W) Check for updates

Received: 7 December 2020
DOI: 10.1002/aic.17420

Revised: 31 May 2021 Accepted: 17 August 2021

AI(J:BIEJRNAL

PARTICLE TECHNOLOGY AND FLUIDIZATION

A CFD-DEM study of the solid-like and fluid-like states in the
homogeneous fluidization regime of Geldart A particles
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been debated. Recent experiments shed fresh insights that both a solid-like and a fluid-
like state exist. Herein, 3D computational fluid dynamics-discrete element method simu-

lations with the incorporation of interparticle van der Waals forces were performed for
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particle van der Waals forces that stabilize the bed to keep the bed stationary; while in
the fluid-like state, the interparticle van der Waals forces are dominated by the drag

force, and particles show global circulation. Both interparticle van der Waals forces and
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1 | INTRODUCTION

A typical gas-solid fluidized bed consists of a vertical vessel, a bed of par-
ticles, and a porous distributor at the bottom of the bed to feed gas that
exerts drag force on the particles. When the superficial gas velocity (Uy)
is lower than the minimum fluidization velocity (U,), the bed is operated
in the fixed-bed regime, and the particles in the bed behave solid-like,
that is to say, no particle movement can be seen. By increasing Ug above
Unns, the drag force becomes sufficient to balance the weight of particles,
and fluidization occurs. It is well known that fluidization behavior
depends much on the physical properties of particles employed. For
Geldart B and D particles, the bed bubbles immediately after Un,.* While
for Geldart A particles, there is an interval of homogeneous fluidization
regime, which is also called particulate fluidization or nonbubbling expan-
sion regime, between Uy, and the minimum bubbling velocity (Um,).* For
Geldart C particles, which are the smallest particles in the Geldart's classi-
fication diagram, the bed fluidizes poorly due to strong interparticle

cohesive forces compared to particle gravity.*

the former has an effect to widen the solid-like state.

CFD-DEM simulation, Geldart A particles, homogeneous fluidization, interparticle van der
Waals forces, solid-like and fluid-like

The interval of homogeneous fluidization of Geldart A particles is
of great relevance: for fundamental research, it is an ideal case to
study the instability and the origin of mesoscale structures in fluidized
beds?; for industrial applications, it is the optimal regime for particles
to flow in the standpipe to ensure smooth circulation of particles in a
reactor-regenerator system.® Therefore, the physical origin of homo-
geneous fluidization of Geldart A particles has been studied for a long
time.* Some attributed the stability of uniform suspensions in homo-
geneous fluidization to the effect of interparticle forces. For example,
Menon and Durian® measured velocity fluctuations of particles using
diffusion-wave spectroscopy to be essentially O during homogeneous
fluidization, which led them to conclude that the state of homoge-
neous fluidization is actually solid-like where the enduring contacts
make particles stay at rest. Rietema’ suggested that the concept of an
effective elastic modulus can keep the bed surface stable when the
homogeneously fluidized bed is tilted, such that the surface tilts with
the bed. Such effective elastic modulus could be related to the

mechanical structure induced by the interparticle forces such as
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cohesion and friction.” Conversely, some other researchers sought a
purely fluid dynamic explanation. For example, Cody et al.®2 measured
the velocity fluctuation of particles using an acoustic shot noise probe,
and found that the average velocity fluctuation of particles increases
linearly with the square of Ug, showing a fluid-like behavior. Garg and
Pritchett” reported in theoretical analysis that the stability of homoge-
neous fluidization can be predicted by adding a fluid dynamic force to
the particle linear momentum balance equation. Batchelor!® proposed
a predictive criterion for stability based on fluid dynamic consider-
ations and showed that the stability can arise from random fluctua-
tions in the particle velocity. The mechanism underlying the
homogeneous fluidization has since then become a matter of debate.
Later, by the addition of fumed silica nanoparticles, Valverde and
coworkers''~*® fluidized a commercially available xerographic toner
particle with the average diameter of 8.53 um, making them Geldart C
particles.! Due to the reduced cohesion between grains by the added
nanoparticles, the system exhibited a wide interval of homogeneous
fluidization with the ratio of U, to U,s about 40. Within such a wide
interval, the authors found that even during homogeneous fluidization
regime, both solid-like and fluid-like states can be distinguished. Very
recently, by increasing Ug using a stepwise method and keeping the
change in Ug in every adjustment small, Guo et al.t4
verified that for true Geldart A particles, both solid-like and fluid-like
states also exist even though the interval of homogeneous fluidization

experimentally

is much shorter (the ratio of U, to U for typical Geldart A particles
is 1-3%°). These observations imply that the stability of homogeneous
fluidization may have two distinct origins: one arising from inter-
particle forces in the solid-like state and one purely from fluid dynam-
ics in the fluid-like state.

However, limitations in the experimental measurements left open
questions about the apparent phenomenon:

1. Do particles far from the walls and bed surface move in the solid-
like homogeneous fluidization state?

2. Are interparticle forces necessary for the existence of both the
solid-like and fluid-like homogeneous fluidization states?

3. How do interparticle forces affect the transition between the
solid-like and fluid-like homogeneous fluidization states?

4. The effects of particle size and density on Uy¢ and U, are well
understood; how do these particle properties affect the transition
velocity between the solid-like and fluid-like homogeneous fluidi-
zation states if the ratio of interparticle forces to particle weight is

similar?

Question (1) stems from the fact that it is difficult to investigate
the particle motion in the interior of a 3D fluidized bed in experi-
ments. Questions (2)-(4) stem from the fact that corresponding exper-
imental work can be challenging because although some progress has
been made in adhesive force measurements by extracting roughness
parameters from atomic force microscope surface maps in recent

1617 obtaining accurate and in situ characterizations of inter-

years,
particle forces still remains a big challenge, let alone precisely tuning

the magnitude of interparticle forces.

Herein, we seek to address these questions by conducting computa-
tional fluid dynamics-discrete element method (CFD-DEM) simulations,
which can readily and directly incorporate realistic particle-particle (and
particle-wall) interactions. In such a way, interparticle forces can be
either turned off or on and can be tuned to have different magnitudes.
In particular, we considered cohesive van der Waals forces as the inter-
particle forces studied here. Although interparticle forces can also arise
from a variety of other sources, such as electrostatic forces, liquid bridg-
ing, and sintering, and all these forces may be encountered in fluidized
beds, the cohesive van der Waals forces are generally regarded as the
main forces that influence the fluidization behavior of Geldart A particles.
In fact, the transition from Geldart C to A and A to B particles has been
attributed to the relative magnitude of cohesive van der Waals forces as
compared to the magnitude of hydrodynamic forces and gravity.'® To
this end, full 3D CFD-DEM simulations with the considerations of van

der Waals forces were conducted in this work.

2 | SIMULATION METHOD

21 | Model equations

To carry out the CFD-DEM simulations, MFiX,*? an open-source CFD
software developed by the National Energy Technology Laboratory,
was used. In CFD-DEM, the hydrodynamics of gas phase is described
by the volume-averaged Navier-Stokes equations and computed on

an Eulerian grid with the cell volume of V_:

d(egp .
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where &g, pg, Pg, and t_ig are the gas-phase void fraction, density, pres-
sure, and local average velocity, respectively, Up is the particle veloc-
ity, B is the interphase momentum exchange coefficient, V,, is the
volume of a particle, N, is the total number of particles, and g is the
gravitational acceleration. Here, the gas flow is treated as compress-
ible, and the gas-phase density is calculated via the equation of state

of an ideal gas law:

7ng8
e~ RT, 3)

where M, and T are the mole weight and temperature of the gas
phase, and R is the gas constant. The stress tensor of the gas phase 7,

is calculated by assuming a Newtonian fluid:

—I
&

7o =g (Vg + va’é) —gﬂg (V)
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where y, is the viscosity of the gas phase and Tisan identity tensor.
In CFD-DEM, the particulate phase is represented by N, spherical
particles with the diameter of d,, and density of p,. The motion of each

particle is described by Newton's second law:

dx, -
ot~ Ue (5)
du [ -
mpd_;):mpg+Fc+dew+Fd (6)
do, =
DW_TD (7)

where m, is the mass of the particle, ?p is the particle position, Fc,
Evdw, and Ed are the net contact force due to particle contact with
walls and neighboring particles, the net van der Waals forces arising
from particle-particle and particle-wall interactions, and the drag
force exerted by surrounding gas phase, respectively, I, is the moment
of inertia of the particle, w, is the particle angular velocity, and ?p is
the sum of all torques acting on the particle.

The particle contact force from particle-particle or particle-wall
collisions is obtained from a soft-sphere model, in which a linear
spring and a dashpot are used to formulate the normal contact force,
while a linear spring, a dashpot, and a slider are used to compute the
tangential contact force. Five parameters, including the normal and
the tangential spring coefficient (k, and k), the normal and the tan-
gential damping coefficient (4, and 7, and the friction coefficient (x),
are necessary inputs to calculate the particle contact force. Among
these five parameters, the tangential collisional parameters are related
to the normal collisional parameters,”2° wherein ky/k, = 2/7 and n/
nn = 1/2, and the normal damping coefficient is related to the normal
restitution coefficient (e,). The values for the normal and tangential
particle-particle collisional parameters are the same as those for
particle-wall collisions.

The interparticle van der Waals forces between two arbitrary
spheres, a and b, with the radius of r, and r,, are calculated from the

model developed by Rumpf??:

= A 1 1
Fugwab = 1252 <1+:ab+(1+rﬂ)2) (8)
asp B

where A is the Hamaker coefficient, a constant depending on the
material properties, s is the distance between the surfaces of the
spheres, r,, is the radius of the asperity, and r,, is the average particle

radius:

214ty
ab =
rg+rp

)

Note that Equation (8) exhibits an apparent numerical singularity
when the distance between two spheres approaches 0. To avoid this,

a minimum cutoff separation distance (smin) is used, below which the

AI?BIl:'J R NALJLHS

interparticle van der Waals forces are assumed to be the force experi-
enced at sp,in. Also, it is obvious that van der Waals forces drop rapidly
with increasing separation distance. Therefore, a maximum cutoff sep-
aration distance (smay) is used, beyond which the van der Waals forces
are ignored.

The drag force on a particle exerted by the surrounding gas phase

is calculated by

Fa=—V,Vpg+pV, (tig — Uy ) (10)

where the first and the second terms on the right side represent the
effects due to pressure gradient and viscosity, respectively. Gidaspow

drag law?? is used to calculate the interphase momentum exchange

coefficient:
_ pelUg—U
15014 )ks | 4 75 o[~ £<0.8
£gd? dp
p
B= | 165 (11)
3¢ pg‘ug_up’€ 0.8
— - >
4° dy e
0.44 Re > 1000
Co= {24 (1 +O.15Re°‘687) Re < 1000 (12)
Re
Pgegdp ’ag - ap‘
Re——— 1= 7| (13)

Hg

where Cp is the drag coefficient and Re is the particle Reynolds
number.

2.2 | Input parameters
In CFD-DEM, the motion of each particle is tracked. Therefore, the
computing effort to simulate the same fluidized bed size used previ-
ously' to experimentally verify the existence of the solid-like and
fluid-like states for Geldart A particles, which includes over 1 billion
particles, is quite expensive, especially in the case that a variety of Uy
needs to be studied in this work (see later in Figures 6 and 7). To
greatly reduce the computing effort, a small 3D fluidized bed with the
width (L) of 3 mm, the depth (L,) of 1.2 mm, and the height (L,) of
12 mm was simulated. The same bed size has been used by Ye et al.2®
in a CFD-DEM simulation study, and has been proven to be able to
capture some typical features in the homogeneous fluidization regime
and capture the effects of particle and gas properties on U and Uy
Furthermore, additional simulations with increasing the bed depth to
be the same as the bed width (the number of particles and CFD cells
are increased accordingly) do not significantly affect the transition
between different states that will be shown in the following.

The simulated gas phase was air at room temperature and atmo-
spheric pressure with a viscosity of 1.8 x 107> Pa-s and a molar mass
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of 28.8 g/mol. The simulated particles had a density of 1290 kg/m?
and a diameter of 75 pm, well within the classification of Geldart A
group.® The total number of particles simulated was 36,260. A similar
CFD-DEM simulation work by Galvin and Benyahia?® that investi-
gated the effect of van der Waals forces on the fluidization of Geldart
A particles using MFiX was referenced to set the input parameters
associated with the interparticle van der Waals forces and the particle
contact force, including the Hamaker coefficient A, radius of asperity
Iasp» Minimum cutoff distance s, maximum cutoff distance sy, nor-
mal spring constant k,,, tangential spring constant ki, and friction coef-
ficient u, which have been listed in Table 1. Note that for a specific
coefficient, the value was set to be the same between particle-
particle and particle-wall interactions. It is also worth noting that eval-
uation of the interparticle van der Waals forces is sensitive to the
radius of asperity r.s,, the effect of which, however, is only crudely

|21

estimated in the used Rumpf model.“* According to the recent mea-

surements using atomic force microscope,'®”

Iasp is roughly at the
order of magnitude of 0.1 pm for Geldart A particles. Furthermore, it
was suggested that Geldart A particles with r,q, less than 0.01 pm can
be essentially treated as smooth, and only when r,;, is larger than 0.1
pum, can the surface asperities drastically influence the interparticle
van der Waals forces.?* Therefore, rasp Was set to 0.1 pm, following
Galvin and Benyahia.?°

In the base case, the Hamaker coefficient A and the friction coef-
ficient i were set to 1 x 1077 J and 0.2, respectively. To study the
effect of the van der Waals forces, in a set of cases, the Hamaker
coefficient was changed to 0J,1 x 1072°J,2 x 1072°J, 5 x 10729 J,
2 x 107 J, and 5 x 101 J from the base case. The friction coeffi-
cient was changed to 0, 0.1, and 0.3 from the base case to study the
effect of friction in the other set of cases. Furthermore, to verify that
the existence of the solid-like and fluid-like states in the homoge-
neous fluidization regime is not a particular case for the particles stud-
ied in the base case, four other Geldart A particles with varying
particle density or particle size (see later in Table 4) were also studied.
In these cases, the Hamaker coefficient was tuned to keep the ratio of
the interparticle van der Waals forces to particle weight (defined as
cohesive granular bond number, bond number for short, following Ye

1.2% and Galvin and Benyahia®® to characterize the strength of the

eta
interparticle van der Waals forces) in the fixed-bed regime at a similar
magnitude to that in the base case. The initial bed height was also
kept the same. Therefore, the number of particles is different among
the cases with varying particle size. Except these, all other settings

were kept the same.

2.3 | Procedure and initial conditions

The initial packed bed was generated by placing the particles uni-
formly at the sites of a cubic lattice in the bed region between 0 and
5.5 mm from the distributor and then setting U, to a value (2 mm/s)
lower than U, which causes particles to drop. Typically, the particles
can settle into a randomly packed state after 0.2 s, after which the

bed pressure drop remains a constant and the particles keep

stationary. The state at 0.5 s was then defined as the initial state,
where the bed is operated at fixed-bed regime. The average void frac-
tion and bed height of this initial state is 0.42 and 3.8 mm,
respectively.

In the CFD-DEM simulations by Ye et al.2® and Galvin and
Benyahia,2® to speed-up simulations, Ug was linearly increased
vs. time to examine the bed hydrodynamics at different Ug. Such
strategy is believed to influence the stability in the bed, as a pertur-

.2> showed

bation in U, holds for every time step. Also, Wang et a
that the unreasonable varying trend of U,,, with gas-phase viscos-
ity predicted by Ye et al.?® using the Ug linear-increasing strategy
can be corrected by using Ug step-increasing strategy, because the
former may produce a delay in the response of bed dynamics.
Therefore, in this work, Uy was increased step-by-step and the
increase of U, in every adjustment was kept small, typically as
0.25 mm/s, similar to that has been used in experiments.14 The sim-
ulations were run for 1.5 s for each U,. Such time is sufficient to
allow the bed to reach a steady state, as proven from the fluctua-
tion of the bed pressure drop. The data from the last 1 s were used
for statistical analysis. Besides the fluidization process, a de-
fluidization process was also performed in the base case, where Ug
was decreased from a high value (20 mm/s), in which the bed is

strongly bubbling, step-by-step to finally O m/s.

3 | RESULTS AND DISCUSSION

This section is organized as follows. First, the simulation results from
the base case are analyzed in detail. Then, the transition velocities
from cases with different Hamaker coefficients or different friction
coefficients from the particles studied in the base case are compared
to show the effect of van der Waals forces and friction on the range
of Ug in which different regimes exist. Finally, the simulation results
from cases with four different Geldart A particles are analyzed to

show the effect of particle density and particle size.

3.1 | Analysis of the base case

3.1.1 | Gas void fraction and particle velocity

Figures 1 and 2 show the distribution of gas void fraction and particle
velocity magnitude at different Uy in the fluidization process by
increasing U, step-by-step, respectively. Supporting Information
Figure S1 shows the equivalent plots to Figure 2, but for the results
obtained from the de-fluidization process by decreasing Ug step-by-
step. The snapshots shown in Figures 1 and 2, and Figure S1 corre-
spond to the instant at t = 1.5 s for each U,. More intuitive and infor-
mative presentations of Figures 1 and 2 are shown as videos in
Supporting Information Videos S1 and S2, respectively, in which a col-
lection of 100 snapshots taken in the last 1 s is included at each Ug. In
these plots and videos, along the side of the bed, a ruler in the unit of

m is placed to show the change of bed height.
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As can be seen from Figures 1 and 2, with the increase of Ug, four
different regimes can be clearly distinguished. At U; = 3 and 4 mm/s
(panel A), the bed keeps stationary, and the bed height remains con-
stant with the change of Ug from 3 to 4 mm/s, equal to the initial
packed bed height. Also, the particle velocity magnitude is essentially
0 m/s. These characteristics indicate that the bed is operated in the
fixed-bed regime. At U; = 5 and 6 mm/s (panel B), the bed height
begins to expand compared to in the fixed-bed regime, indicating that
the bed is already fluidized. With the increase of Ug from 5 to 6 mm/s,
the bed expansion is also increased. Due to a narrow bed width and a
convex parabolic gas velocity profile resulted from a no-slip wall
boundary condition (open pipe Re is at the magnitude of 1), the bed
surface is changed from nearly flat in the fixed-bed regime to convex
at the center in this regime. At the same time, the particle velocity
magnitude is still 0 m/s and shows no movement in the video. As a
result, the distribution of gas void fraction does not change with time
at a specific Ug. A further check indicates that particles in the interior
also do not move. This addresses open question (1) mentioned in the
Introduction section, confirming that this state is truly solid-like. At
Ug = 8 and 9 mm/s (panel C), the bed expands further. But different
from at Ug = 5 and 6 mm/s, the videos of both the gas void fraction
and particle velocity magnitude show that the bed is released from a

frozen state, and behaves like a fluid, in which particles display global

TABLE 1  Parameters used in the

Quantity
base case

System geometry
Number of CFD cells
Gas temperature
Gas mole weight
Gas viscosity

Gas constant
Number of particles
Initial bed height (m)
Particle diameter
Particle density
Friction coefficient
Hamaker coefficient

Radius of asperity

AI?BIl:'J R NALJLHS

circulation. From the video of the gas void fraction, it can be seen that
some small and short-lived gas voids are formed and moving in the
bed. Although looking like gas bubbles, these gas voids should not be
identified as bubbles, since (1) these void structures contain much
more particles than gas bubbles (the gas void fraction in these gas
voids is typically much smaller than 0.8), (2) these void structures dis-

12.26 and (3) the rupture of these gas voids at the bed

appear quickly,
surface occurs in a gentle manner, without the capacity of gas bubbles
to break through in a manner which makes the bed surface oscillate
violently. Upon further increasing Ug to 12 and 13 mm/s, clearly rec-
ognizable bubbles with a void fraction larger than 0.8 can be seen,
and the bubble size increases with increasing Ug. Furthermore, the
rupture of gas bubbles makes the bed surface fluctuate violently. Both
characteristics feature naturally in the bubbling fluidization regime.
Overall, the gas void fraction is nearly uniformly distributed in the
bed at Ug = 5, 6, 8, and 9 mm/s, and there are no obvious gas bubbles
at these values of Ug. Therefore, the bed should be regarded as being
operated in the homogeneous fluidization regime. However, the fluidi-
zation characteristics are different between panels B and C in Fig-
ures 1 and 2 (or Videos S1 and S2): panel B displays a solid-like
behavior, in which the bed remains static, although bed is expanded
compared to fixed bed; panel C shows a fluid-like behavior, in which

dynamic gas voids and particle movement can be seen. These

Minimum cutoff distance
Maximum cutoff distance
Normal restitution coefficient
Normal spring constant
Tangential spring constant
CFD inlet boundary condition
CFD outlet boundary condition
CFD wall boundary condition
CFD time step

DEM time step

Gravitational acceleration

Symbol Unit Value

Lex Ly, xL, mm 3x12x12

Ny x Ny x N, - 12 x 5 x 48

Te K 293.15

Mg g/mol 28.8

e Pas 1.8 x 107°
J/(mol K) 8.314

Ny - 36,260

Hg mm 3.8

d, pm 75

Po kg/m?® 1290

H - 0.2

A J 1x 10"

Fasp pm 0.1

Smin nm 0.4

Smax pm 20

en - 0.9

kn N/m 7

ke N/m 2

- - Fixed Ug

Atmospheric pressure

- - No slip
dtcrp s 1x10°°
dtpem s 1x10°°
3 m/s? 9.81
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observations are in good agreement with those reported in experi-
ments from Valverde et al.1*"* for modified Geldart C particles and
Guo et al.* for conventional Geldart A particles. This similarity to
experimental results provides confidence that CFD-DEM simulations
reproduce the physics of the existence of both the solid-like and fluid-
like states in the homogeneous fluidization regime for Geldart A parti-
cles, and thus CFD-DEM simulations can provide further insights into
the mechanisms underlying these two states. In the following context,
the solid-like and the fluid-like state in the homogeneous fluidization
will be termed as “solid-like homogeneous fluidization regime” and
“uniform nonbubbling fluid-like fluidization regime,” respectively, to
keep consistent with previous experimental works.*"*4

At the same U, as in Figures 1 and 2, but in the de-fluidization pro-
cess, the same particle dynamics and bed expansion characteristics in the
solid-like homogeneous fluidization regime and uniform nonbubbling
fluid-like fluidization regime are also observed, as shown in Figure S1.

Previous researchers have found that for Geldart A particles, gross cir-
culation of particles is displayed in the absence of obvious bubbles.!
Figure 2C and Video S2C also confirm that particle global circulation pre-
vails in the uniform nonbubbling fluid-like fluidization regime. Further-
more, Figure 3 shows the time-averaged particle velocity field (first row),
given by green arrows, in the bed height between 0 and 4.5 mm from the
distributor at Uy = 8 and 9 mm/s. Interestingly, a pair of counter-rotating
convection rolls of equal size is observed. Such convection pattern is very
similar to previously reported wall-driven convective motion in granular

(A) & (B)

0.0005
0

3 mm/s

[
4 mm/s 5 mm/s 6 mn/s
Solid-like homogeneous

fluidization regime

Fixed-bed regime

FIGURE 1

©).

3 mm/s

4 mm/s 5 mm/s 6 mm/s

Solid-like homogeneous

Fixed-bed regi
1xed-bed regime fluidization regime

C 0012
( )00”5

8 mm/s

fluid-like fluidization regime

systems under vibration.?” The underlying mechanisms of the convection
pattern in Figure 3 should be also induced by wall friction. In addition, the
second row in Figure 3 shows that the vertical gas velocity is higher in the
middle region than in the near-wall region. These effects make the parti-
cles near the bottom move upward from the middle zone while particles
near the top of the bed move downward along two sidewalls. Additional
simulations increased the bed depth to be the same as the bed width,
increasing the number of particles to 95,830. These simulations also show
similar patterns in terms of particle convection and vertical gas velocity
distribution, as shown in Supporting Information Figure S2. However, as
the wall friction effect can be less pronounced in a much larger system, it is
anticipated that the particle convection pattern may be changed according
to the system size. Furthermore, the system geometry and 2D vs. 3D
nature may also play a role. It is noted that the particle convection pattern
reported here is different from that reported in a previous 2D CFD-DEM
simulation study.?® Nevertheless, these patterns give clear evidence of
global circulation of particles in the uniform nonbubbling fluid-like fluidiza-
tion regime without obvious bubbles.

Although both the modified Geldart C particles*? % and conven-
tional Geldart A particles’* were experimentally validated to show
both the solid-like and fluid-like states in the homogeneous fluidiza-
tion regime, they show some different characteristics. In particular,
the modified Geldart C particles undergo a dynamic aggregation

12,29,30

process, while for Geldart A particles, it has been questioned

for long whether or not aggregates are present in the homogeneous

. |
Gas

void fractiom

.0,37

J o
8 mm/s 9 mm/s 12 mm/s 13 mm/s
Uniform nonbubbling Bubbling fluidization
fluid-like fluidization regime regime

Distribution of gas void fraction in the bed at different Uy in the fluidization process

(D)

l 0.02

Particle
velocity magnitude

(m/s)
i

9 mm/s
Uniform nonbubbling

12 mm/s

13 mm/s

Bubbling fluidization
regime

FIGURE 2 Distribution of particle velocity magnitude at different Uy in the fluidization process
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fluidization regime.31%2 By using the sedimentation model originally
developed for the modified Geldart C particles,?**° Guo et al.}* esti-
mated that the possible aggregate size in the bed of Geldart A parti-
cles is similar to the particle size, that is to say, different from the
modified Geldart C particles, Geldart A particles do not display aggre-
gation structures in the homogeneous fluidization regime. From Video
S2, it can be seen that indeed the particles fluidize individually in the
uniform nonbubbling fluid-like fluidization regime. Furthermore, an
inhomogeneity factor based on the scalar variance of particle volume
fraction, originally used to characterize the extent of subgrid meso-
scale structures in coarse-grained simulations in the field of drag cor-
relation development,®>* is introduced to calculate the uniformity of
the distribution of particles. The definition of the inhomogeneity fac-
tor (H;,) is shown in Equation 14, where the brackets, (-), denote an

ensemble average (averaged over all cells below the bed surface).

Jla-e—(a-a)P?)
<(1—5g)>

Hin = (14)

Typically, in a coarse grid, H;, takes a value between 0 and 1.32

A value of O implies a homogeneous subgrid structure, and

FIGURE 3 (First row) Time-
averaged particle flow field given
by green arrows and (second row)
time-averaged vertical gas
velocity in the uniform
nonbubbling fluid-like fluidization
regime in the fluidization process:
Ug = (A) 8 mm/s and (B) 9 mm/s
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increasing H;, from O indicates an increasingly inhomogeneous sub-
grid structure. By analyzing the time-averaged data for a certain Ug
in the uniform nonbubbling fluid-like fluidization regime, it is calcu-
lated that H;, lies around 0.01-0.02 (see Supporting Information -
Table S1), demonstrating that particles are uniformly distributed in
the bed. As a comparison, H;, increases with Ug and attain values
larger than 0.1 in the bubbling fluidization regime when there are
gas bubbles in the bed. The magnitude of H;, in the uniform non-
bubbling fluid-like fluidization regime does not change significantly
within different simulation cases with different Hamaker coeffi-
cient, friction coefficient, particle size, or particle density. There-
fore, particles are not likely aggregated in the uniform nonbubbling
fluid-like fluidization regime, although the interparticle van der
Waals forces are turned on (the magnitude of the interparticle van

der Waals forces will be discussed in the following).

3.1.2 | Granular temperature

Figure 4 shows the distribution of granular temperature (6,), which
characterizes particle velocity fluctuations, in the bed at different U,.
The pattern shown in Figure 4 is at the instant of 1.5 s for different Ug

0.006

Particle
velocity magnitud
(m/s)

0.02

Particle
velocity magnitud
(m/s)

0.01
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and is the representative for a certain Ug. The granular temperature
was calculated in each CFD cell as:

_ Opx+6py+6p;

[ 3

(15)

Opi = (uni — (t01))*) (16)

Simulation results show that granular temperature is 0 m?/s? in the
fixed-bed regime and solid-like homogeneous fluidization regime. This
is expected since the particle velocity magnitude is also O, as shown in
Figure 2. In the uniform nonbubbling fluid-like fluidization and bub-
bling fluidization regimes, granular temperature is larger than O and
increases with U,. These differences further strengthen the separation
in flow behavior between the solid-like homogeneous fluidization and
uniform nonbubbling fluid-like fluidization regimes. The value of
0 granular temperature everywhere in the solid-like homogeneous flu-
idization regime is similar to the experimental measurement results in
the homogeneous fluidization regime by Menon and Durian® using
diffusing-wave spectroscopy. The nonzero granular temperature that
increases with Ug in the uniform nonbubbling fluid-like fluidization
regime is similar to the experimental measurements using an acoustic
shot noise probe by Cody et al.2 These results suggest that previous
studies only focused on a certain regime of homogeneous fluidization.
A possible reason is that in these studies, although U, was adjusted
step-by-step, the change of Uy in every adjustment was relatively
large as compared to the previous experiments by Guo et al.'* and
the simulations conducted here. So, these studies may have missed
the full spectrum of particle behavior in the homogeneous fluidization

regime, which should include both a solid-like and a fluid-like state.

3.1.3 | Force analysis
Figure 5 shows the distribution of the ratio of the interparticle van
der Waals forces to particle weight (first row), the ratio of vertical par-
ticle drag force to particle weight (second row), and the ratio of verti-
cal interparticle van der Waals forces to vertical drag force (third row)
in the bed at the instant of 1.5 s for different U in the fluidization
process, providing a representative snapshot for each value of U,.
Supporting Information Figure S3 shows the equivalent plots to
Figure 5, but for the results obtained in the de-fluidization process.
With a Hamaker coefficient of 1 x 10~ J used in the base case, the
bond number is in the range between 0 and 10, with 80% lower than
5.6, similar to the magnitude used in previous CFD-DEM simulations
of Geldart A particles.2%2® Also, such magnitude is in accordance with
the postulate that for Geldart A particles, the interparticle van der
Waals forces are slightly larger or at the comparable magnitude with
particle weight.1:3%-35

It can be seen from Figure 5 and Figure S3 that in the fixed-bed
regime, over half number of particles have a bond number around
5, while the vertical drag force of all particles is lower than the particle

weight. As a result, the bed keeps stationary and the bed height does

not expand. In the solid-like homogeneous fluidization regime, the dis-
tribution of the bond number is similar to that in the fixed-bed regime,
which has an effect to stabilize the bed and make the bed stay at rest.
At the same time, the vertical drag force of some particles is larger
than the particle weight, which has the effect to fluidize the bed. As a
result, the bed expands to a higher height, but remains solid-like after
reaching a steady state. As compared to the solid-like homogeneous
fluidization regime, in the uniform nonbubbling fluid-like fluidization
regime more particles have a vertical drag force larger than the parti-
cle weight, and the bond number greatly drops with about half of the
particles having O interparticle van der Waals forces. The decreased
interparticle van der Waals forces allow the particles to move, but the
magnitude of the drag force is not strong enough to form an obvious
bubble. Therefore, the bed displays a fluid-like state with small gas
voids. In the bubbling fluidization regime, the interparticle van der
Waals forces vanish for most of particles, and the vertical drag force is
enhanced. Large bubbles are formed in this regime.

The third row of Figure 5 and Figure S3 shows the ratio of verti-
cal interparticle van der Waals forces to vertical drag force. The
results demonstrate that, in the solid-like homogeneous fluidization
regime, the vertical interparticle van der Waals forces of most parti-
cles are larger than vertical drag force, showing that this state is domi-
nated by the interparticle van der Waals forces, similar to in the fixed-
bed regime. In contrast, in the uniform nonbubbling fluid-like fluidiza-
tion regime, more particles have larger vertical drag force than vertical
interparticle van der Waals forces, showing that this state is domi-
nated by the drag force, similar to in the bubbling fluidization regime.
This analysis confirms the physical mechanisms proposed in prior

experimental studies.” %34

3.14 | Bed height and pressure drop profiles

Figure 6 shows the bed height and its standard deviation as a function
of Ug in both the fluidization and de-fluidization processes. The bed
height was calculated using a way similar to that has been used by Ye
et al. 28 At first, the bed was divided into five subregions along the x (i.-
e., width) direction. Then, the z (i.e., height) coordinate of the 98th
percentile highest particles in each subregion was identified. The aver-
age height of all the subregions and averaged over the time in the last
1 s was determined as the bed height at a certain U,. Figure 7 shows
the bed pressure drop normalized by the particle weight per unit
cross-sectional area (dp,) and the standard deviation of the bed pres-
sure drop as a function of Uy in both the fluidization and the de-
fluidization processes. The marked transition velocities between dif-
ferent regimes in Figures 6 and 7 are identified from visual inspection
of the bed in the fluidization process as follows.

The following trends and demarcations are seen for the increasing
gas velocity curves: Uy is the first Ug at which the bed begins to
expand and a significant value of standard deviation in bed height is
observed. U is also the point when a peak is observed in the pres-
sure drop and the lowest U, at which a significant standard deviation

in pressure drop is observed. At Uy, the normalized bed pressure
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FIGURE 4 Distribution of granular temperature in the bed at different Uy in the fluidization process
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FIGURE 5 Distribution of (first row) the ratio of the interparticle van der Waals forces to particle weight, (second row) the ratio of the
vertical drag force to particle weight, and (third row) the ratio of the vertical interparticle van der Waals forces to vertical drag force in the bed
and at different Uy in the fluidization process
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drop attains a value larger than 1, that is to say, a pressure overshoot
is seen. It has been found that both friction and interparticle cohesive
forces are responsible for this overshoot,?*?® as also shown later in
Supporting Information Figures S6 and S8. The critical velocity
between the solid-like homogeneous fluidization and uniform non-
bubbling fluid-like fluidization regimes, U,, is the first Uy at which the
particles keep moving in the simulated 1.5 s; this corresponds to
another spike in the standard deviation of bed height and pressure

drop. Above U, the normalized pressure drop stabilizes around a

value of 1. Uy, is the first Ug at which obvious gas bubbles with gas
void fraction larger than 0.8 appear®”; this is marked by a further
increase in the standard deviation of pressure drop and bed height,
while the bed height increases steadily and the normalized pressure
drop remains constant at 1.

The following trends and demarcations are observed in the
decreasing gas velocity curves: Near U,,,, there is a sudden decrease
in the standard deviation of bed height and pressure drop as gas

velocity is decreased, while pressure drop remains constant at 1 and
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bed height decreases gradually. The sudden decrease in standard
deviation can be attributed to the fact that bubbles cause significant
fluctuations in pressure drop and bed height. Decreasing gas velocity
below U, causes normalized pressure drop to start decreasing gradu-
ally below 1. This trend can be attributed to the fact that below U,
particle weight is no longer fully supported by drag, but rather part of
it is supported by the walls and particle contacts. The standard devia-
tion in pressure drop also decreases sharply near U.. The bed height
continues to decrease as gas velocity is decreased surrounding U,
while the standard deviation in bed height decreases sharply near U..
These decreases in standard deviation can be attributed to the fact
that particle motion without bubbles also creates fluctuations in pres-
sure drop and bed height, although not as significant as fluctuations
produced by bubbles. As gas velocity is decreased below U, normal-
ized pressure drop begins to decrease more sharply, while bed height
begins to decrease more gradually. The sharper decrease in pressure
drop can be attributed to the fact that the bed is no longer signifi-
cantly expanded in the fixed-bed state, and thus it has a lower perme-
ability to gas flow. No significant changes in the standard deviation of
bed height or pressure drop are observed in decreasing the gas veloc-
ity below U,

The different evolution of the bed height and normalized bed
pressure drop profiles between the fluidization and de-fluidization
processes can be attributed to the hysteresis effect.>?° Clearly in Fig-
ures 6 and 7, the hysteresis effect is only evident in the fixed-bed and
solid-like homogeneous fluidization regimes, where the bed height is
higher in the de-fluidization process than in the fluidization process
and the normalized bed pressure drop curve during de-fluidization lies
well below that for fluidization. In contrast, both the bed height and
normalized bed pressure drop profiles almost coincide between the
fluidization and de-fluidization processes in the uniform nonbubbling
fluid-like fluidization and bubbling fluidization regimes. This occurs
because in the fixed-bed and solid-like homogeneous fluidization
regimes, particles have enduring and strong interparticle van der
Waals forces (see Figure 5), which exert more flow resistance in the
fluidization process than particles settling in the de-fluidization pro-
cess. In contrast, in the uniform nonbubbling fluid-like fluidization and
bubbling fluidization regimes, the interparticle van der Waals forces
are no longer pronounced and particles are nearly free floating in the
bed, which makes a similar flow resistance between in the fluidization
and de-fluidization processes. Therefore, U, also corresponds to the
point where the hysteresis effect first appears. Although Ug is
increased linearly in the CFD-DEM simulations by Galvin and
Benyahia,?° it is noted that their results also show a similar hysteresis

effect for the bed pressure drop profile.
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In total, the increasing and decreasing gas velocity curves for
pressure drop, bed height and their standard deviations provide a
method for demarcating between different fluidization regimes and
insights into the difference in the physics of the different flow
regimes.

Nevertheless, it is noted in Figure 6 that the bed height in the flu-
idization process increases monotonically with Uy once Uy is larger
than U As a result, the so-called bed contraction phenomenon in
the vicinity of Uy, which is well-documented for Geldart A

123637 is not captured in the simulations. Wang et al.?’

particles,
attributed the failure of CFD-DEM simulations to capture the bed
contraction phenomenon to the use of a small number of particles. In

1,%°> a pseudo 2D domain was simulated, in which 2D

Wang et a
governing equations were solved for the gas phase and 3D motion of
particles were tracked. It was found that the bed contraction phenom-
enon near U, can be captured only when the number of particles is
larger than 72,000. However, in the full 3D CFD-DEM simulation
study by Galvin and Benyahia,?® the bed contraction phenomenon
was still not captured even though the number of simulated particles
is larger than 90,000. Our additional simulations with increasing the
bed depth to be the same as the bed width, in which the number of
simulated particles is 95,830, also show a monotonic increase of bed
height with Uy in the fluidization process when Uy is larger than Up¢
(see Supporting Information Figure S4). To find the number of parti-
cles that is necessary to capture the bed contraction phenomenon in
the full 3D CFD-DEM simulations, we have run extra simulations by
increasing the simulated bed size and increasing the number of parti-
cles accordingly. In these simulations, only a few values of U, close to
Ump Were considered to save computing time. Only a case that con-
tained more than 200,000 particles was able to predict the bed con-
traction phenomenon near U,,. However, such greatly increased
computing effort is quite expensive for this study, because the aim is
to investigate in detail the transition between different fluidization
states by increasing or decreasing U, step-by-step and keeping the

change in every adjustment small, in which many values of Uy need to

be examined.

TABLE 3 Effect of the friction on transition velocities
u 0 0.1 0.2 0.3
Bond number 0 0-5.6 0-5.6 0-5.6
Ut (mm/s) 2.6 4 4.5 475
Uc (mm/s) 2.6 6.5 6.25 6.25
Upmp (Mm/s) 9.75 10 10.5 10.75

TABLE 2 Effect of the interparticle van der Waals forces on transition velocities
A() 0 1x 10°2%° 2x10°% 5x107%° 1x 107 2x10°% 5x 107"
Bond number 0 0-0.6 0-1.1 0-2.8 0-5.6 0-11.2 0-28.1
Ut (mm/s) 3.6 4 4 4 4.5 5 =
Uc (mm/s) 3.6 4 4.25 5.25 6.25 9.25 -
Upnb (mm/s) 10.25 10.25 10.25 10.25 10.5 11 -
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3.2 | Effect of interparticle van der Waals forces
and friction

To study the effects of interparticle van der Waals forces and friction
on the range of U in which different regimes exist, more simulations
were performed based on the base case. Note that while studying the
effect of interparticle van der Waals forces, the friction coefficient
was set to be the same as in the base case, and while studying the
effect of friction, the Hamaker coefficient was set to be the same as
in the base case. Variations in the interparticle van der Waals forces
and friction may be due to different surface properties that can be
caused by either different materials or by particles fluidized under dif-
ferent conditions, at different thermodynamic temperatures, for
example.®>3” While it is easy to turn off or on the interparticle van der
Waals forces and friction and tune their magnitudes in CFD-DEM sim-
ulations, doing the same can be greatly challenging in experiments
due largely to the difficulties associated with the characterization of
both the interparticle van der Waals forces and friction.

Tables 2 and 3 summarize the identified transition velocities in
these cases from visual inspections detailed in the last section. Fur-
thermore, Figures S5 and Sé6 show equivalent plots to the fluidization
curves in Figures 6 and 7, respectively, for results obtained from simu-
lation cases with different Hamaker coefficients, and similarly,
Figures S7 and S8 show results from cases with different friction coef-
ficients. The bond number in Tables 2 and 3 (and further in Table 4)
represents the value owned by at least 80% of the particles. It can be
seen that when the interparticle van der Waals forces are turned off,
the bed still displays an interval of homogeneous fluidization,
matching previous CFD-DEM simulations of Kobayashi et al.%® and Ye

.28 Some experimental works>’ also reported that there is a very

eta
short but still visible interval of homogeneous fluidization for Geldart
B particles,! although the interparticle van der Waals forces are gener-
ally accepted to be unimportant for this type of particles.>*® Further-
more, according to practical experience, U, is often slightly larger
than Uy for Geldart B particles in real operations.*® We explain the
existence of such a homogeneous fluidization state when the inter-
particle van der Waals forces are off or unimportant to the fact that a
relatively small Ug is used in these states as compared to that which
can create obvious bubbles. For this low value of Ug, the drag force,

although it can make particles move in this state and spawn some

TABLE 4 Effect of the particle size and density on transition velocities

Particle size (um) 75 60

Particle density (kg/m®) 1290 1290

A() 1x10°% 5x 102

Bond number 0-5.6 0-5.5

Ups (Mm/s) 45 3

U (mm/s) 6.25 4.25

Unmp (mm/s) 10.5 9.25

Unnt.c (mm/s) 3.04 2.03

Unnb,c (mm/s) 6.96 5.57

small voids due to particle motions, is not large enough to create as
large bubbles as seen in the bubbling regime. However, without the
stabilization from the interparticle van der Waals forces, the simula-
tion results show that there is no solid-like homogeneous fluidization
regime, which means U, = U.. Only when the interparticle van der
Waals forces are at the similar magnitude to particle weight
(A 22 x 1072° J that corresponds to the bond number of ~1), can
the solid-like homogeneous fluidization occur. These analyses address
open question (2) mentioned in the Introduction section, indicating
that interparticle van der Waals forces are only necessary for the
solid-like homogeneous fluidization regime, but are not needed to
form the uniform nonbubbling fluid-like fluidization regime. Also, to
ensure the existence of the solid-like homogeneous fluidization
regime, the interparticle van der Waals forces must be similar in mag-
nitude to particle weight or greater, as seen in Table 2. With a further
increase of the interparticle van der Waals forces, U. obviously
increases due to the enhanced stabilization effect from the inter-
particle van der Waals forces, while U and U,,,, only slightly increase
when the interparticle van der Waals forces are sufficiently large.
Therefore, the interval of solid-like homogeneous fluidization regime
is widened and the interval of the uniform nonbubbling fluid-like fluid-
ization regime is narrowed by increasing the magnitude of inter-
particle van der Waals forces. In the literature, the weak dependence
of Umns and U, on the interparticle van der Waals forces was reported
by Ye et al.2® and Wang et al.,?> respectively. These qualitative ana-
lyses address open question (3) mentioned in the Introduction
section regarding the effect of interparticle van der Waals forces on
the transition between the solid-like and fluid-like homogeneous fluid-
ization states. The results indicate that the transition velocity, U,
obviously increases with the increase of interparticle van der Waals
forces, and unlike Un¢ and Uy, Uc showing a strong dependence on
interparticle van der Waals forces. When the interparticle van der
Waals forces are further increased to such a value that the bond num-
ber is larger than 15 for some particles (A = 5 x 1077 J), the bed dis-
plays the fluidization behavior of Geldart C particles,* showing that
gas flows try to escape from the bed by forming channels. It is there-
fore not practical to determine the transition velocities. Such magni-
tude of the bond number that shows the transition between the
fluidization behavior from Geldart A to Geldart C is similar to that in
the work by Ye et al.2

90 75 75
1290 1100 1500
1.712 x 107 8.53 x 107%° 1.156 x 107
0-5.6 0-5.6 0-5.6
6.75 4 5
10.25 5.75 7.5
12 10.5 10.75
422 2.62 3.50
8.35 6.96 6.96
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Regarding the effect of friction, Table 3 shows that friction is nec-
essary to fully exhibit the role of interparticle van der Waals forces in
the formation of the solid-like homogeneous fluidization regime. That
is to say, without either the interparticle van der Waals forces or the
friction, there would be only uniform nonbubbling fluid-like fluidiza-
tion regime in the homogeneous fluidization regime. Therefore, both
the interparticle van der Waals forces and friction are not necessary
for the existence of the uniform nonbubbling fluid-like fluidization
regime, strengthening that this regime occurs due to fluid dynamic
factors.2~1%14 With the friction on and increasing the friction coeffi-
cient from 0.1 to 0.3, both the U, and U, increase, in accordance
with previous conclusion draw by Galvin and Benyahia®® and Ye

et al,®

respectively. Nevertheless, at a certain magnitude of inter-
particle van der Waals forces, U, is not significantly affected by fric-
tion when the friction coefficient is increased from 0.1 to 0.3.

It should be stressed that the above insights regarding the effects
of interparticle van der Waals forces and friction on the transition
between the solid-like and fluid-like homogeneous states are new

because this is the first study that investigates these factors.

3.3 | Effect of particle size and density
To validate the universality of the existence of the solid-like and fluid-
like states for Geldart A particles in the homogeneous fluidization
regime, four other Geldart A particles with varying particle size or
density were also studied. Table 4 summarizes the particle properties
of all the five Geldart A particles. For these simulation cases, the
Hamaker coefficient was tuned such that the bond number is similar
to that in the base case with the particle diameter of 75 pm and the
particle density of 1290 kg/m?>. For a particle with a smaller weight,
the Hamaker coefficient needs to be also smaller. While it may be also
easy to change the particle size and density in experiments, tuning the
bond number effectively to be similar across different particles, how-
ever, is very difficult, highlighting the benefit of the current CFD-
DEM simulations. The results show that for all these five Geldart A
particles, both the solid-like and fluid-like states exist in the homoge-
neous fluidization regime, demonstrating that the analysis shown
before is not a particular case for the particles studied in the base
case, but should be general in the classification of Geldart A particles.
Table 4 summarizes the transition velocities between different
fluidization regimes for different particles identified from visual
inspections. Furthermore, Figures S9 and S10 show equivalent plots
to the fluidization curves in Figures 6 and 7, respectively, for results
obtained from simulation cases with different particles. Alongside the
values determined from simulations, U,s and Uy, calculated from the
empirical correlations (indicated as Unfc and Ump, respectively) of
Abrahamsen and Geldart,*®> as shown in Equations (17) and (18), are
also included in Table 4. It can be seen that U, and U, identified
from simulations are lower than those calculated from the correlations

1.2% Nevertheless,

for all cases, similar to the results reported by Ye et a
both the simulations and the correlations show that (1) U, increases

with the increase of particle size or particle density; (2) Uy, increases
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with the increase of particle size; and (3) the particle density has no
obvious effect on U For U, as a relatively new transition velocity
demarcating the solid-like homogeneous fluidization and uniform non-
bubbling fluid-like fluidization regimes, there is no correlation available
in literature. The simulation results show that U. increases with
increasing of particle size or particle density, similar to that for U
These results address open question (4) mentioned in the Introduction
section regarding the effects of particle size and density on U, if the
magnitude of interparticle forces normalized by particle weight is simi-
lar, which provide another new insight that has not been reported
before. The similarity between U+ and U, may derive from the fact
that U,,s indicates when the drag force overcomes the particle weight
and U, indicates when the drag force overcomes the interparticle van
der Waals forces.

10934
9 x 1074d;'8 [(/’p —pg)g}
Unmfc = pg.066 Mg.87 (17)
2.07d,p0%0¢
Umb,c :% (18)
Hg
4 | CONCLUSION

In this work, CFD-DEM simulations with the incorporation of inter-
particle van der Waals forces were performed for five typical Geldart
A particles in a small 3D fluidized bed. By increasing U, step-by-step
and keeping the increase in each adjustment small, bed structures in
the fixed-bed, homogeneous fluidization, and bubbling fluidization
regimes were investigated in detail. On the basis of analyzing the
change of gas void fraction, particle velocity, and granular tempera-
ture with time and analyzing the bed pressure drop and bed height
hysteresis effect against Uy, it is concluded that both a solid-like and a
fluid-like state exist in the homogeneous fluidization regime of
Geldart A particles, which is a successful reproduction of the recent
experiments. In the solid-like homogeneous fluidization regime, bed
height expands compared to in the fixed bed, but the bed keeps sta-
tionary like in the fixed bed. In the uniform nonbubbling fluid-like flu-
idization regime, bed height further expands, and at the same time,
particles keep moving, forming an overall circulation pattern. Some
dynamic gas voids are also formed in the uniform nonbubbling fluid-
like fluidization regime, but they are different from gas bubbles in the
bubbling fluidization regime for three aspects: (1) they contain a
higher volume fraction of particles, (2) they disappear quickly, and
(3) their rupture at the bed surface happens in a mild manner. The
force analysis indicates that the solid-like homogeneous fluidization
regime is dominated by interparticle van der Waals forces, while the
uniform nonbubbling fluid-like fluidization regime is dominated by
drag force. The same particle dynamics and bed expansion character-
istics in the solid-like homogeneous fluidization and uniform non-

bubbling fluid-like fluidization regimes are also shown in the de-
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fluidization process. The transition velocities between different fluidi-
zation regimes can be identified by visual inspections or by investigat-
ing bed pressure drop and bed height and their fluctuations as gas
flow is increased or decreased step-wise.

By changing the Hamaker coefficient and the friction coefficient,
the effect of the interparticle van der Waals forces and friction on the
range of Ug in which different regimes exist were investigated. Results
show that both the interparticle van der Waals forces and friction are
necessary for the existence of the solid-like homogeneous fluidization
regime. Otherwise, there would be only fluid-like state in the homoge-
neous fluidization regime, as can be seen from the simulation results
showing that fluid-like homogenous fluidization can occur without
van der Waals forces or friction. Increasing the interparticle van der
Waals forces has an obvious effect to increase U, while Uys and U,
are not significantly affected. Therefore, the solid-like homogeneous
fluidization regime is widened and the uniform nonbubbling fluid-like
fluidization is narrowed with increased interparticle van der Waals
forces. But larger van der Waals forces with the bond number larger
than 15 for some particles can make the bed behavior transit to
Geldart C. Increasing the friction can increase U,,s and U, but it does
not have obvious effect on U, at the magnitude of interparticle van
der Waals forces investigated here.

By changing particle size or particle density while keeping the
bond number similar via tuning the Hamaker coefficient, the effects
of the particle size and particle density on the transition velocities
between different regimes were investigated. Results show that
increasing particle size increases U, U, and Un,p,. Increasing particle
density increases U,s and U, but does not have a significant effect on
Umb, agreeing with empirical correlations. The similarity between U, ¢
and U, with the effects of particle size and particle density may derive
from the fact that U, indicates when the drag force overcomes the
particle weight and U, indicates when the drag force overcomes the
interparticle van der Waals forces.

Beyond reproducing the existence of the solid-like and fluid-like
states in the homogeneous fluidization regime of Geldart A particles
using CFD-DEM simulations, the benefits from CFD-DEM simulations
are the capabilities to identify the effects of interparticle van der
Waals forces, friction, particle size, and particle density on the transi-
tion between different fluidization regimes. Varying these parameters
systematically is greatly challenging in experiments due to the difficul-
ties associated with the characterizing and tuning the magnitude of
interparticle van der Waals forces and friction experimentally. While
the effects of different factors on Us and U, have been numerically
studied before, for example, in Galvin and Benyahia20 and Ye et al.,>®
the simulations here provide new insights on the effects of different
factors on the transition velocity U, between the solid-like and fluid-
like homogeneous states. However, one drawback of this study is the
small size of the bed and number of particles employed in the simula-
tions. Therefore, one cannot expect a good quantitative agreement
between the simulations and experiments, for example, as shown in
Table 4. Furthermore, the well documented bed contraction phenom-
enon near Uy, is not captured here due to small number of particles
simulated. The use of CPU-GPU cross-platform-coupled CFD-DEM,*!

for example, using the next generation of the MFiX code, MFiX-Exa,*?
which can be used to overcome the challenges of simulating millions
of particles, is highlighted for potential future work to address these

issues.
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