact can also induce torque
due to the non-spherical morphology. Thus, the total torque exerting
on particle i is written as:

Ti ¼ Li � fcn,ij þ fct,ij
� � ð9Þ

where Li is the distance between the contact point and the particle
centroid. For the non-spherical particle, a body-fixed coordinate system
is introduced to calculate the orientation. The global coordinate system
is used to evaluate the trajectory and velocity of each particle. The orien-
tation of the non-spherical particle is represented by a quaternion of ro-
tation q (=[q0, q1, q2, q3]T). A transformation matrix M is employed to
transfer the local and global variables as follows:

M ¼
1−2 q22 þ q23

� �
2 q1q2−q0q3ð Þ 2 q1q3 þ q0q2ð Þ

2 q1q2 þ q0q3ð Þ1−2 q21 þ q23
� �

2 q2q3−q0q1ð Þ
2 q1q3−q0q2ð Þ 2 q2q3 þ q0q1ð Þ1−2 q21 þ q22

� �
0
B@

1
CA ð10Þ

Thus, the transformation of torque and rotational velocity of particle
i between the global system (Ti, ωi) and body-fixed system (τi, ωi′) is
given by:

τi ¼ M−1
i Ti ð11Þ

ωi ¼ Miω0
i ð12Þ

2.3. Non-spherical drag model

The drag force acting on a non-spherical particle can be calculated by
the following equation:

fd,i ¼
1
2
CDρgAV ug−vp

�� �� ug−vp
� � ¼ βiVp,i

εg 1−εg
� � ug−vp

� � ð13Þ

where AV is the cross-sectional area of the volume equivalent sphere.
The drag coefficient CD is calculated by combining the voidage and
Reynolds number. The interphase momentum exchange coefficient βi

proposed by De Felice [40] has been widely to simulate dense gas-
solid flow, which is given by:

βi ¼
3
4
εg 1−εg
� �

ρg ug−vp
�� ��

dV
CD0ε1−χ

g ð14Þ
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χ ¼ 3:7−0:65exp −
1:5− log Re p
� �

2

� �
ð15Þ

where CD0 is the drag coefficient for the individual non-spherical parti-
cle. Rep is the particle Reynolds number. dV is the diameter of a sphere
with an equivalent volume of the non-spherical particle. The drag
models proposed by Hölzer and Sommerfeld [32] and Ganser [41] are
the most used ones in simulating the fluidization of non-spherical par-
ticles. Gao et al. [36] demonstrated that the former provided a better
prediction of bed hydrodynamics than the latter. Thus, the drag model
proposed by Hölzer and Sommerfeld [32] is employed in the present
work. It considers the particle orientation and particle shape as:

CD0 ¼ 8
Re p

1ffiffiffiffiffiffiffi
φ⊥

p þ 16
Re p

1ffiffiffiffi
φ

p þ 3ffiffiffiffiffiffiffiffiffiffi
Re p

p 1
φ3=4 þ 0:42

� 100:4 − log φð Þð Þ0:2 1
φ⊥

ð16Þ

where the regular sphericity φ is a ratio between the surface area of the
volume equivalent sphere and that of the real particle.φ⊥= dV

2/d⊥2 is the
crosswise sphericity, a ratio between the cross-sectional area of a vol-
ume equivalent sphere and the projected cross-section area of the
non-spherical particle normal to the flow. The projected area of a non-
spherical particle is calculated in the body-fixed coordinate system.
For the ellipsoid particle, the projected area A⊥ is given by [36]:

A⊥ ¼ π l2b2c2 þm2c2a2 þ n2a2b2
� �1=2

ð17Þ

2.4. Interpolation method

In the CFD-DEM approach, the Lagrangian quantities of particles
(e.g., volume Vp,i, force fd,i) are interpolated into the Eulerian grids to
calculate the voidage (εg) and inter-phase interaction forces (Fpg). The
two commonly used methods are the particle centroid method (PCM)
and the divided particle volume method (DPVM). However,
considering numerical stability and numerical accuracy, the former
method which needs the grid size to be more than 3.82 times the
particle diameter is not selected [42]. In this work, the DPVM is used
to calculate the voidage and interphase interaction force as follows:

εg,j ¼ 1−∑
Np

i¼1

wi,jVp,i

Vcell,j
ð18Þ

Fgp,j ¼ ∑
Np

i¼1

wi,jfd,i
Vcell,j

ð19Þ

where Vcell,j andwi,j are the cell volume and spatial weight, respectively.
Np is the particle number. Specifically, the super-quadric particle is uni-
formly divided intoN (=Nx×Ny×Nz) sub-boxes. The spatialweight can
be obtained by summing all sub-boxes in the current cell as follows:

wi,j ¼
Ni,j

Nin
ð20Þ

2.5. Numerical scheme

The governing equations for the gas phase are discretized by the fi-
nite volume method (FVM) [43]. The transient time term is integrated
by a second-order Crank-Nicolson scheme. The convection anddiffusion
terms are discretized by a second-order central differencing scheme.
The coupling between the gas pressure and velocity is treated by a
Pressure-Implicit Split-Operators (PISO) scheme [44]. The particle infor-
mation (e.g., position, velocity) is obtained by explicitly integrating the



Table 1
Gas-solid parameters in the first model validation.

Parameter Value Unit

Axis, 2a = 2b 13.56 mm
Axis, 2c 7.19 mm
Particle density (ρp) 1338 kg/m3

Young's modulus (Yp) 1× 107 Pa
Poisson ratio (νp) 0.29 –
Restitution coefficient (ep) 0.5 –
Friction coefficient (μp) 0.5 –
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governing equations for the solid phase. Fig. 2 shows the coupling pro-
cedure between the CFD and DEM solvers. Via the initial particle infor-
mation, the voidage and inter-phase interaction forces are calculated.
Then, the pressure and velocity of the gas phase are obtained by solving
the volume-averaged Navier-Stokes equations. After then, the particle
information (e.g., velocity, position) is calculated by the DEM solver by
considering the gravity, contact force, drag force, and pressure gradient
force. The updated particle information is fed back to the CFD solver to
complete the next calculation loop.

As shown in Fig. 2, the CFD solver and DEM solver are controlled by
the corresponding time steps. For the CFD solver, the time-step of the
gas phase is monitored by the Courant–Friedrichs–Lewy (CFL) number
[43]:

CFL ¼ Δtg max
uf

�� ��
Δx

� �
<1 ð21Þ

where Δx is the grid size. The gas time-step (Δtg) is several times of the
solid time step (Δtp). For the DEM solver, the Rayleigh time (ΔtRay) is
introduced to determine the solid time step [45,46]:

Δtp ¼ αΔtRay ¼ απdp
2 0:1631υp þ 0:8766
� �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ρp 1þ υp

� �
Yp

s
ð22Þ

where ρp, Yp, and υp are the particle density, particle Young's modulus,
and particle Poisson ratio, respectively. α is a constant, ranging from
0.1 to 0.5 to ensure numerical stability [47–49].

2.6. Model validation

In this section, the super-quadricmodel isfirst validated towards the
discharge process of ellipsoid particles in a hopper, and the CFD-DEM
approach is then validated towards the gas-solid flow dynamics in a
BFB.

The first validation is towards the discharge process of ellipsoid par-
ticles in a flat bottom hopper experimentally carried out by Liu et al.
[50]. The investigated object is a rectangular column with the dimen-
sion of 290 mm, 55 mm, and 1000 mm in x, y, and z directions, respec-
tively. An orifice with a dimension of 55 mm × 54 mm is located in the
Fig. 2. Flow chart of the coupling procedure of CFD-DEM simulation of non-spherical
particles.
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centre bottom of the hopper. The ellipsoid particles are described by the
following properties: 2a=2b=13.56mm, 2c=7.19mm. A total num-
ber of 5500 ellipsoid particles with a density of 1338 kg/m3 are packed
in the hopper with an initial bed height of about 0.43 m. Details about
the gas-solid properties are listed in Table 1.

Fig. 3 gives the comparison of the predicted discharge process and
experimental observation [50] at different time instants. In general, a
V-shape particle flow pattern driven by gravity is well predicted by
the super-quadric model. The predicted discharge rate is also quantita-
tively comparedwith the experimental data as shown in Fig. 4. The good
agreement demonstrates the reliability of the super-quadric model in
predicting the behaviours of ellipsoid particles.

The secondmodel validation refers to the gas-solid flow in a BFB ex-
perimentally conducted by Müller et al. [51]. The geometry configura-
tion is a rectangular column with a dimension of 0.044 m, 0.2, and
0.01 in width, height, and depth, respectively. The computational do-
main is divided into 15, 68, and 3 in three directions, respectively. The
particles with a diameter of 1.2 mm and a density of 1000 kg/m3 are
randomly packed in the lower part of the bed. The total number of par-
ticles is 9240. The airflow is introduced from the bottom distributor
with a superficial gas velocity of 0.6 and 0.9m/s, i.e., 2.0 timesminimum
fluidization velocity (Umf) and 3.0 Umf, respectively. The detailed gas-
solid parameters are listed in Table 2. As shown in Fig. 5, the time-
averaged solid velocity and voidage show maximum values in the cen-
tral region and decrease along with the horizontal direction, indicating
that the bubbles with high velocities concentrate in the central region.
The downward particle flow is also successfully captured. Some slight
discrepancies between the simulation and experimental data appear
in the central region and close to the wall, which may be attributed to
the over-prediction of bubble size. However, the present study gives a
better numerical prediction than the Ref. [51]. In general, the predicted
solid velocity and voidage agree well with the experimental data, dem-
onstrating the reasonability of the CFD-DEM approach in reproducing
gas-solid flow in fluidized beds.
3. Simulation conditions

The investigated object is a fluidized bedwith 0.252m, 1.008m, and
0.024 m in width, height, and depth, respectively. As shown in Fig. 6a,
ellipsoid particles with an aspect ratio (AR) ranging from 0.75 to 2.0
are packed in the lower part of the bed. In this work, the equivalent di-
ameter (dV) fined as the diameter of a spherical particle with the same
volume as an ellipsoid particle is set to 4.0 mm. All ellipsoid particles
with different ARs have the same volume. The particle density is
1450 kg/m3 and the particle number is 35000. Details of the gas-solid
particles are listed in Table 3. As shown in Fig. 6b, the grid number in
alongwith three directions is 21, 2, and 84, respectively. Thus, the aver-
age grid size is 12 mm, 2– 3 times the particle diameter, which meets
the DPVM requirement that the grid size should be larger than the par-
ticle size [42]. Before the simulation, the boundary condition should be
properly set. For the velocity, the bottom is set as uniform velocity, the
top is set as zero gradients, and the wall is set as no-slip velocity; for
the pressure, the top is set as atmospheric temperature and other
walls are set as zero gradients. The front and back walls are specified
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Fig. 3. Snapshots of chocolate candies discharging from a hopper at different times: (top) experiment of Liu et al. [50], (bottom) super quadric DEM simulation.
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as periodic boundary conditions to eliminate the wall effect on particles
behaviours.

Initially, ellipsoid particles are generated from a surface at the height
of 0.6 mm and then fall under the effect of gravity. After the kinetic and
rotational energies of ellipsoid particles are dissipated to zero, the air-
flow is introduced from the bottom distributor. The minimum fluidiza-
tion velocity (Umf) for each type of ellipsoid particle is predicted in the
next section. The time-step for the gas phase is 1 × 10−5 s while that
for the solid phase is 1 × 10−6 s.

4. Results and discussion

4.1. General flow patterns

The Umf is determined by themethod proposed by Rhodes et al. [14].
The superficial gas velocity (Ug) increases step by step over time and the
pressure drop ismonitored by two points, i.e., one point is located above
the bottom distributor and another point is located above the bed sur-
face. As shown in Fig. 7, the pressure drop increases with the augment
of superficial gas velocity. When the superficial gas velocity reaches a
certain value, the pressure drop sharply decreases and fluctuates
around a fixed value. The superficial gas velocity corresponding to the
Fig. 4.Comparison of the predicted ratio of the particles remaining in the hopper over time
and experimental data [50].
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alternation point is defined as minimum fluidization velocity. The de-
crease of the pressure drop is attributed to the breaking of the
interlocking state of the initial bed material. Ellipsoid particles with dif-
ferent aspect ratios lead to different bed porosities. Thus, it demon-
strates that the bed permeability is dependent on the bed porosity
and particle shape. It is interesting to note that the minimum fluidiza-
tion velocity increases with the AR, which is consistent with the Ergun
prediction modified for non-spherical particles [52]. The minimum flu-
idization velocity of ellipsoid particles at AR= 0.5, 0.75, 1.5, and 2.0 are
0.6 m/s, 0.825 m/s, 0.95 m/s, and 0.975 m/s, respectively.

Fig. 8 illustrates the general flow patterns regarding the voidage and
particle velocities over time in the bed. Initially, after the airflow is ver-
tically introduced from the bottom distributor, the bed expansion can
be observed at t = 0.05 s. The original interlocking status is broken
with the formation of regions of ellipsoid particles with upward veloci-
ties and significant velocity gradients. Owing to drastic gas-particle mo-
mentum exchanges induced by vigorous airflow, the ellipsoid particles
are raised to the upper part of the bed. Under the combined effects of
gravity, inert-particle collisions, energy dissipation, andwall restriction,
the particles reaching themaximumheight fall along the two sidewalls
(t = 0.5 s). The downward particles collide with the upward particles,
forcing particles into instantaneous trajectories. Bubbles place a signifi-
cant role in determining the flow patterns at different time instants.
Table 2
Geometry and gas-solid parameters in the second model validation.

Parameter Value Unit

Bed width (W) 0.044 m
Bed height (H) 0.2 m
Bed depth (D) 0.01 m
Grid number (NW × NH × ND) 15 × 68 × 3 –
Solid property
Particle number (Np) 9240 –
Particle density (ρp) 1000 kg/m3

Particle diameter (dp) 1.2 mm
Young's modulus (Yp) 0.12 MPa
Poisson ratio (νp) 0.33 –
Restitution coefficient (ep) 0.97 –
Friction coefficient (μp) 0.1 –
Gas property
Gas density (ρg) 1.225 kg/m3

Gas viscosity (μg) 1.8 × 10-5 kg/(m·s)
Superficial gas velocity (Ug) 0.6, 0.9 m/s



Fig. 5. Comparison of time-averaged solid vertical velocity (Usz) and voidage between experiment [51] and current simulation at different bed heights: (a) Uf = 0.6 m/s, h = 20 mm;
(b) Uf = 0.9 m/s, h = 10 mm; (c) Uf = 0.6 m/s, h = 16.4 mm; (d) Uf = 0.9 m/s, h = 16.4 mm.

(a) (b)
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Fig. 6. Geometry (left) and grids (right) of the investigated fluidized bed.

Table 3
Geometry and gas-solid parameters in the simulation.

Parameter Value Unit

Bed width (W) 0.252 m
Bed height (H) 1.008 m
Bed depth (D) 0.024 m
Grid number (W × H × D) 21 × 2 × 84 –
Particle property
Oblate, AR (a × b × c) 0.5 (2.52 × 2.52 × 1.26) mm

0.75 (2.2 × 2.2 × 1.66)
Prolate, AR (a × b × c) 1.5 (1.74 × 1.74 × 2.62) mm

2.0 (1.58 × 1.58 × 3.16)
Particle number (Np) 35,000 –
Particle volume equivalent diameter, (dV) 4.0 mm
Particle density (ρp) 1450 kg/m3

Young's modulus (Yp) 1.0 × 107 Pa
Poisson ratio (νp) 0.3 –
Restitution coefficient (ep) 0.6 –
Friction coefficient (μp) 0.4 –
Gas property
Gas density (ρg) 1.205 kg/m3

Gas viscosity (μg) 1.8 × 105 kg/(m·s)
Superficial gas velocity (Ug) 2.0 Umf m/s
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Fig. 7. The prediction of minimum fluidization velocity (Umf) at different aspect ratios (ARs): (a) pressure drop against the superficial gas velocity; (b) Umf at different ARs.
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Small bubbles are randomly generated from the bottom distributor and
merge with the surrounding bubbles during the rising procedure. Parti-
cles are entrained by the bubble wake andmove upwards in the central
region of the bed. The eruption of bubbles at the bed surface throws par-
ticles into the freeboard. Some “bridges” around the bubble and close to
the wall are observed, which is also evidenced in the previous simula-
tion towards rod-like particles [52]. Due to the aspect ratio, non-
spherical particles are easier to behindered by the surrounding particles
than spherical particles. At t = 2.0 s, 3.0 s, and 10 s, a particle jet with
high vertical velocities appears in the preferential path of the rising
bubbles.

Time-averaged flow patterns are given in Fig. 9. The typical core-
annulus flow structure is captured, in which the dilute phase in the cen-
tral region has a positive velocity due to the vigorous bubble evolution
while the dense phase close to the wall presents a negative velocity
due to the gravity and wall effects. The central region along with the
bed height is the preferential path of bubbles, which is formed due to
the wall restriction. With the increase of bed width, the preferential
path will be mitigated, and bubbles are distributed uniformly in the
bed [19]. As shown in Fig. 9b, two blue regions close to the side walls
represent the back-mixing of falling particles. Due to the bubble evolu-
tion, thewell-known solid circulation appears, where particles are lifted
through the centre, move horizontally above the bed surface (Fig. 9c),
and finally move downwards along the walls. It is noted that a
double-recirculation pattern in which particles mainly moves from the
wall to the centre in the lower bed and oppositely in the upper bed is
formed. It demonstrates that the non-sphericity delays the fluidization
of ellipsoid particles, at high superficial gas velocities, the solid circula-
tion is qualitatively similar to that of the spherical particles. The spatial
distribution of solid velocities of the ellipsoid particles in the present
study is comparable to that of the rodlike particles reported in the liter-
ature [7,26].

The voidage distributions at the bed height of 0.2m and 0.4m under
different aspect ratios are quantitatively compared in Fig. 10. In general,
maximum voidage appears in the central region with the decreased
trend observed along with the horizontal direction. At the lower part
of the bed (i.e., H = 0.2 m), particles with the larger sphericities
(e.g., AR = 0.75, 1.5) give a higher voidage in the central region,
which demonstrates the bubble evolution is more vigorous in these
two scenarios. The solid back-mixing is intensified close to the wall re-
gion. Aspect ratio performs a slight influence on the voidage distribution
at themediumpart of the bed (i.e., H=0.4m) due to the dilute phase in
the central region near the bed surface.
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Fig. 11 gives the influence of aspect ratio on the vertical velocity dis-
tribution at different bed heights. The ellipsoid particle will approach a
sphere when the AR closes to 1. Thus, ellipsoid particles with AR =
0.75 and 1.5 have high sphericity. As shown in Fig. 11, ellipsoid particles
with higher sphericity (AR = 0.75, 1.5) show a larger Usz in the bed
than that with lower sphericity (AR = 0.5, 2.0). This phenomenon has
also been evidenced in the simulation regarding non-spherical particle
fluidization in a spouted bed [28]. Reasons lie in that the non-
spherical particles with lower sphericity (i.e., AR = 0.5, 2.0) form
more “bridges” around the bubbles, which hinder the bed permeability
and particle motions [52]. This demonstrates that a higher superficial
gas velocity is needed for the good fluidization of ellipsoid particles
with lower sphericity (i.e., smaller or larger AR). Positive solid vertical
velocity in the central region means the upward motion of particles
while negative solid vertical velocity close to the wall indicates the par-
ticle back-mixing phenomenon. The upward motion in the centre and
downward motion near walls drives the solid circulation in the whole
bed. The velocity distributions at different heights predicted in the pres-
ent work show agreement with that in the previous literature [7,26],
demonstrating the reasonability of the present model in simulating el-
lipsoid particles.

Fig. 12 shows the effects of aspect ratio on horizontal velocity distri-
bution at different heights. The distribution is symmetrical at the higher
height (i.e., H = 0.4 m), because the gas-solid flow is chaotic in the
lower part of the bed attributed to the combined effects of intense
particle-particle/gas interactions, bubble-emulsion phase interactions,
and gas entrance. The horizontal velocity is smaller in the lower region
(i.e., H = 0.2 m) than that in the upper region (i.e., H = 0.4 m) due to
the dominant role of vertically introduced airflow.

4.2. Solid mixing

Solid mixing is a significant property of dense particulate flow in
chemical engineering reactors, which directly affects the heat and
mass transfer and the resulting reactor performance. In a fluidized
bed, the fully mixed and fully segregated patterns are two extreme
states for a particle mixing process. The mixing characteristics can be
identified by various mixing indices. In the present study, the well-
known Lacey index (MI) is employed to assess the mixing degree of
non-spherical particles in the fluidized bed. MI is defined as [53]:

MI ¼ σ2
0−S2

σ2
0−σ2

r
ð23Þ



(a)

(b)

(c)

Fig. 8. Snapshots of ellipsoid particles in the BFB at Uf/Umf = 2.0 and AR= 2.0: (a) voidage; (b) solid horizontal velocity (Usx); (c) solid vertical velocity (Usy).
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(a) (b) (c) 

Fig. 9. Time-averaged quantities in the central slice (Y = 0 mm): (a) voidage; (b) solid vertical velocity (Usz); (c) solid horizontal velocity (Usx).
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Fig. 10. Time-averaged voidage in the horizontal direction at different heights: (a) H = 0.2 m; (b) H = 0.4 m.
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Fig. 11. Time-averaged solid vertical velocity in the horizontal direction at different heights: (a) H = 0.2 m; (b) H = 0.4 m.
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Fig. 12. Time-averaged solid horizontal velocity in the horizontal direction at different heights: (a) H = 0.2 m; (b) H = 0.4 m.
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σ2
0 ¼ c 1−cð Þ,σ2

r ¼ c 1−cð Þ=n, S2 ¼ 1
N−1

∑
N

i¼1
c−cið Þ2 ð24Þ

where σ0
2 stands for the fully segregated state and σr

2 denotes the
completely mixed state. c means the mean concentration of a specific
component. n is the mean number of a specific component. In contrast,
ci and n are the concentration of a specific component. S2 is the variance
of solid mixing. N represents the total number of sampling cells. Thus,
MI = 1 indicates a fully mixed state while MI = 0 corresponds to a
completely segregated state. The solid mixing index of the particulate
system at any time instant is in the range of 0 and 1.

Before quantifying the mixing state, the influence of sampling cell
size on themixing index should be evaluated. As shown in Fig. 13a, par-
ticles in the bed are labelled by two colours (i.e., yellow and blue) and
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Fig. 13. Illustration of samplingmethod,Uf/Umf=2.0 and AR=2.0: (a)mixing pattern at t=2.
0.02 × 0.02 × 0.02 mm3 (medium), 0.0223 × 0.02 × 0.0223 mm3 (coarse).
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the sampling cell is a volume containing several particles with different
colours. In this work, three sets of sampling cell size are assigned,
i.e., 0.0168 × 0.02 × 0.0168 mm3, 0.02 × 0.02 × 0.02 mm3,
0.0223 × 0.02 × 0.0223 mm3. As shown in Fig. 13b, the mixing index
is insensitive to the sampling cell size. It is because sufficient particles
are selected for these three sets of sampling cells. Moreover, the post-
processing of data using these three sets of sampling cells requires a
similar computational demand. Thus, the medium sampling cell is
used for the following analysis of the mixing process.

The mixing process of ellipsoid particles with AR of 2.0 in the BFB is
illustrated in Fig. 14. At the beginning with the introduction of vertical
airflow, an intense bed expansion is observed, which is almost two
times the static bed height. As time marches, yellow particles migrate
and mix with the blue particles in the medium part of the dense bed.
5 10 15 20
Time (s)

Coarse
Medium
Fine

(b)

5 s; (b)mixing indexwith different sampling sizes, i.e., 0.0168 × 0.02 × 0.0168mm3 (fine),



Fig. 14. Snapshots of ellipsoid particles mixing in the BFB at Uf/Umf = 2.0 and AR= 2.0.
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Bubble dynamics (e.g., generation, rising, coalescence, and eruption)
drives the mixing process both in horizontal and vertical directions. At
t = 4.0 s, a large proportion of yellow particles are transported into
the lower part of the dense bed, and two types of particles fully mix in
the upper part of the dense bed. As this process progresses, solidmixing
in the system will finally approach the equilibrium state. Thus, we can
divide the mixing process into three stages: the unsteady start-up
state (~0.5 s), the vigorous mixing state (~4.0 s), and the final steady
state. The second stage driven by bubble dynamics dominates the
whole mixing process in the bed.

The mechanism of the mixing process is further discussed. The
mixing can be categorized into three types, convective mixing, shear
mixing, and diffusive mixing [54]. The convective mixing is significant
when the particles are lifted from the bottom region to the upper region
by airflow. Upward particleswith positive vertical velocities, downward
particles with negative vertical velocities, and the particles with hori-
zontal velocities interconnect in the bed. The shear mixing takes place
along the interface of two particulate flows. Shear mixing also affects
the vigorous mixing stage. Particles at the bed surface are scattered
into the freeboard, in which the diffusive mixing plays a significant
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Fig. 15. Time-evolution (a) and average
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role. It is noted that particles in the upper region of the bed are well bet-
ter mixed than those in the lower region. In summary, the convective
mixing and shear mixing is significant to establish the “coarse mixing
stage”, while the diffusive mixing accomplishes the “fine mixing
stage” to make the system approach the equilibrium state [54].

Fig. 15 gives the influence of aspect ratio on the mixing index in the
BFB. In general, the mixing indices with different aspect ratios rapidly
increase and then fluctuates around the fixed value after 10 s, indicating
the system reaches an equilibrium state. The averagemixing index dur-
ing the equilibrium state as shown in Fig. 15b indicates that ellipsoid
particleswith higher sphericity (e.g., AR=0.75 and 1.5) show a smaller
mixing index in the bed. The relationship between AR and averaging
mixing index can be fitted with a polynomial function.

4.3. Solid dispersion

Solid dispersion is an important indicator to evaluate the solid trans-
portation intensity in chemical engineering reactors, determining the
solid residence time and the conversion degree. As reported in the liter-
ature [16,55,56], the solid dispersion coefficient in fluidized beds is in
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Fig. 16. Time-evolution profiles of dispersion coefficients in three directions at different ARs: (a) dispersion coefficient in x direction (Dx); (a) dispersion coefficient in y direction (Dy);
(a) dispersion coefficient in z direction (Dz).
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the range of 10−4 m2/s and 10−1 m2/s. The solid dispersion coefficient
(Di) for particle i is formulated as [16]:

Di ¼ Δrið Þ2
2Δt

ð25Þ

where Δri represents particle displacement in the time interval Δt,
which is highly dependent on the particle-particle collisions and
particle-gas interactions at the micro-scale level. The particle displace-
ment can be calculated between the position at the present time instant
and the previous time instant. The average solid dispersion coefficient
(D) is used to assess the transportation intensity of all particles (Np) in
the system:

D ¼ 1
NP

∑
NP

i¼1

ri−ri0ð Þ2
2Δt

i ¼ 1, 2, . . . ,NPð Þ ð26Þ

The solid dispersion coefficients in three directions (i.e., Dx, Dy, Dz)
at different aspect ratios are shown in Fig. 16. In general, the solid
Table 4
Time-averaged solid dispersion coefficients at different ARs.

AR = 0.5 AR = 0.75 AR = 1.5 AR = 2.0

Dx (10−3 m2/s) 0.7142 0.7794 0. 7577 0.7406
Dy (10−5 m2/s) 0.8858 0.9496 0.7954 0.7469
Dz (10−2 m2/s) 0.8260 1.1085 0.9761 0.9673
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dispersion coefficients fluctuate around thefixed values. Themagnitude
of the Dx, Dy, and Dz is about ~10−3 m2/s, ~10−5 m2/s, and ~ 10−2 m2/s,
respectively. For a quasi-2D simulation, the particlemotion is limited by
the front and rear walls, and thus the solid transportation intensity
along with the bed depth is the smallest. The vertical introduction of
the airflow leads to vigorous motion along with the bed height; thus,
the solid axial transportation intensity is the largest. It is noted that
the solid dispersion coefficients for the ellipsoid particles are all consis-
tent with the magnitude evidenced in the literature [16,55,56].

Table 4 gives the time-averaged solid dispersion coefficients at dif-
ferent aspect ratios. It is interesting to find that the ellipsoid particles
with higher sphericity (e.g., AR = 0.75 and 1.5) show larger solid dis-
persion intensity. The solid dispersion coefficient along with axal direc-
tion is one order ofmagnitude larger than that alongwith the horizontal
direction.

5. Conclusion

In this work, the CFD-DEM approach is extended to explore the
mixing and dispersion characteristics of ellipsoid particles in a bubbling
fluidized bed (BFB). The morphology of the ellipsoid particle is de-
scribed by a super-quadric model and inter-particle collisions are re-
solved by a soft-sphere contact model. The Hölzer-Sommerfeld drag
model is used to represent the inter-phase drag force with considering
particle shape and orientation. The integrated model is validated to-
wards the discharge process in a hopper and the flow dynamics in a
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BFB. After then, the generalflowpatterns, solidmixing, and solid disper-
sion are studied. The findings are expected to shed light on solid trans-
portation mechanisms in this complicated flow system. Based on the
results, the following tips can be drawn:

1) The discharge pattern in a hopper andflowpattern in a BFB are qual-
itatively and quantitatively predicted, demonstrating the reasonabil-
ity of coupling the CFD-DEM approach with the super-quadric
model. Minimum fluidization velocity increases with the aspect
ratio. Bed permeability depends on the bed porosity and particle
shape. Ellipsoid particles are easier to be hindered by the surround-
ing particles than spherical particles.

2) Bubbles place a significant role in determining flow patterns, which
have a preferential path of the central region along with the bed
height. A double-recirculation pattern in which particles mainly
moves from the wall to the centre in the lower bed and oppositely
in the upper bed are formed. The non-sphericity delays the fluidiza-
tion of ellipsoid particles, at high superficial gas velocities, the solid
circulation is qualitatively similar to that of the spherical particles.
Ellpsoid particles with lower sphericity (i.e., AR = 0.5, 2.0) form
more “bridges” around the bubbles, which hinder the bed perme-
ability and particle motions.

3) The mixing process includes three stages: the unsteady start-up
state, the vigorous mixing state, and the final steady state. The first
stage is the foundation while the second stage driven by bubble dy-
namics dominates thewholemixing process in the bed. The convec-
tive mixing and shear mixing is significant to establish the “coarse
mixing stage”, while the diffusive mixing accomplishes the “fine
mixing stage” to make the system approach the equilibrium state.
Lacey mixing index is used to quantify the mixing degree, in which
the mixing quality is insensitive to the sampling grid size when suf-
ficient samples are provided. Ellipsoid particles with higher spheric-
ity (e.g., AR=0.75 and 1.5) showa lowermixing performance in the
bed.

4) The magnitude of the Dx, Dy, and Dz is about ~10−3 m2/s,
~10−5 m2/s, and ~10−2 m2/s, respectively. The solid transportation
intensity alongwith the bed depth is the smallest due to the restric-
tion of the front and rear walls. The solid axial transportation inten-
sity is the largest due to the introduction of vigorous airflow.
Ellipsoid particles with higher sphericity (e.g., AR = 0.75 and 1.5)
show larger solid dispersion intensity. The solid dispersion coeffi-
cient along with the axal direction is one order of magnitude larger
than that along with the horizontal direction.
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