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Particle characteristics are important factors affecting gas fluidization. In this work, the effects of both particle size
and shape on fluidization in different flow regimes are studied using the combined computational fluid dynamic–discrete
element method approach. The results are first analyzed in terms of flow patterns and fluidization parameters such as
pressure drop, minimum fluidization, and bubbling velocities. The results show that with particle size decreasing,
agglomerates can be formed for fine ellipsoidal particles. In particular, “chain phenomenon,” a special agglomerate
phenomenon exists in expanded and fluidized beds for fine prolate particles, which is caused by the van der Waals
force. The minimum fluidization velocity increases exponentially with the increase of particle size, and for a given size,
it shows a “W” shape with aspect ratio. A correlation is established to describe the dependence of minimum fluidization
velocity on particle size and shape. Ellipsoids have much higher minimum bubbling velocities and fluidization index
than spheres. VC 2015 American Institute of Chemical Engineers AIChE J, 62: 62–77, 2016
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Introduction

Fluidization operations are widely used in many industries,

for example, cement, food, and pharmaceutical industries. Flu-

idization quality is closely related to particle characteristics

such as size and shape. Understanding the effects of particle

characteristics is of vital importance for better design and con-

trol of fluidization operations under different conditions. In the

past decades, extensive investigations have been performed in

this direction, particularly for the fluidization of fine spherical

particles.1–5 Generally, three flow regimes (fixed, expanded,

and fluidized beds) exist for cohesive fine particles, and two

regimes (fixed and fluidized beds) for noncohesive coarse par-

ticles.6 Particularly, there is an interval of nonbubbling expan-

sion for fine particles between the minimum fluidization

velocity Umf and the minimum bubbling velocity Umb. Many

experimental7–9 and numerical10,11 studies have been con-

ducted focusing on these flow regimes. Fluidization parame-

ters such as pressure drop,5,10 minimum fluidization,12–15 and

bubbling velocities,3,7,11,16–18 and bed expansion ratio, are

usually used to characterize these flow regimes. Different cor-

relations have been proposed to predict Umf as a function of

particle density and size, fluid density and viscosity, as sum-

marized by Suksankraisorn et al.19 Phase diagrams in terms of

particle diameter and velocity are used to determine the transi-

tion between flow regimes.9 Other phase diagrams in terms of

coordination number-bed porosity relationships20 can also be

used, which shows two branches representing expanded and

fluidized (bed) states. Criterion for the bed expansion has been
established in terms of particle and particle–fluid interaction
forces.12,20

However, so far, most of the studies deal with spherical par-
ticles. The resulting findings are useful, but may have limita-
tion in addressing practical problems. In reality, most particles
are nonspherical, of either regular or irregular shapes. How-
ever, because of the difficulty in representing irregular shapes
and heavy computational requirement, relatively few studies
are concerned with nonspherical particles, with majority lim-
ited to simple regular shapes and not systematic. Particle shape
is one of the most important factors that significantly affects
the packing properties, fluidization behavior,21,22 and even
heat transfer performance.23,24 For gas fluidization, significant
differences can be observed for the pressure drop varying with
particle shapes.25 Liu et al.21 showed that nonspherical par-
ticles give poor fluidizing quality as compared to spherical
particles in terms of pressure drop and Umf. Hilton et al.26 also
demonstrated that particle shape has a significant effect on the
dynamics of the fluidized bed including increased pressure
gradients and lower fluidization velocities when compared to
beds of spherical particles. Zhou et al.22 showed that particle
shape affects bed permeability and minimum fluidization
velocity significantly. Moreover, segregation27 and mixing28

behaviors are also strongly influenced. Various drag coeffi-
cients29–31 are proposed to take into account the effect of parti-
cle shape. Notwithstanding, there is still rare concern on
fluidization of fine nonspherical powders, which are widely
used in industrial fluidized beds, such as fluidized catalytic
creaking riser and circulating fluidized bed boiler. Many fun-
damental questions are not clear for fluidization of cohesive
nonspherical particles. For example, are there any difference
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in flow regimes between spheres and nonspherical particles?
How do particles of different sizes and shapes interact with
each other when particle size varies from millimeters to
microns? Are the existing correlations for minimum fluidiza-
tion velocity still suitable for nonspherical particles?

To answer these questions, an ideal approach is to use dis-

crete element modeling, for example, the combined computa-

tional fluid dynamics (CFDs) with discrete element method

(DEM), as demonstrated in the recent numerous studies of flu-

idization.32,33 CFD–DEM has increasingly played significant

roles in the study of particle–fluid flow fundamentals. In this

approach, the solid phase is based on the DEM, and gas phase

is treated as a continuum phase in a similar way to the two

fluid model. CFD–DEM has its unique advantage in studying

the macro and microfluidization behavior. In particular, it can

track the motion of each particle in the system, thus can be

used to study the interparticle contacts, particle spatial distri-

bution and orientation, and so forth. This approach has been

used in the study of gas-fluidized beds of fine spheres.3,20

Efforts have also been made to develop this approach further

to study the dynamics of ellipsoidal particles coupled with

fluid flow.22,26

In this work, CFD–DEM is extended to fine ellipsoids for

the first time. Ellipsoids with aspect ratios from 0.25 to 3.5,

and size from 25 lm to 10 mm are used. The aim of the work

is to investigate the effect of particle size and shape on the

flow parameters, for example, minimum fluidization velocity

(Umf) and minimum bubbling velocity (Umb), and explore the

effect of the van der Waals force on the formation of different

flow regimes.

Model Description

CFD–DEM model for spheres has been well established and

documented.34 Its extension to ellipsoids has been demon-

strated for gas fluidization.22 For fine ellipsoids, an additional

force, namely the van der Waals force, should be incorporated

into the model. The following gives a brief description of the

model used in this work.

CFD–DEM governing equations

According to the DEM, a particle in a gas-fluidized bed can

have two types of motion: translational and rotational, which

are determined by Newton’s second law of motion. The gov-

erning equations for the translational and rotational motion of

particle i with radius Ri, mass mi, and moment of inertia Ii can

be written as

mi
dvi

dt
5fpf;i1

Xkc

j51

ðfc;ij1fd;ij1fv;ijÞ1mig (1)

and

Ii
dxi

dt
5
Xkc

j51

ðMt;ij1Mr;ij1Mn;ijÞ (2)

where vi and xi are the translational and angular velocities of
particles, respectively, and kc is the number of particles in
interaction with particle i. The forces involved are: particle–
fluid interaction force fpf,i, the gravitational force mig, and
interparticle forces between particles, which include elastic
force fc,ij, and viscous damping force fd,ij. For fine particles,
the van der Waals force fv,ij needs to be considered. These
interparticle forces can be resolved into the normal and tan-
gential components at a contact point. The torque acting on
particle i by particle j includes two components: Mt,ij which is
generated by tangential force and causes particle i to rotate,
and Mr,ij commonly known as the rolling friction torque, is
generated by asymmetric normal forces and slows down the
relative rotation between particles. Additional torque Mn,ij

should be added because the normal contact force and the van
der Waals force do not necessarily pass through the particle
center. A particle may undergo multiple interactions, so the
individual interaction forces and torques are summed over the
kc particles interacting with particle i.

The continuum fluid phase is calculated from the continuity
and Navier–Stokes equations based on the local mean varia-
bles over a computational cell, which can be written as

@ef

@t
1r � ðefuÞ50 (3)

@ðqfefuÞ
@t

1r � ðqfefuuÞ52rp2Fpf1r � efs1qfefg (4)

where u, qf, p and Fpf5ð
PkV

i51 fpf;iÞ=DV are the fluid velocity,

density, pressure, and volumetric fluid–particle interaction
force, respectively. Note that in this study, the particle–fluid
interaction force fpf,i includes drag force fd,i (as shown in
Table 1) and pressure gradient force frp,I (52rp�Vi), which
usually are two dominant forces in gas fluidization. s and ef

are the fluid viscous stress tensor and porosity, respectively,

which are given as s5le½ðruÞ1ðruÞ21� and

ef512ð
PkV

i51 ViÞ=DV, where Vi is the volume of particle i (or

part of the volume if the particle is not fully in the CFD cell),
kV is the number of particles in the CFD cell, and le the fluid

Table 1. Components of Forces and Torque Acting on Particle i

Forces and Torques Symbols Equations

Normal elastic force fcn,ij 24=3E�
ffiffiffiffiffi
R�
p

d3=2
n n

Normal damping force fdn,ij 2cnð8mijE
� ffiffiffiffiffiffiffiffiffiffi

R�dn

p
Þ1=2

vn;ij

Tangential elastic force fct,ij 2lsjfcn;ijjð12ð12dt=dt;maxÞ3=2Þd̂ t ðdt < dt;max Þ
Tangential damping force fdt,ij 2ctð6lsmijjfcn;ij j

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
12jdtj=dt;max

p
=dt;max Þ1=2

vt;ij ðdt < dt;max Þ
Coulomb friction force ft,ij 2lsjfcn;ijjd̂ t ðdt � dt;maxÞ
Torque by normal force Mn,ij Rij3ðfcn;ij1fdn;ijÞ
Torque by tangential force Mt,ij Rij3ðfct;ij1fdt;ijÞ
Rolling friction torque Mr,ij lr;ijjfn;ijjx̂n

t;ij

Fluid drag force fd,i 0:125Cd0;iqfpd2
pie

2
i jui2vijðui2viÞe2v

i

Where, 1=mij51=mi11=mj, 1=R�51=jRij11=jRjj, E�5E=2ð12v2Þ, x̂ t;ij5xt;ij=jxt;ijj, d̂ t5dt=jdtj, dt;max5lsð22vÞ=2ð12vÞ � dn, vij5vj2vi1xj3Rj2xi3Ri,
vn;ij5ðvij � nÞ � n, vt;ij5ðvt;ij3nÞ3n, v53:720:65exp ½212ð1:52log 10Re iÞ2=2, and Re i5qf dpieijui2vij=lf .
Note that tangential forces (fct,ij 1 fdt,ij) should be replaced by ft,ij when dt> dt,max.
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effective viscosity determined by k-e turbulent model,35 which
has been used in our previous work.36 Note that the effect of
gas turbulence on solid flow has been tested, and it is found
that the effect can be ignored for coarse particles.37 However,

further tests are needed to justify if this treatment can be
applied to fine particles.

Note that in CFD–DEM coupling, the slip velocity for the
calculation of drag force is based on the velocity difference of
particle velocity at a particle scale and fluid velocity at a CFD

cell scale. The CFD cell size is typically set as 2–3 particle
diameters. It should be pointed out that slip velocity can have
three definitions based on fluid velocity38: interpolating the
fluid velocity to the particle center, averaging the fluid veloc-
ity at the particle surface, and averaging the fluid velocity at

scales larger than the particle. In the CFD–DEM, the slip
velocity usually refers to the third method, and given by
Uslip 5 (ui-vi)ei, where vi is the particle velocity, ui is the fluid
velocity in the CFD cell where particle i locate, and ei is the
local fluid fraction in the CFD cell.

Particle–particle and particle–fluid interaction forces

Particle–Particle Interaction Force. Equations used to
calculate the interaction forces and torques between two
spheres have been well-established32 and extended to ellip-
soids.22,39 As ellipsoidal particles have smooth/continuous
surfaces like a sphere, the Coulomb condition or sliding/roll-

ing friction models for ellipsoids are the same as for the
spheres. Similarly, other important forces such as the normal
and tangential contact forces, are also proven to be valid for
ellipsoidal particles recently using finite element method.40

Therefore, the force models previously formulated for spheres

can be safely used in this work. The equations used to calcu-

late the particle–particle interaction forces and torques, and

particle–fluid drag force fd,i are listed in Table 1.
For fine particles, the van der Waals force should be con-

sidered. Generally, the Hamaker theory41 is used to calculate

the van der Waals force for fine spheres. Everaers and Ejte-

hadi42 derived the interaction potentials through a systematic

approximation of the Hamaker integral for mixtures of ellip-

soids of arbitrary size and shape, namely the RE-squared
potential which is a coarse-grained description of the attrac-

tive and repulsive interactions between two biaxial

molecules.43

UA52
Aij

36
113gijvij

r
hij

� �

3
ai

ai1hij=2

� �
bi

bi1hij=2

� �
ci

ci1hij=2

� �

3
aj

aj1hij=2

� �
bj

bj1hij=2

� �
cj

cj1hij=2

� �
(5)

where ai, bi, and ci are the semiaxis of the ellipsoid i; hij is the
minimum surface separation. Figure 1 shows the approach of

two ellipsoids. The orientation and relative position-dependent

part are specified with a product of two terms

gijvij5
2r21ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð 1
Ri

2 1
Ri
0Þð 1

Rj
2 1

Rj
0Þsin 2ðhÞ1ð 1

Ri
1 1

Rj
Þð 1

Ri
0 1

1
Rj
0Þ

q (6)

where, Ri and R
0
i are the two different principal radii of curva-

ture at the point of closest approach, h is the relative angle that

the principal axes of the two surfaces can be rotated relative to

each other, and r is the atomic/particle interaction radius.

Figure 1. Schematic of contact of two interactive spheroids (a) and spheres (b), and (c) the potential energy of
ellipsoids with different aspect ratios when they are approaching with face-to-face contact.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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The van der Waals attraction force can be obtained by dif-

ferentiating interaction potential UA with regard to the mini-

mum surface separation hij, which can be determine by the

geometric potential detection algorithm44,45 mentioned herein-

after. For spheroids, the expression for oblate (a 5 b > c) or

prolate (a 5 b < c) particles is given as

fvdw52
Aij

12

gijvijr

hij
2

a

a10:5hij

� �4 c

c10:5hij

� �2

(7)

where a, b, and c are the three principal semiaxis of the ellip-

soid i; hij is the minimum surface separation, Aij is the

Hamaker constant, gijvij is a coefficient dependent both on the

orientation and relative position, and r is the atomic/particle

interaction radius. For spheres of uniform size, the above for-

mula reduces to

fvdw52
Aij

12

R

hij
2

R

R1hij=2

� �6

� 2
AijR

12hij
2 (8)

In DEM simulations, particle collisions are considered to

cause overlaps in colliding particles. As demonstrated in Fig-

ure1c, when the minimum separation decreases, the potential

energy UA increases dramatically. Hence, a minimum separa-

tion or a cut-off distance hmin should be assumed to avoid a

singularity in the attractive force when hij equals zero. In this

work, the cut-off distance is set to 1 nm as used for fine

spheres by some investigators.20,46 Additionally, a maximum

cut-off is also set at a distance where the van der Waals force

is far smaller than particle gravity, and over which the van der

Waals forces will no longer be considered.

Particle–Fluid Interaction Force. Real particles can be

cubes, cylinders, and ellipsoids, or more generally, irregular

shapes.47 Such morphological diversity adds further difficul-

ties in the estimation of particle–fluid interactions. In princi-

ple, a correlation formulated for uniform spheres cannot be

directly applied to those real nonspherical particles. As an

alternative, they are treated as volume-equivalent spheres,48

regardless of particle morphology. However, this simple treat-

ment gives inaccurate results,49 because particle–fluid interac-

tions are strongly dependent on particle shape. Therefore,

detailed information on the drag force acting on these particles

is necessary for the motion of nonspherical particles. A few

efforts have been made on the drag coefficient of particles of

different shapes, and several drag coefficient correlations are

available for nonspherical particles, for example, the Ergun,48

Singh et al.,50 Haider and Levenspiel,29 Ganser,30 H€olzer and

Sommerfeld,31 and Sommerfeld and La�ın51 correlations.

Haider and Levenspiel29 correlated experimental data on non-

spherical particles by a four-parameter equation. Ganser30 pro-

posed a simplified drag equation which is claimed to be

applicable to all shapes but valid only for Re K1K2 < 105,

where Re is the Reynolds number, K1 is the Stokes’ shape fac-

tor, and K2 is the Newton’s shape factor. Sommerfeld and

La�ın51 found that the Ganser correlation30 resulted in higher

particle mean velocities than that of Haider and Levenspiel.29

H€olzer and Sommerfeld31 then established a formula for CD

over a wide range of Re numbers, including high Reynolds

numbers using a large number of experimental data from the

literature and a comprehensive numerical study. Their expres-

sion is given by

CD5
8

Re

1ffiffiffiffiffiffi
/k

q 1
16

Re

1ffiffiffiffi
/
p 1

3ffiffiffiffiffiffiffi
Re
p 1

/3=4
10:42100:4ð2log UÞ0:2 1

/?

(9)

where / is the sphericity; and /? is the crosswise sphericity,
which is equal to the ratio between the cross-sectional area of
the volume equivalent sphere and the cross-sectional area of
the particle considered, perpendicular to the flow. This for-
mula can be applied with high confidence in numerical com-
putations as confirmed by Hilton et al.26 As for the three
models mentioned above, Zhou et al.22 concluded that there is
no significant difference between the correlation of H€olzer and
Sommerfeld31 and that of Ganser,30 but the correlation of
Haider and Levenspiel29 significantly under-estimates the
pressure drop. In this work, the H€olzer and Sommerfeld31

model is used.
It should be noted that ellipsoidal particles can rotate by the

torque caused by the nonuniform gas flow. As pointed out by
Hilton et al.,26 due to the approximately parallel flow of fluid,
the rotation motion of particles caused by fluid can be
neglected. For simplicity, it is thus not considered in this
work.

Contact detection and particle orientation

The major differences in the DEM simulation of nonspheri-
cal particles from spherical particles are the contact detection
and the determination of particle orientation. The treatments
used in the current model on the above two issues are briefly
described below.

Various analytical methods have been proposed to detect con-
tacts between ellipses or ellipsoids, including intersection algo-
rithm,52 geometric potential algorithm,44,45 and common normal
algorithm.45 D�ziugys and Peters53 concluded that the algorithm
based on the geometric potential was more favorable in terms of
the accuracy and efficiency. Therefore, it has been used in most
of the simulations thereafter,22,53,54 and is also used in this work.
In this algorithm, the contact location point is defined as the
midpoint of the line connecting the “touch” points which are
defined as the “deepest” point of ellipse i (or j) inside ellipse j
(or i). It should be pointed out that the computational time for
the contact detection is huge, which is largely because the algo-
rithm used to determine one contact point involves the numerical
solution of a sixth-order polynomial equation.

According to the Euler equations, in the three-dimensional
(3-D) space, the equations of rotation can be written as

I1

dxb
ix0

dt
2xb

iy0
xb

iz0
ðI22I3Þ5Tb

ix0

I2

dxb
iy0

dt
2xb

iz0
xb

ix0
ðI32I1Þ5Tb

iy0

I3

dxb
iz0

dt
2xb

ix0
xb

iy0
ðI12I2Þ5Tb

iz0

(10)

where the inertia tensor always is diagonal Ii 5 (I1i, I2i, I3i) in a
body-fixed coordinate system (marked as superscript b), xi

and Ti denotes the angular velocity and torque of particle i.
For 3-D particles, the moments of inertia Ii must be calculated
in every time step according to the new orientation of the par-
ticle in the space. For spherical particles, I1i 5 I2i 5 I3i 5 Ii and
body-fixed coordinates can be set in the same direction as
space-fixed ones. For nonspherical particles, the local and
global orientation of the particle can be transformed using
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two, namely, the space-fixed and body-fixed coordinate sys-
tems. The space-fixed coordinate system is fixed with respect
to the laboratory space. Conversely, the body-fixed (or local)
coordinate system is a moving Cartesian coordinate system,
which is fixed with respect to the particle and the axes are
superimposed by the principal axes of inertia.55 Any vector
can be transformed from the space-fixed axes into the body-
fixed axes and vice versa via a transformation matrix which
can be expressed by the quaternion method.30,56 More details
can be found elsewhere.53,57

Coupling scheme

The CFD–DEM coupling methodology for spherical par-
ticles32,58,59 has been extended to nonspherical particles.22 It is
used in this work. Thus, at each time step, DEM will give
information such as the positions and velocities of individual
particles. From these information, the porosity and volumetric
fluid–particle interaction force in each computational cell are
calculated. CFD will then use the information to determine the
gas flow field, from which the fluid drag forces acting on indi-
vidual particles are calculated. Incorporation of the resulting
forces into DEM will produce information on the motion of
the individual particles for the next time step.

Simulation Conditions

Table 2 lists the settings of the bed and particle properties
used in the simulation cases. In DEM model, walls are assumed
to have the same properties as particles. The coupled approach
of 3-D DEM and 2-D CFD, which has been widely used in our
previous studies,22,59 is adopted in this work. The flow of gas is
assumed to be 2-D, given that the bed width is much larger than
its thickness. Hence, there is no boundary condition for gas
flow in the front–rear direction. For particles, periodical bound-
ary conditions are applied along the front and rear directions as
they have been recognized as the most useful treatment to elim-
inate the effects of front and rear walls and, at the same time,
can maintain a continuous internal flow involving particle–par-
ticle contacts throughout the computational domain.60

Singh et al.16 showed that for a specific column diameter or
bed width, the static bed height has slight effect on minimum
bubbling velocity. Wang et al.11 found that minimum bubbling
velocities (determined by the bed contraction phenomenon)
converge to a constant value when the number of particles

exceeds a certain value. Considering the high computational
effort for low aspect ratio (e.g., aspect ratio 5 0.25) or high
aspect ratio (e.g., aspect ratio >2.5), which may be 5–7 times
slower than spheres, 18,000 particles are used in this work,
and they can form a packed bed with an acceptable height.
Packing methods such as poured packing and random packing
are usually used to form packed beds. We compared the bed
porosity for both methods, and little difference is found. But
note that for random packing, a very high bed is often needed
to avoid particle overlap in the initial state. Therefore, the
poured packing method is used to generate the packed beds in
this work. The simulation begins with the pouring of mono-
sized and mono-shaped ellipsoidal particles into a rectangular
box. When all particles have reached their stable positions
with an essentially zero velocity, gas is introduced from the
bed bottom at a fixed velocity. The fluidization process is con-
sidered to have reached the pseudostable state when the par-
ticles velocities and the average coordinate numbers fluctuate
around fixed values.

Spheroids with aspect ratios varying from 0.25 to 3.5 are
used in this work to produce shapes from oblate to prolate
spheroids. Spheroids have three principal diameters. Let a be
the principal radius in the polar direction, and b and c the prin-
cipal radii in the equatorial plane. Here, the particle shape fac-
tor, namely aspect ratio a is defined as, a 5 c/a. For a prolate
(a> b 5 c) spheroid, aspect ratio a> 1; for a sphere
(a 5 b 5 c), a 5 1; and for an oblate (a 5 b> c) spheroid,
a< 1. The Hamaker constant is in the range from 0 to 4.2 3

10221 J. Unless otherwise specified, it is set to 2.1 3 10221 J.
For the same particle size, aspect ratio can significantly affect

fluidization parameters, for example, minimum fluidization
velocity Umf and minimum bubbling velocity Umb. Hence, it is
not suitable to use the same gas velocity Ug to study the effect
of aspect ratio on flow behavior. To overcome this problem, we
use a comparable gas velocity condition in this work, for exam-
ple, 0.5 Umb for expanded beds and 2 Umb for fluidized beds.
For the particle size of 50 mm, the corresponding Umb for the
nine aspect ratios listed in Table 2 are 0.02, 0.013, 0.011, 0.01,
0.013, 0.015, 0.0175, 0.0195, and 0.021 m/s, respectively.

The in-house CFD–DEM code is used in this work, and all
simulations are run in the National Computing Infrastructure
(NCI) in Australia. As the computation involves the numerical
solution of a sixth-order polynomial equation for ellipsoids,

Table 2. Parameters Used in the CFD–DEM Simulations

Parameters Value

Particle size (dp), lm 25, 50, 100, 500, 1000,
and 10,000

Particle density (qp), kg/m3 1349.5
Particle shape Oblate, spherical, and prolate
Particle aspect ratio (a) 0.25, 0.5, 0.75, 1.0, 1.5, 2.5,

3.0, and 3.5
Number of particles (N) 18,000
Fluid density (qg), kg/m3 1.205
Bed size (width 3 thickness

3 height), dp

60 3 6 3 480

Number of CFD cells 20 3 160
Young’s modulus (Y), N m2 1.0 3 107

Poisson’s ratio (m) 0.30
Friction coefficient (l) 0.3
Normal damping coefficient (cn) 0.3
Hamaker constant (Ha), J 0, 2.1 3 10221(default),

4.2 3 10221

Cut off distance (hmin), nm 1
Time step (Dt), s 1 3 1026�5 3 1025

Figure 2. Effects of particle size and shape on porosity
in packed beds.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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and small time steps for fine particles, the time required to
complete one case simulation varies from several days to 1 or
2 months, depending on the particle size and aspect ratio. The
smaller the particle sizes or the more nonspherical the particles
are, the longer the computational time.

Results and Discussion

Packing properties

Fluidization behavior such as minimum fluidization velocity

is closely associated with the initial packing structure, the

Figure 3. Snapshots of flow patterns in the formation of expanded beds of group-A powders [dp 5 50 mm, Ug 5
0.5 Umb, (a) a 5 0.25, (b) a 5 1.0, and (c) a 5 3.5, colored by particle velocity].

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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porosity in particular. The effect of particle aspect ratio on bed
porosity of different particle diameter dp is examined, and the
results are shown in Figure 2. It can be seen that the porosity
shows a W-shaped variation with aspect ratio for different par-
ticle sizes. The lowest porosities occur when aspect ratio is
around 0.75 for oblate spheroids and 1.5 for prolate spheroids.

These results are consistent with those reported in the litera-
ture for ellipsoids and spherocylinders.39,61,62 Williams and
Philipse62 explained that the packing porosity is the combined
effect of coordination numbers determined by local caging
effects and excluded volumes effects. For nearly spherical par-
ticles, the excluded volume depends weakly on aspect ratio.

Figure 4. The snapshots of the simulation results of the macro-fluidization for different particle shape [dp 5 50 mm,
Ug 5 2 Umb, (a) a 5 0.25, (b) a 5 1.0, and (c) a 5 3.5, colored by particle velocity].

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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With aspect ratio deviating from 1.0, a large number of con-

tacts are required to cage ellipsoids, causing porosity decreas-

ing. The porosity reaches the minimum at aspect ratios of 0.75

and 1.5. Further, as particles become more flat or elongated,

more contacts are required to cage particles, but meanwhile

the excluded volume effect gradually becomes dominant.

Thus, the intercompetition between these two effects drives

the porosity to increase.
Meanwhile, when particle size reduces, the lowest porosity

position changes from 0.5 to 0.75 for oblate spheroids and

from 2.0 to 1.5 for prolate spheroids, and the porosity differ-

ence between spheres and ellipsoids becomes larger. The for-

mer is mainly caused by the increased role of the van der

Waals force in force balance in packed beds, and the latter is

caused by the difference in the van der Waals force for differ-

ent aspect ratios with the same particle size. To further vali-

date the simulated data, some laboratory experiments were

also performed in this work using acrylic ellipsoidal materials

with dp 5 5 mm. It was found that the simulated results agree

well with the experimental data. Moreover, when particle size

becomes smaller, the porosity increases gradually, indicating

that the beds become more loosely packed.

Flow patterns

Geldart A particles are characterized by the presence of bed

expansion before the onset of fluidization. Figure 3 shows the

formation of expanded beds for ellipsoidal particles with dif-

ferent aspect ratios. It can be observed that for ellipsoids with

aspect ratios of 0.25 and 3.5 (Figures 3a, c), with the gas intro-

duction into the bed, the bulk disconnects into two major parts

with the upper part ascending, and the lower part falling down-

ward due to gravity. During this process, the particles at the

bottom of the upper part descend when the particle–fluid force

cannot balance the bed weight. Thus, in this expanding pro-

cess, the orientation of bottom part does not change much,

while particles in the upper part may undergo an orientation

rearrangement due to the large space between two parts during

the lifting and descending process. This could give rise to the

formation of more particle interlocks, which consequently

results in the higher minimum bubbling velocities for non-

spherical particles. Interestingly, the prolate particles shown in

Figure 3c flow one after another like “chains” in the descend-

ing process. For spherical particles, however, the expanding

process is relatively mild and homogeneous. The bed becomes

loose and then dense again, and no obvious disconnection

occurs during the expanding process, consistent with the previ-

ous study.20 The expanding process for spheres is more stable

than that for ellipsoids. This is because spheres have lower

van der Waals forces than ellipsoids for the same surface sepa-

ration distance or during contact as shown by the smaller

potential energy in Figure 1c. Thus, the cohesion between

agglomerates are easier to breakup by the contact force or par-

ticle–fluid interaction force. With the superficial gas velocity

increasing, for example, above the minimum bubbling veloc-

ity, the beds become fluidized. Figure 4 shows snapshots of

flow patterns when gas velocity Ug 5 2 Umb and particle diam-

eter dp 5 50 mm. For ellipsoidal particles (Figures 4a, c), they

are piled up at the beginning; the symmetric major axis is ori-

ented vertical for oblate and horizontal for prolate particles.22

As a result, all the particles are lifted as a bulk with the intro-

duction of gas, and then descend due to the gravity. After the

initial response, the fluidization gradually becomes steady

Figure 5. The snapshots of the simulation results of the flow patterns for prolate particles with different particle
sizes [a 5 3.5, Ug 5 2 Umb, (a) dp 5 1000 mm, t 5 0.698 s, (b) dp 5 500 mm, t 5 0.156 s, (c) dp 5 100 mm,
t 5 0.160 s, and (d) dp 5 50 mm, t 5 0.098 s, colored by particle-fluid force in z direction/gravity (Fpfz/mg)].

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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with formation of various agglomerates. For spheres (Figure
4b), all the particles are lifted up and descend more particu-
lately but continuously. Moreover, particle velocities vary sig-
nificantly with time, space, and aspect ratio. For example, low
particle velocities are found in the left or right corners at the
bed bottom. Spheres have lower velocities than ellipsoids. In
the fluidized beds of fine particles shown in Figure 4, agglom-
erates are formed and their shapes change with time and space.
The agglomerate shapes can be cotton-shaped, ear of wheat-
shaped, and strip- or chain-shaped, which are reported in liter-
ature as long frill or cluster chain,63 vertical sheets,64 and ver-
tical elongated structure.65 There are also reports of other
agglomerate shapes, such as parabolic geometrical shape.63,66

One interesting phenomenon, known as the “chain phenomen-
on” as mentioned earlier for expanded beds of prolate par-
ticles, can be further observed clearly in fluidized beds, as
shown in Figure 4c. The prolate particles descend one after
another to form chains. Essentially, these “chains” can be
regarded as special shaped of agglomerates. Consistent with
the elongate agglomerate shapes reported, most of the chains
are found in the vertical directions (fluid velocity direction).
This indicates that the fine prolate particles tend to be in head-
to-head contact in fluidized beds. Further examination on the
fluidization of prolate particles and related chain phenomenon
is made and presented below.

It is well known that coarse particles display smooth fluid-
ization. With the particle size decreasing, the van der Waals

force becomes more important when compared with particle
weight, causing formation of agglomerates, especially for pro-
late particles as shown in Figures 2 and 3. The effect of parti-
cle size on the flow patterns of prolate particles is shown in
Figure 5. Generally, there are two typical fluidization types,
particulate fluidization where particles flow individually and
aggregative fluidization where agglomerates or clusters occur,
varying temporarily and spatially. As expected, the flow pat-
terns transit from particulate to aggregative fluidization when
the particle size reduces from 1000 to 50 mm. More specifi-
cally, for particle size larger than 500 mm, particle flow is quite
granular. But when particle size reduces to 100 mm, small
agglomerates are formed. Most agglomerates are irregular
bunchy in the vertical direction. Some branches of these
agglomerates disappear and evolve into “chains” when particle
size further decreases to 50 mm. Therefore, fine cohesive pow-
ders often have a poor fluidization quality. This will be further
quantified by a fluidization index (Umb/Umf) hereinafter. More-
over, from the ratio of vertical component of particle–fluid
interaction force and particle gravity, it can be observed that
the vertical component of particle–fluid interaction force
increases when particle size reduces. This implies that fine
particles tend to flow in the vertical direction.

As mentioned in the description of Figure 5, the van der
Waals force has a significant influence on the formation of
agglomerates, but this influence is related to particle size,
which is coupled with other variables. Thus, to eliminate the

Figure 6. The snapshots of the simulation results of the macro-fluidization for prolate particles with different
Hamaker constant [dp 5 50 mm, Ug 5 2 Umb, a 5 3.5, t 5 0.1261 s, (a) Ha 5 0, (b) Ha 5 2.1 3 10221 J, and
(c) Ha 5 4.2 3 10221 J, colored by particle-fluid interaction force in z direction (Fpfz/mg)].

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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coupled influence, the effect of Hamaker constant is here stud-
ied for the same particle size. As shown in Figure 6, without
the van der Waals force, particles fluidize particulately. With a
lower van der Waals force, particles flow in short “chains.”
When the Hamaker constant increases, the “chains” become
longer, indicating that the van der Waals force is an essential
condition to generate the “chain phenomenon.”

Figure 7 shows the variation of the scaled van der Waals
force as a function of particle size with different contact
modes. It can be observed that for oblate particles, the scaled
van der Waals force is much higher for the face-to-face con-
tacts than for the head-to-head contacts (Figure 7a). But for
prolate particles, the difference in the scaled van der Waals
force between different contact modes is relative small as
shown in Figure 7b. So, under the action of particle–fluid
interaction force, the face-to-face contact can be easily
dragged to head-to-head contact for prolate particles, but it is
much difficult for oblate particles to do so.

To investigate the formation of chains, the directions of
velocities of particles in different chains are shown in Figure
8. As expected, the velocities of the particles in a chain are
largely in the same direction enabling particles to remain in
the chains. Otherwise, the particles will be dragged away from

the chain causing the chain breakage. Furthermore, from the

viewpoint of the particle coordination number which is defined

as the number of contacting or touching neighbors per particle,

it can be found that for some particles in the chains, the coor-

dination number is equal to 0. That is, these particles are only

in close proximity but not in contact with neighboring par-

ticles, and therefore, the bond between particles in the chains

is only via the van der Waals force at the particle heads in the

chains.
Based on the above analysis, there are several necessary

conditions to form “chains.” First, the van der Waals force

should be large enough; second, particles are in special shape,

such as elongated shape; third, the particle velocities are

largely in the same directions; last, but not least, there should

be enough void to form chains. Therefore, chains are easier to

be formed in the start-up stage of the fluidization process

where particles are separated into two parts, and there are

large voids in between them.

Fluidization parameters

Pressure Drop. Pressure drop is an important fluidization

parameter to characterize the macro flow behavior, and can be

measured or predicted by experimental and simulation meth-

ods. The fluctuation of pressure drop is closely related to the

behavior of particles and fluid in a bed. Figure 9 shows the

variation of pressure drop with time in expanded and fluidized

beds. As seen from Figure 9a, in the expanded bed, there is an

obvious pressure drop fluctuation before the pressure drop lev-

els off at the bed weight. At the beginning, the bed pressure-

drop only slightly reduces as gas needs time to permeate and

loosen the particle ensemble, and break the interlocks among

particles. With gas permeating through the bed, some top par-

ticles are lifted before gas would have time to break all the

interlocks at the top. Therefore, top particles are broken awayFigure 7. Variation of the van der Waals force as a
function of particle size for (a) oblate and (b)
prolate particles with different contact
modes.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 8. Velocity directions of particles in “chains” in
fluidized beds when dp 5 50 mm and a 5 3.5
(particles are colored by coordination num-
ber, and velocity vectors are colored by
velocity magnitude).

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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from the bottom ones, which leads to a marked drop in the bed
pressure. When the top particles fall down with some accelera-
tion, it adds some impact pressure to the bottom. As a result,
the pressure drop suddenly increases to a level higher than the
average value (bed weight). When particles become more flat
or elongated, the fluctuation amplitude increases, indicating
that the “impact effect” becomes more obvious. The larger
fluctuation of pressure drop for ellipsoidal particles is mainly
because ellipsoids tend to form large fracture in the expanding
process, with the upper bulk being lifted much higher than
spheres, as shown in Figure 2. Thus, when falling and reaching
the bottom, they have higher velocities than spheres, and gen-
erate severer impaction on the bottom bulk. In addition, when
aspect ratio deviates from 1.0, the occurrence time of the fluc-
tuation becomes longer. This may result from the initial poros-
ity and interlocks. Once the top particles fall down, the bed

pressure drop becomes stable again. In fluidized beds (Figure
9b), after the severe turbulence at the beginning, the pressure
drop fluctuates with time around a fixed number (bed weight),
and the fluctuation amplitude slightly increases with aspect
ratio.

The fluctuations of pressure drop across a fluidized bed are
known to increase with an increase in the bubbling intensity.
Figure 10 plots the variation of scaled pressure drop
(5pressure drop/bed weight) with time for different particle
sizes when gas superficial velocity is at 2 Umb. For both oblate
and prolate particles, the fluctuation amplitude of pressure
drop grows with particle size. Similar results are found for
spherical particles which are not shown here. These results are
consistent with the experimental results of spherical

Figure 9. Pressure drop as a function of time for differ-
ent aspect ratios [dp 5 50 mm, (a) Ug 5 0.5
Umb and (b) Ug 5 2 Umb].

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 10. Pressure drop as a function of time for dif-
ferent particle size [Ug 5 2 Umb, (a) a 5 0.25
and (b) a 5 3.5].

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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particles.67 This implies the increase of bubbling intensity
with particle size in the fluidized flow regime.

The variation of pressure drop with gas velocity reflects the
permeability of fixed beds, and can also indicate the demarca-
tion of flow regimes. As illustrated in Figure 11, for particles
with different shapes and sizes, the pressure drop–gas velocity
curves vary significantly. For fine particles (Figure 11a), the
bed pressure drop initially increases to a peak as the particle–
fluid interaction force has to be high enough to break down the
interlocking within the bed. Then, the pressure drop reduces to
the bed weight per unit area or even less due to the occurrence

of bed partial collapse.68 After the fluctuation, the pressure
drop finally reaches a relatively stable state at a pressure equal
to the weight of the bed per unit area as the bed reaches the
expanded and fluidized bed regimes. For coarse particles (Fig-
ure 11b), the pressure drop becomes stable when the pressure
drop reaches the bed weight per unit area, and no significant
pressure drop fluctuation occurs before fluidization. It can be
seen that in fixed beds at the same gas velocity, the prolate

particles have the lowest pressure drop thus the highest bed
permeability. This is true for both particle sizes. The perme-
ability is closely related to the initial bed porosity and the void
connectivity. Although oblate particles have highest porosity,
lowest permeability is predicted; and spherical and prolate

particles with a 5 3.5 have similar initial bed porosities, but

prolate particles show better permeability. This is probably

because oblate particles can easily form closed voids due to

being wrapped by disc faces, while prolate particles tend to

form more open voids.
Minimum Fluidization Velocity. The minimum fluidiza-

tion velocity (Umf) is generally defined as the minimum gas

velocity at which the pressure drop through the bed is equal to

the bed weight per unit bed cross-section area. Below the min-

imum fluidization velocity, the gas will permeate although

channels between particles. The magnitude of Umf can be

determined based on the relationship between pressure drop

and gas superficial velocity shown in Figure 11.
Figure 12 shows the minimum fluidization velocity for dif-

ferent aspect ratios and particle sizes. It can be seen that the

minimum fluidization velocity increases exponentially with

the increase of particle size. The predicted results agree well

with the correlation of Baeyens and Geldart69 for three particle

shapes. However, for a certain particle size, the Umf of oblate

particles are the lowest, and prolate particles the highest,

except for coarse particles. This indicates that oblate particles

are easier to be fluidized than spheres. One possible reason is

that oblate particles can fly-like Frisbees in the fluidized bed.70

Conversely, prolate particles have higher Umf because elon-

gated particles are easy to form interlocks which hinder parti-

cle movement.
Figure 13 shows the effect of aspect ratio on the minimum

fluidization velocities. As illustrated in the figure, the Umf-

aspect ratio curves largely show a “W” shape, but there are

some differences for different particle sizes. For coarse par-

ticles, the two wings of the “W” are quite flat (Figures 13a, b),

and even moved downwards for coarse oblate particles (Figure

13a). The predicted results are compared with the experimen-

tal data using coarse acrylic ellipsoidal materials (see Figure

13a), showing a good agreement. This tendency is also con-

sistent with that of Zhou et al.22 However, with the particle

size decreasing, the wings of the “W” become upturned. For

example, for the very fine powders of diameter 25 mm (Figure

13d), the Umf of prolate particles with aspect ratio larger than

2.0 are much higher than near-spherical and oblate particles.

This is because that prolate particles have higher van der

Waals force than spheres at the same surface separation

Figure 11. Pressure drop–velocity curves for different
particle sizes and aspect ratios [(a) dp 5 50
mm and (b) dp 5 1 mm].

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Figure 12. Effect of particle size on the minimum fluid-
ization velocities (Umf).

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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distance or in contact (see Figure 1c). Also, prolate particles
tend to form interlocks in the packed bed, which requires
higher velocity to break. There are two obvious cusps at
a 5 0.75 for oblate and a 5 1.5 for prolate spheroids. This is
closely related to the initial porosity which also shows a “W”
shape with aspect ratio, as shown in Figure 2.

There are a number of correlations to predict Umf, as sum-
marized by Suksankraisorn et al.19 In these correlations, the

minimum fluidization velocity is a function of the particle den-
sity, size, fluid density, and viscosity. However, only a few of
these correlations include the effect of particle shape (aspect
ratio or sphericity). The Ergun equation48 is one of the few
correlations that link minimum fluidization void fraction, emf,
to particle sphericity, /. However, it can be seen from Figure
13 that the Ergun equation cannot predict Umf well for ellip-
soids, especially for prolate particles. Therefore, the modifica-
tion is made in this work based on the Ergun equation. Aspect

Figure 13. Effect of particle shape on the minimum fluidization velocities (Umf) [(a) dp 5 5 mm, (b) dp 5 500 lm, (c)
dp 5 50 lm, and (d) dp 5 25 lm].

Figure 14. Effect of Hamaker constant (Ha) on mini-
mum fluidization velocity (Umf) for different
aspect ratios (Ha 5 2.1 3 10221 J).

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Figure 15. Effect of particle shape on the minimum
bubbling velocities (Umb).

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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ratio, a, is used to represent the particle shape factor rather
than sphericity, /. The new correlation is given below

Umf5
ðqp2qgÞgemf

3:041a0:298dp
2:06

78:89ð12emfÞlg

(11)

As shown in Figure 13, the equation fits the simulation data
well. From the exponents of the correlation, it can be seen that the
effect of particle size on Umf overweighs that of particle shape.

Agbim et al.71 found that the presence of interparticle forces
suppresses bubbling in gas-fluidized bed. Pandit et al.72

reported that Umf is independent of interparticle forces while
Umb is increasing with increasing cohesive force. The bed
expansion is found to increase with increasing interparticle
cohesive force, but the expansion rate is independent of inter-
particle forces. The effect of Hamaker constant Ha on mini-
mum fluidization velocity Umf is examined in this work for
fine ellipsoids, and the results are shown in Figure 14. For
nearly spherical particles with aspect ratio between 0.75 and
1.5, with the increase of Hamaker constant, there is almost no
change in Umf, which is consistent with the findings of Pandit
et al.72 For very flat or elongate particles, however, Umf

increases significantly with Ha.
Minimum Bubbling Velocity. For Geldart A particles, there

is an interval of homogeneous expansion before the onset of
bubbling fluidization. The gas velocity where the heterogene-
ously bubbling structure appears is defined as the minimum
bubbling velocity (Umb), demarcating the homogeneous and
heterogeneous fluidization regimes. For large coarse particles,
no bubbles occur before the bed fluidized, and Umb equals Umf.

In physical experiments, there are several ways to determine
Umb, as discussed by Hou et al.20 The first method is based on
the direct observation that Umb is the velocity at which the first
bubble erupts at the free surface of the bed.7,16 The second
method is based on the expansion characteristics of fluidized
beds. Umb is estimated as the gas velocity at which the bed
height (or bed voidage) reaches a local maximum.17,18 The
third method is through the change of the spatial fluctuation of
expansion behavior, such as local porosity11 or pressure
drop11,68 of the bed over a range of gas velocities spanning
from the fixed bed state to the freely bubbling regime. Wang

et al.11 compared the different methods, and found that Umb

from method 3 is the highest, followed by method 1 and then

method 2. They concluded that the minimum bubbling veloc-

ity is overestimated using method 3 due to the gradual forma-

tion and growth of heterogeneous structures, where more and

more gas is preferentially passing the bed in the form of bub-

bles, and less gas passes through the emulsion phase, which

causes the contraction of emulsion phase and consequently the

occurrence of the bed contraction phenomenon. However, vis-

ual observation is always subjective because it depends on

how to exactly define a “clearly recognizable bubble.” There-

fore, in this work, the minimum bubbling velocity is deter-

mined when the DP-time curve starts to fluctuate. The

predicted results are then compared with the well-known

experimental correlation by Abrahamsen and Geldart.7

Figure 15 shows the effect of particle shape on the minimum

bubbling velocities of group A particles. It can be found that

although nonspherical particles have a lower Umf, a higher Umb

is predicted compared with spherical particles for different par-

ticle sizes. This is possibly caused by the steric hindrance. That

is, a higher gas velocity is required for ellipsoidal particles to

trigger fluidization because it needs not only to break the inter-

locks, but also to make large space to rotate to their preferred

orientation.73 The predicted results of spherical particles agree

well with the correlation of Abrahamsen and Geldart.7

Figure 16 shows the effect of Hamaker constant Ha on mini-

mum bubbling velocity Umb. It can be seen that for different

aspect ratios, Umb increases markedly with Ha. It should be

noted that for the case of 2 Ha, some points are missing on the

curve. This is because at a gas velocity between 0.01 and

0.015 m/s, the beds are very difficult to fluidize, and expanded

bed can only form for nearly spherical particles. Moreover,

compared with Figure 14, the influence of Ha on Umb is more

obvious than on Umf. The range of bed expansion is increasing

with cohesive force, especially for nearly spherical particles.

This is consistent with the findings of Pandit et al.72

The ratio of minimum bubbling velocity to minimum fluidiza-

tion velocity, Umb/Umf, is another fluidization index, which gives

a measure of the degree to which the bed can be expanded uni-

formly.16 This ratio tends to be relatively high for Geldart Group-

A powders.74 The higher the ratio, the more gas a catalyst can

hold between its minimum fluidization and bubbling points.75

Figure 16. Effect of Hamaker constant (Ha) on mini-
mum bubbling velocity (Umb) for different
aspect ratios (Ha 5 2.1 3 10221 J).

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Figure 17. Effect of particle shape on the fluidization
index (Umb/Umf).

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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This index can vary from a ratio barely distinguishable from
unity to as great as two or so in special cases. With materials
such as fine cracking catalyst, the ratio is typically around 1.2.16

Figure 17 shows the effect of particle shape on the fluidiza-

tion index (Umb/Umf) of group A particles. Much lower fluidiza-
tion index is obtained for spherical particles. These results are
quite close to the simulated results of Hou et al.,20 but higher

than the predicted by the correlation of Singh and Roy.16 Spe-
cifically, for oblate particles of 50 and 100 lm, the fluidization
index increases significantly when aspect ratio reduces. This

indicates that oblate particles need a larger velocity range in the
expanded bed regime, and more bubbles can be held in the
disc-like particle systems. Oblate particles tend to pile up to

form enclosed voids. Therefore, to reach the fluidized bed
regime, the bed must first expand to make enough room for
bubbles to break the initial pileup state and trigger fluidization.
For even a smaller particle size (dp 5 25 lm), the minimum

bubbling velocities are quite close to each other for different
aspect ratios as shown in Figure 13, so the fluidization index is
mainly determined by minimum fluidization velocity. There-

fore, the fluidization index-aspect ratio curve shows a “M”
shape, corresponding to the “W” shape in Figure 13d. To be
specific, the aspect ratio for highest fluidization index is 0.5 for

oblate and 1.5 for prolate particles. When aspect ratio further
increases from 1.5, the fluidization indices decrease quickly.
This indicates that bubbles are difficult to be held in the bed.

After reaching the expanded bed regime, a small increase in gas
velocity will lead to the fluidized bed regime. Furthermore,
smaller particles have higher fluidization index, indicating that

smaller cohesive particles have worse flowability.

Conclusions

CFD–DEM approach has been extended in this work to
study the macro-scale flow behavior of fine ellipsoids in gas

fluidization. In addition to the normal contact forces, the van
der Waals force model is obtained from an interaction poten-
tial for ellipsoids to take into account the combined effect of
particle size, shape, and orientation on fluidization. The fol-

lowing conclusions can be drawn from this study:

� Agglomerates with different shapes can be observed in gas
fluidization of fine ellipsoids. The agglomerate size increases
with the decrease of particle size. For fine prolate spheroids,

“chain phenomenon,” as a special shape of agglomerates,
exists in both expanded and fluidized beds. The necessary
conditions for “chains” to form are: large enough van der

Waals force, elongated particle shape, particles velocities
largely in the same directions, and enough void space.
� In expanded bed, there is an obvious pressure drop fluctua-
tion before pressure drop levels off at bed weight per unit area,
as a result of the separation of the bulk into two parts and

descending impact of the upper part. The more the particles
are nonspherical, the higher the fluctuation amplitude. The fluc-
tuation amplitude of pressure drop in fluidized bed of ellipsoids

grows with particle size, but slightly varies with particle shape.
� The minimum fluidization velocity increases exponentially
with the increase of the particle size. The minimum fluidiza-
tion velocity vs. aspect ratio curves show largely a “W” shape;

with particle size decreasing, the wings of the “W” become
upturned, especially for the prolate particles, implying the poor
flowability of prolate spheroids. A modified correlation on

minimum fluidization velocity is obtained based on the Ergun
equation65 by considering the effects of both particle size and

shape. Consistent with Pandit et al.,72 for nearly spherical par-
ticles, minimum fluidization velocity is independent of van der
Waals force. But for very flat or elongated particles, minimum
fluidization velocity increases with Hamaker constant.
� A higher minimum bubbling velocity is predicted for ellip-
soidal particles, compared with spherical particles, because it
needs not only to break the interlocks among particles, but
also to make large space to rotate to their preferred orienta-
tion. Minimum bubbling velocity increases significantly with
Hamaker constant. Fluidization index increases with the

decrease of particles size. More bubbles can be held for disc-
like particles, but difficult for elongated particles.
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