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The similar particle assembly (SPA) model proposed for large-scale discrete element
method simulation was validated. The SPA model describes the scaling law for the
motion of particles in an assembly, which is derived from the equation of motion of a
particle. In the SPA model, particles with similar physical or chemical properties are
represented by a single particle, which is called the representative particle. The local
assembly of particles in the original bed is supposed to be maintained in the bed with
the representative particles. The SPA model was validated by numerical simulations of
a 2D fluidized bed of noncohesive and cohesive particles. Using the SPA model, the
flow behavior of the representative particles of a certain magnification can be made
similar to that of the original particles with significantly less computational load. A
good approximation of bubble size distribution between the SPA bed and the original
bed was obtained. © 2011 American Institute of Chemical Engineers AIChE J, 58: 87-98,
2012
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Introduction

Although industrial processes that deal with particles and
powders are often beset by the innate problems caused by
the undesired behavior of particulate matters, significant pro-
gress in the numerical description of particulate systems has
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continued as a result of the development of the discrete ele-
ment method (DEM). The original DEM concept based on
the soft sphere contacts was derived by Cundall and Strack'
in the field of geomechanics. The DEM simulation technique
has gained serious attention from academia and has spread
through multiscale industries in which powder technology is
applied. The key feature of the DEM is the ability to account
for several realistic behaviors of particulate systems in nu-
merical analyses, for example, in agglomeration® and dust
removal.’ Following the work of Tsuji et al.,* several
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researchers have attempted to incorporate real-world prob-
lems that occur in industrial fluidization processes into DEM
simulations. These include cohesive forces, which mainly
cause agglomeration and/or clinker formation. Mikami et al’
developed a numerical simulation code called simulation of
agglomerating fluidization for industrial reaction engineering
(SAFIRE) whick took into account the liquid bridging force.
For metallic surface diffusion sintering, i.e., solid bridging
force, Kuwagi et al.® simulated the process of sintering agglom-
erates and defluidization using the relationship between the
neck growth time and the neck radius derived by Kuczynski.’
Cohesive forces are not the only cause of problems in
industrial processes that deal with particles and powders.
Rong and Horio® developed the SAFIRE Ver. 6 simulation
code for particle collision heat transfer and solid combustion.
They successfully analyzed the thermodynamic characteris-
tics and NO, emission of burning chars in a fluidized bed.
These studies and o‘[hers,g_11 have demonstrated the capabil-
ity of the DEM as a powerful tool for investigating practical
problems that occur in industrial particulate processes. How-
ever, a major hurdle exists for the large-scale application of
the DEM because a very limited number of particles are
considered in typical single-CPU simulation. A particulate
system usually contains a large number of ‘“‘elements” or
simply particles. In fact, for practical-scale reactors, a num-
ber of elements on the order of one billion is often required
to treat such systems in DEM simulations. If the detailed
behavior of the particles on such a scale is to be simulated,
then the complexity and volume of DEM analysis will create
bottlenecks in computer performance. Since the DEM is a
Lagrangian method that uses intensive procedures to track
every particle in the system based on Newton’s second law
of motion, the simulation of a large number of particles
would require an unacceptable computational time, which is
the most significant drawback of existing DEM methods.
With the exponential growth in computing perform-
ance,'"? supercomputers with parallel computing technol-
ogy can be used in the analysis of discrete particulate sys-
tems, in which a huge number of elements, i.e., particles,
can be treated. For example, Tsuji et al."* simulated more
than 4.5 million particles by parallel computing using 16
processors and reported the spontaneous structures in 3D
bubbling fluidization. Despite the remarkable capability of
the supercomputers, parallel computing may sometimes not
be adequate for handling the modeling of certain complex
configurations in fluid flow, which cannot be easily decom-
posed and executed efficiently by parallel computing.15 As
computer performance advances, a soft approach to large-
scale simulation problems should also be considered. How-
ever, what type of numerical algorithm should be developed?
For instance, if the particle phase is treated with the Eulerian
method, as in the case of a two-fluid model (TFM),16 the
computational load is not as high as that associated with the
DEM because the particle phase is independent of the num-
ber of particles. The direct simulation Monte Carlo (DSMC)
method is also a well-known approach for reducing the num-
ber of particles. However, due to inter-particle cohesion
forces, it is difficult to treat the primary problems, such as
the agglomeration, using the TFM or by the DSMC method.
A number of models for the DEM have been derived for
the simulation of a large number of particles. Kazari et al.'”
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proposed similarity conditions for particle motion and car-
ried out simulations using particles of different diameter to
investigate their validity. However, good agreement was not
obtained for the pressure drop or the bubble behavior.
Sakano et al.'® derived a model called the imaginary sphere
model, in which an imaginary sphere with a greater diameter
and a lower density was compared with actual particles,
assuming a face centered cubic structure of particles. How-
ever, the bubble diameter obtained from the simulation using
the imaginary sphere model was smaller than the experimen-
tally obtained diameter. Moreover, it appears to be difficult
to apply the imaginary sphere model to realistic systems
because the meaning and validation of the assumed particle
structure in an imaginary sphere have not been clearly
described. Takeda and Horio'® proposed a hybrid model of
the DEM and the TFM. In the hybrid model, sample grids as
large as the grid of the TFM are introduced for DEM analy-
sis in computational cells to solve the average cell physical
quantities. Here, DEM simulation is performed using a sam-
ple grid with periodic boundary conditions to provide the av-
erage cell physical quantities and stress tensors due to con-
tact forces between particles. The most difficult problems
associated with the hybrid model are the treatment of cell
size in accordance with the bed expansion and the particle
acceleration in the periodic boundary conditions. Since the
hybrid model is currently still under development, its practi-
cal usefulness cannot be determined yet. Snider’ presented
a multiphase particle-in-cell (MP-PIC) method for dense par-
ticle flows in which solids pressure gradient is considered in
the particle equation of motion, instead of the collision
forces (soft-sphere and/or hard-sphere models). Particles
were implicitly coupled to the fluid phase where fluid mo-
mentum and pressure equations are implicitly solved. By
avoiding the implicit calculation of particle normal stress on
the grid using a subgrid particle, the method provides a fast
solution for a large particle population. However, Benyahia
and Galvin®' showed that large numerical errors are found in
the MP-PIC method and other methods that employing the
concept of computational parcel (contains set of particles
moving at the same velocity) while studying their time-aver-
aged flow variables.

To obtain a rational technique for dealing with large-scale
DEM simulation, a rigorously derived scaling law is pro-
posed. The present study incorporates a particle scaling law
in the governing equations of the DEM using the similar
particle assembly (SPA) model developed by Kuwagi et al.?
Sakai et al.”*** used coarse grain model for a large DEM
simulation in which particle—particle and particle-fluid inter-
action forces are based on the SPA approach. Moreover,
they described the modeling approach in rotational direction.
However, the deviations of coarse grain model on different
flow regimes are not reported.

Accordingly, the present paper describes a series of DEM
simulation results used to validate the applicability and lim-
its of the SPA model for the fluidization simulation of Gel-
dart’s Group A and Group D particles. The investigation of
fluidization behaviors for both the original system (without
the SPA model) and the system represented by the SPA
model are first described, followed by the bubble analyses,
which consider the variation of voidages around bubbles.
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Numerical Technique
Governing equations for DEM simulation

The most attractive feature of the DEM is the capability
to investigate phenomena that occur on the scale of single
particle, where the number of particles N, is the key factor
influencing the calculation speed. For large-scale simulation,
this will require DEM simulation to consume an enormous
amount of time due to the execution of numerous calculation
steps. To overcome this disadvantage, we attempt to use a
model that can reduce the number of particles without
severely altering the actual behavior, as if the simulation were
conducted using a large number of particles. The following dis-
cussion outlines the important equations required for DEM sim-
ulation, followed by the derivation of the SPA model.

General DEM simulation requires the motion of the fluid
(gas) phase to be solved using the locally averaged Navier-
Stokes equations.”” These equations describe the conservative
form for the mass and the momentum of the fluid. To express
the continuity equation for mass conservation, we write

9(epy)
ot

+ V(epsu) =0, (1)

where ¢ is the fluid voidage and u is the upward superficial
fluid velocity. The following equation denotes the momentum
conservation of fluid:

(e
% + V(epruu) = —eVp + Fr + epig 2

In the right-hand side of the above equation, F represents
the force acting on the fluid cell from the particles. On the
other hand, the particle motion is based on Newton’s equa-
tion of motion and is described using the Lagrangian
approach with two-way coupling between the fluid phase
and the particle phase. This equation takes the following
form:

T\ 4 T
Ppii (*dpm) =>_Fyi) + Fipiy + Py (*dpa))g + Feon
6 dr < o 6
3)

where pp; is the particle density, d;, is the particle diameter,
and i,j denotes the particle indices. For non-cohesive bed
operation, the equation of motion for each particle is balanced
by the contact force between two particles Fp;, the fluid-
particle interaction force F,;), and the gravitational force. The
contact force F,;;, between two contacting particles is defined
by the soft sphere model.! The contact force can be
decomposed into the normal force F,, and the tangential force
F,, as shown in the following equations:

dx,
F,=—k,x, — 4
Xn =M= “4)
dx
F, = —kwx — '77[[ ‘Ft‘<H|Fn| (5)

where x, and x, are the overlap distance between the
interacting particles, and k, and k, are the spring stiffness
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coefficients in the normal and tangential directions, respec-
tively. In addition, the viscous damping coefficient and the
friction coefficient are indicated by n and u, respectively. If
friction due to sliding occurs, the following equation should be
applied:

X
Ft:_.“|Fn|_l

] [Pl > bl (©)
t

The force caused by the tangential contact gives the parti-
cle a rotational motion. Thus, the torque balance equation
for the rotational motion of the particle can be given by

] —= =

o o @)

where [ is the moment of inertia and o is the angular velocity
of the particle. For cohesive bed operation, the equation for the
liquid bridge force® Fo, was added to the equation of motion
for particles in the following form:

~ F
Fogp = —2 ®8)
m'pyc

-~

F.,, is the dimensionless liquid bridge force and can be
defined as

F\coh = exp(Aﬁc + B) +C (9)

where A, B, C, and ﬁc are dimensionless parameters in the
function of dimensionless liquid volume, V. Simulation of the
liquid bridge force is based on the assumption that when a
particle contacts another particle, a thin bridge of liquid (water
in this case) with a given volume, V(= \71‘;) is immediately
formed at the contact point. Comprehensive details on the
liquid bridge force can be found in a study by Mikami et al.2®

-3
and others.>’°

Derivation of the SPA model

First, let us consider a bed of particles and name this bed
the original system, which contains original particles i of di-
ameter dp,, as shown in Figures la,c. These particles are
grouped together in which their size, density, and chemical
composition are similar. Their velocity and the direction of
motion are also similar. A representative system is a system
of particles, which contains a set of representative particles
i’ that are assumed to occupy an equal space (bed) size.
However, the representative system represents the perform-
ance or behavior of the original system but with fewer par-
ticles, as shown in Figure 1b,d. Here, it is assumed that par-
ticle i/, which corresponds to particle i, exists in the m times
larger system. If the voidage and the existence fraction of
the particle group are the same around particle i, the space
arrangement of the original system and that of the represen-
tative system become analogous, i.e., a similar particle as-
sembly model can be established.

Specifically, the behavior of the representative system is
similar to that of the original system in that the local assem-
bly of particles including local voidage and the coordination
of different particle species and velocity are similar between
the original and represented systems. Since the space
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m-times larger system

Original system

o e

SPA E
EETEEY =

Center of gravity of the original
particles of each group

Representative volume

Figure 1. Diagram of the scaling law for the similar
particle assembly (SPA) model.

occupied by n particles is represented by a representative
particle of group k, which moves together with the represen-
tative particle at the center of the represented volume, the di-
ameter of the space represented by particle i in group k can
be written as follows:

mdye = /n(dpk) (10)

Next, by considering that representative particle i/ has a
volume that is m times larger than the original particle i, the
following scaling equation can be obtained:

dy

(i") = mdp(,-) (1 1)

Here, the representative particle number is calculated to
be N, 13 times smaller the than original particle number. The
equation corresponding to Eq. 3 in the m times larger system
becomes as follows:

3 T B
o (5 4o )

ZF + Fiogry + 0y (23 )2
12)

Here, since the particle diameter has a major impact on
the hydrodynamic behavior of the particle, the scaling law
can be applied directly to particle—particle and particle-fluid
interaction forces, as shown below:

> Fyun + Fiypy =m (ZF (i) +Ffp> (13)

17y i

If dpy is used to calculate F ,, and Fp< " in Eq. 12, it
is difficult to obtain the equatlon 1)or F* ) and Fy @ that
satisfies Eq. 13. However, if dy, is usef(l Eq. 13 is easily
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satisfied. Then, if Eq. 13 is satisfied and the density of the
space represented by a representative particle is the same as
the original particle, i.e., ppiy = Ppei)» then the velocity con-
gruity can be established by further comparing Egs. 3 and
12 to obtain

Vi) = Y- (14)

Equation 14 indicates that the particle in the m times
larger system has a movement that is similar to the move-
ment of the corresponding original particles. Hence, the SPA
model assumptions between the original system and the sys-
tem represented by m times larger particles hold. Note that
the macroscopic fluidization behaviors of both the original
and representative particles systems are not analogous but
are congruent to one another with some difference in resolu-
tions, as shown previously in Figures la,b. Moreover, the
detection of contacts or collisions between particles is per-
formed using the diameter of the representative volume dy
to maintain realistic interactions between particles in the
SPA model. However, when we calculate particle-particle
F ;(l.,j,) and fluid-particle F;‘p(l.,> interaction forces, the physical
properties of the original particles must be used. This is the
most important feature of the present model. Furthermore,
the force acting on fluid F¢ becomes the same if the voidage
¢ is the same as that of the original system. As the SPA
model can be applied directly to every term in the equation
of motion for particle phase, many other models describing
the interactions between particle—particle and particle-fluid in
the DEM simulation can take this advantage. This includes
the cohesion (liquid bridge, van der Waals) force model, the
lubrication force model and heat transfer model. For 3D
SPA model, Kuwagi et al.>' conducted a DEM simulation
for a gas-particle dispersion system at high temperature and
successfully quantized the cohesive force between thermoset
particles.

Numerical Simulation Procedures
Analysis parameters

Validation of the SPA model is carried out in a series of
numerical simulations for 2D rectangle fluidized bed opera-
tion with both noncohesive and cohesive particles. For a
side-by-side comparison, the general formulation of the
DEM was used in the original particle system, whereas the
SPA model formulation was used in the representative sys-
tem with three and six times magnification. Particles belong-
ing to Geldart’s®> Group A (fine particles of 0.1 mm in di-
ameter) and Group D (coarse particles of 1.0 mm in diame-
ter) are chosen. First, the code for the SPA model was
obtained through the modification of the SAFIRE code.”®
Accordingly, the elastic repulsion force is expressed as Fp
using Hooke’s law, and the particle-fluid interaction force is
calculated using the Wen and Yu correlation™ for a dilute
suspension and the Ergun®* equation for a dense bed (¢ <
0.8). For the fluidization of cohesive particles, the dimen-
sionless constant parameter V was set to 1.0 x 107 to rep-
resent the volume of the liquid bridge, providing the equiva-
lent of 0.27 wt % water for the wet bed condition. In
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Table 1. Simulation Parameters

Parameter Group A Group D
Bed dimensions, W x H (m) 0.05 x 0.15 05 x 15
Particle diameter, d,, (mm) 0.1%, 0.37, 0.6* 0.1%, 3.0, 6.0%
Particle density, p, (kg/m®) 800 2650
Fluid superficial velocities, uy (m/s) 0.008(homogenous), 0.03(bubbling). ) 1.2
Particle number, Ny(-) 270,000%; 30,000*; 7,500%
Particle restitution coefficient, e (-) 0.9
Particle friction coefficient, u (-) 0.3
Spring constant, K (N/m) 800
Fluid density, p; (kg/m®) 1.15
Fluid viscosity, p (Pa s) 175 x 107°
Dimensionless liquid volume, V(-) 1.0 x 1072
Surface tension, y. (N/m) 0.073
Contact angle, 6, (rad) 0

*Original.
SPA - three times magnification.
*SPA - six times magnification.

addition, a dimensionless parameter called the critical rup-
ture distance /. controls whether the liquid bridge ruptures
or remains intact. If the liquid bridge remains intact, then
the liquid bridge force, as well as other cohesive forces (if
considered), contribute to the agglomerate build-up.

The total number of particles N, used to represent the
original systems of Geldart’s Group D and Group A is
270,000 particles. The corresponding representative systems
were constructed using three and six times magnification
based on the SPA model descriptions. This leads to a magni-
fication of the original d, from 1.0 mm to 3.0 and 6.0 mm
for Group D and from 0.1 mm to 0.3 and 0.6 mm for Group
A. The total particle number N, of the original system is
then reduced to 30,000 and 7500 particles with three- and
six-times magnification, respectively. For simplified notation,
the original system and the representative systems are here-
inafter referred to as the original bed and the SPA bed(s),
respectively. Further details regarding the numerical simula-
tion parameters are listed in Table 1. The parameters associ-
ated with the particles in the original bed are mostly from
Mikami.*

All of the governing equations are solved in a pseudo-2D
Cartesian coordinate system, in which the depth of the bed
is equal to the diameter of a single particle. In the simula-
tion, the finite difference method (FDM) is adopted in the
spatial discretization procedure, whereas the SIMPLE™®
scheme is used to solve the pressure field. For numerical
convenience in the DEM calculation, the spring stiffness is
set to be 800 N/m. Since the contact force in the DEM is
modeled by the spring-damper system, the problem of the
spring constant value arises in the present model. In the gen-
eral DEM simulations, the spring constant has little effect on
the flow behavior.® Thus, the value of the spring constant
can be set arbitrarily. However, in the SPA model, the spring
constant should be set carefully, so that the displacement of
particles, as well as the calculation of the time step, becomes
similar to the original system.

Influence of voidage variations on the bubble size
distribution

It is important to determine the voidage at the contour
line around a bubble &, to define the bounded area of the
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bubble when the numerical results are compared in terms of
bubble size distribution. &, varies during the transition from
the bubbling phase (gas bubbles) to the particulate phase
(fluidized particles around the bubbles). Figure 2 shows how
the variation of ¢, influences the size of the bubbles. The
variation of &, which is calculated for each fluid cell,
shows that the size of the bubbles increases as &, decreases.
For example, a large bubble is observed when the contour
line at &, = 0.6 expanded and wrapped around the adjacent
bubble. This behavior is generally interpreted as the result of
bubble coalescence. Bubble analyses based on the variation
of &, could provide a feasible method for the comparison
of bubbling behaviors between the original bed and the SPA
bed. This approach also addresses the inaccuracies in defin-
ing bubble size due to the coarse resolution resulting from
the magnifications required by the SPA model. However,
care must be taken because an inappropriate choice of the
value of &, could bring about difficulties in determining the
bubble size distribution. For example, for the case of Gel-
dart’s Group A particles, the contour line chosen at &, <
0.7 will cause greatly oversized bubbles due to contour line
overlapping, as well as failure to detect small bubbles. For
bubble size calculation, a snapshot of bubble visualization

Figure 2. Variation of voidages at the contour line
around bubbles, &,c. Each g, significantly
affects the bubble size distribution.

DOI 10.1002/aic 91



(i) Original, dp= 1.0 mm (i) SPA, dp.= 3.0mm

(b)

(i) SPA, d,= 3.0 mm
(c)

Figure 3. Comparison of fluidization behavior for Group
D particles during (a) slug flow, (b) bubbling
flow, and (c) particle mixing between the
original bed (d, = 1.0 mm) and the SPA beds,
(dy = 3.0, 6.0 mm).

(i) Original, d = 1.0 mm

(ii) SPA, d,= 6.0 mm

was postprocessed into a gray-scale image using the thresh-
olding method®® to determine the variance between the gas
phase and the particle phase. For geometry simplicity, the
shape of a bubble was simplified to a less complex 2D circu-
lar-equivalent shape. The bubble diameter D, was then cal-
culated from /4(Ap)/n, where A, is the area bounded by
the contour line taken at &,.

92 DOI 10.1002/aic

Published on behalf of the AIChE

Results and Discussions
Comparison of fluidization behavior

In the dry (noncohesive) fluidized bed, the fluid force is
the only force that significantly affects the particle hydrody-
namics after the gravitational force is overcome. Here, the
particles fluidize and achieve different flow structures when
subjected to changes in gas inlet velocity u,. The variety of
the flow structures are induced by the competition between
the particle-particle and particle-gas interaction forces.?”
From the initial static bed condition, u, is gradually
increased to 1.20 m/s for bubbling fluidization. Snapshots of
the fluidization of noncohesive particles for Group D par-
ticles with the original bed (d,, = 1.0 mm) and the SPA beds
(dy = 3.0, 6.0 mm) are shown in Figure 3. Particles are di-
vided into upper-half and lower-half sets and are differentia-
ble by two color indicators. From visual inspection of Figure
3, SPA beds show macroscopically similar fluidization
regimes to that of original bed. Figure 3a indicates a similar
slugging phenomena at t = 0.79 sec, in which gas slugs
approximately the size of the bed width can be observed at
the lower-half regime of both the original and the SPA beds.
Despite the difficulty in obtaining identical motions with
respect to instantaneous time due to random particle motions,
both the 3.0 mm and 6.0 mm SPA beds exhibit remarkably
similar splashes (burst of particles) caused by bubble eruptions
near the bed surface at + = 1.31 sec (Figure 3b). Furthermore,
SPA bed (dy = 3.0 mm) display a well defined particulate-
bubble flow structure similar to original particles in which par-
ticle—particle interaction forces dominate particle-gas interaction
forces. However, the poor approximation of bubbly flow struc-
ture by the SPA bed (dy = 6.0 mm) indicate that there is rela-
tively weaker particle—particle interaction forces in the SPA
model with six times magnification. As magnification times
increases, the number of particles decreases of which causing
less particle-particle interaction forces.

The minimum fluidization velocity u,,s can be influenced
by the compact construction of particles under the static bed
condition, in which there is the possibility of overshoot in
AP. To ensure that the value of u,, is accurate, defluidiza-
tion is carried out by gradually decreasing the gas velocity
uy from a fully-developed bubbling fluidized bed. The mini-
mum fluidization velocity, uyy is listed in Table 2. For Gel-
dart’s Group D particles, uys for the SPA beds closely
matches that of the original bed, which is taken to be 0.65
m/s. On the other hand, for Geldart’s Group A particles, u,¢
for the SPA beds is ~0.003 m/s. The u,,s values are ~16%
(for Group D) and 11% (for Group A) larger than those pre-
dicted by the Wen and Yu correlation. This would be caused
by particle arrangement in pseudo 2D bed columns.

Due to the magnification of particle diameter required by
the SPA scaling law, it was expected that deterioration in
particle mixing behavior would occur (Figure 3c). The

Table 2. Minimum Fluidization Velocity

Upg (M/8)
by Original/SPA

U (M/s) by

Geldart’s Classification Wen and Yu*?

Group D particles (d, = 1.0 mm) 0.57 83(5) (wet)
Group A particles (d, = 0.1 mm) 0.0027 0.003
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0.6 T T T T
—e— Original, a’p = 1.0 mm (mesh: 22 x 56)
—=— Original, dp = 1.0 mm (mesh: 134 x 333)
--a-- SPA model, dp~ =3.0 mm

--0-- SPA model, dpr =6.0 mm

05

04

Increasing u, Decreasing u,

Average height of lower half set particles, /; [m]

0 1 2 3 4 5 6
Time, ¢ [s]
Figure 4. Average height of lower-half set particles

obtained during noncohesive fluidization of
Geldart’s Group D particles.

results was taken at r = 2.36 sec for the SPA beds (Geldart’s
Group D) reveal that the particles in the lower-half region
fluidize in less chaotic motion with the presence of bulky
circulation flow patterns. In addition, the SPA beds appear to
require a longer time to reach a high degree of particle mix-
ing, as compared to the original bed. For Group D particles,
this is identical to the case in which particles larger than
1 mm in diameter tend to fluidize unevenly. However, since
all of the particles in the SPA models are tagged with their
original particle indexes, as described in “Numerical Tech-
nique” section, these particles should able to retain their
macroscopic local assembly and local voidage with respect
to the original particle system. Figure 4 verifies the degree
to which SPA models for Group D particles fluidize differ-
ently from the original particles by calculating the average
height of lower-half set particles throughout the fluidization
process. The results indicate fair qualitative agreement for
SPA beds, in which particles initially located in the lower-
half bed regime yield a prediction close to the average
height history of the original bed. The calculated error falls
between 5 and 9%, which is acceptable, although the mixing
breakthrough occurs slightly late. This is because the bubble
size in the SPA beds was small compared to the bubble size
in original bed. However, this difference is approximately
the same as that caused by the influence of the fluid mesh
size, as indicated by the broken line in Figure 4.

Homogenous fluidization

As a result of the broad applicability of the SPA model,
we extend our analysis to homogenous fluidization, which
usually occurs in the fluidization of Group A par‘[icles.32
This phenomenon normally becomes apparent in fine par-
ticles™ and is extensively discussed in the literature.*** Fig-
ure 5 compares the homogeneous fluidization of the original
bed (d, = 0.1 mm) and the SPA beds (dy = 0.3, 0.6 mm)
for Group A particles simulated from the initial static bed
until uy = 0.008 m/s is reached and maintained constant for
a certain period, during which the bed expansion behavior
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can be observed. Unlike the Group D particles, the Group A
particles exhibit continuous bed expansion with upward
breakthroughs of the lower-layer particles at r+ = 1.14 sec
(Figure 5a). When the gas velocity is gradually increased to
a velocity range of uy,s < uy < Uyp, at which homogeneous
expansion occurs,*' the particles begin to move progres-
sively, but remain close to one another, in the direction of
the gas flow. As a result, the bed expands and initiates the
particle mixing action without the presence of disturbances
such as bubbles (Figure 5b).

Figure 6 shows the average height of the lower-half set
particles calculated for the homogeneous fluidization. In the
incipient fluidized state, the original bed (d, = 0.1 mm)
exhibits the earliest mixing breakthrough, which originates
from the center of the bed at + = 0.22 s, but is not signifi-
cant until # = 0.68 s for the SPA bed with dy = 0.3 mm
and ¢ = 1.14 s for the SPA bed with dy = 0.6 mm. Despite
the difference in mixing breakthrough time, the onset of par-
ticle chaotic mixing is similar, ~ r = 1.85 s. However, H.
plotted from ¢ = 1.80 s indicates that the average height of
the three beds is comparable. As the magnification increases,
the SPA beds preserve the static (no mixing) expansion for a
slightly longer period. Here, the rotational motion in the

(ii) SPA, d = 0.3 mm
(a)

(i) Original, d= 0.1 mm (iii) SPA, d,= 0.6 mm

(i) Original, d = 0.1 mm

X (i) SPA, d,= 0.3 mm (iiif) SPA, d,= 0.6 mm

(b)

Figure 5. Comparison of homogeneous fluidization
behavior for Group A particles between the
original bed (d, = 0.1 mm) and the SPA beds,
(dpy = 0.3, 0.6 mm) during (a) upward break-
through and (b) particle mixing.
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Figure 6. Average height of lower-half set particles
obtained during homogeneous fluidization of
Geldart’s Group A particles.

SPA model must be considered because the mixing behavior
during bed expansion is greatly influenced by the rotational
motion of particles. As mentioned earlier, the diameter of
the representative volume is used for particle contact detec-
tion in the SPA model. However, it is not practical to use
the same d;y to define the rotational motion in the SPA
model, because this will cause much smaller rotational
motion, i.e., slower mixing velocity compared to the case in
which d;, is used.

Bubble analyses

According to the two-phase theory of fluidization,** the
gas required to fluidize a bed of particles can exist in excess
(ug — Uy in the form of gas bubbles. Bubbles produced in
a fluidized bed provide a feasible mixing action for particles
due to the random unstable flow structure.** ™ In two-
dimensional bubble analyses, bubble behavior can be
described in terms of the following characteristics: size (di-
ameter) distribution, shape, wake, and rise velocity. In the
present bubble analyses, priority is given to the bubble size
distribution D}, and the bubble rise velocity u,, where bub-
bles from the SPA beds will be compared to those from the
original bed.

The change in hydrodynamic pressure allows bubbles to
grow larger as they rise upward, moving further from the
distributor. The rising bubbles continuously undergo coales-
cence and break-up, which give fluctuations to the size dis-
tributions of the bubbles. Figure 7 summarizes the bubble
size distributions calculated at different values of &,.. The
data was obtained by analyzing 50 successive snapshots
taken over a period of 1.28 s during bubbling. As shown in
Figure 7a, a good approximation of the bubble size distribu-
tion is obtained for the original bed (d, = 1.0 mm) and the
SPA bed (dy = 3.0 mm). The wide fluctuations in the num-
ber of bubbles N, confirm the sparse distribution of bubble
sizes, which is generally associated with Geldart’s Group D
particles. As ¢, decreases, N, for small bubbles also
decreases, indicating the coalescence of neighboring smaller
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bubbles to form larger bubbles. This can be confirmed by
the significant increase in N}, for bubble size diameter, D, of
100-160 mm for the original bed (d, = 1.0 mm) and 60 —
120 mm for the SPA bed (dy = 3.0 mm). Despite the ability
to accurately simulate most of the bubble sizes of the origi-
nal bed (d, = 1.0 mm), the N, of the SPA bed (dy = 3.0
mm) is approximated to be relatively smaller. On the other
hand, the magnification in the SPA bed (dy = 6.0 mm) is
far too large to yield results similar to those for the original
bed (d, = 1.0 mm), i.e., resulting in smaller Ny, for bubble
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Figure 7. Comparison of bubble size distributions
between the original bed and the SPA beds
obtained at various bubble voidage constant
lines for (a) Geldart’s Group D particles and
(b) Geldart’s Group A particles.
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Figure 8. Comparison of bubble rise velocity between
(a) the original bed (d, = 0.1 mm), (b) the SPA
model (d, = 0.3 mm), and (c) the SPA model
(dp = 0.6 mm) during bubbling fluidization (uo
= 0.03 m/s) of Geldart’s Group A particles.

sizes of range 0-120 mm. N, also becomes less affected by
&pel variances. Figure 7b shows the bubble analysis per-
formed for Geldart’s Group A particles. This type of particle
usually has a small bubble diameter-to-bed width ratio.
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Here, the SPA beds (dy = 0.3, 0.6 mm) exhibit identical
bubble sizes to the original bed, but with a relatively smaller
number of bubbles. The original bed (d, = 0.1 mm) exhibits
a rather steady gradient distribution, which is closely
approximated by the SPA bed (dy = 0.3 mm). In addition,
the narrow fluctuation amplitude of N, observed in the SPA
beds (dy = 0.3, 0.6 mm) indicates that the bubbles are
nearly uniform in size, which is similar to the results for the
original bed (d, = 0.1 mm). In addition, when the represen-
tative particle diameter becomes too large in the SPA model,
it exceeds &, which causes the empty spaces formed
between particles to be recognized as bubbles. For example,
in the SPA bed (dy = 0.6 mm), when &, = 0.7, the maxi-
mum value of Ny, becomes nearly twice as large as the value
for other models for Dy below 4.0 mm. As mentioned in
“Influence of Voidage variations on the bubble size distribu-
tion” section, for Group A particles, bubbles can be very
difficult to recognize when &, is below 0.7. Thus, the
results for &, = 0.6 are not presented herein.

Figure 8 shows the relationship between the bubble diam-
eter Dy, and the bubble rise velocity u;, for both the original
bed and the SPA beds, analyzed for Geldart’s Group A only,
because a relatively large number of bubbles is present. The
results are plotted with respect to two values of &,.. In the
original bed (d, = 0.1 mm), the distribution of small bubbles
at low bubble rise velocities is extremely dense. This is
expected because small bubbles rise more slowly through the
bed than large bubbles. The negative value of u, indicates
that some of the bubbles move downward as a result of
interactions with larger bubbles (or wakes) that rise in a
swarm pattern. For the SPA bed with 0.3-mm particles, a
similar distribution can be observed, except that, here, the
bubbles are predominantly concentrated at positive u,. Here,
the number of bubbles N, is smaller compared to that of
original bed, resulting in a reduced effect of bubble-bubble
interactions, i.e., the bubbles can rise upward more easily,
some with a slightly higher velocity u,. The overestimated
Ny when g, = 0.7 in the SPA bed (dy = 0.6 mm), as
described earlier, resembles the result for the original bed,
where some of the bubbles shift to negative uy,. In addition,
the variations in &, has less of an effect on Dy, and Ny, and
thus only small increases in u;, are observed in the original
bed (d, = 0.1 mm) and the SPA beds (dy = 0.3, 0.6 mm).

Cohesive particles fluidization

In the fluidization of cohesive (wet) particles, the cohesive
force equation was used in the force balance equation for
the particle phase to model the liquid bridge forces F o
between particles of Geldart’s Group D. During fluidization,
the gas velocity u, increased linearly to 1.2 m/s until t =
0.26 s, remained constant at 1.2 m/s until + = 3.23 s, and
then decreased linearly to 0 m/s at + = 5.23 s to measure the
minimum fluidizing velocity u,,s. Figure 9 shows snapshots
of the wet-particle fluidization of the original bed (d, = 1.0
mm) and the SPA beds (d, = 3.0, 6.0 mm). In Figure 9a,
identical plug flow structures are observed at t+ = 0.79 s for
the original bed and the SPA beds. Here, pillar-shaped parti-
cle plugs can be observed in all beds. However, the top
plugs of the SPA beds (d;y = 3.0, 6.0 mm) in the snapshots
between t = 0.79 — 1.31 s break earlier than in the original
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bed (d, = 1.0 mm) at r = 1.31 s, as shown in Figure 9b.
This earlier breakage is caused by the increase in the weight
of particles as the magnification becomes larger in the SPA
model. In all of the beds, just before plug breakage, agglom-
erates can be observed below the top plugs. The agglomerate
size in the SPA beds (dy = 3.0, 6.0 mm) is slightly larger
than in the original bed (d, = 1.0 mm). However, the diffu-
sion behavior of particles and the bubble size of the SPA
beds are relatively similar. Figure 10 shows the mixing
behavior based on the average height of lower-half set par-
ticles during wet fluidization. While the SPA bed (dy = 3.0
mm) agreed well with the original bed (d, = 1.0 mm), the
agreement between the original bed and the SPA bed (dy =
6.0 mm) from ¢ = 1.50 was poor. However, the original bed
and the SPA bed (dy = 6.0 mm) gradually become compara-
ble starting from ¢ = 3.50 s. To the best knowledge of the
authors, this would be the first successful numerical simula-
tion of the fluidization of cohesive particles using a model to
reduce the number of particles.

R 3. JERaen

(iii) SPA, d,= 6.0 mm

(a)

)

(i) SPA, d,= 3.0 mm
(b)

Figure 9. Comparison of fluidization behavior for Group
D particles during (a) plug formation and (b)
plug breakage between the original bed (d, =
1.0 mm) and the SPA beds, (d, = 3.0, 6.0
mm).

£\ L S oCEY SO
(iii) SPA, d,= 6.0 mm

(i) Original, d = 1.0 mm

Cohesive force is modeled by liquid bridge force F.,, with
dimensionless liquid volume V= 1.0 x 1072.
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Figure 10. Average height of lower-half set particles
during cohesive fluidization of Group D par-
ticles.

Conclusion

The SPA model was validated for the large-scale DEM
simulation. The DEM incorporated with the SPA model and
the normal DEM calculation were compared in terms of
macro- and meso-scale fluidization behaviors. Solid particles
of Group A and Group D from Geldart’s particle classifica-
tion were chosen and were fluidized under the noncohesive
(dry) and cohesive (wet) bed operations. Several important
results were obtained:

The fluidization behaviors, such as slug flow, bubbling
flow, splashing, and mixing breakthrough, during the fluid-
ization simulated by the SPA model for the case of Geldart’s
Group D (d, = 1.0 mm) particles were similar, although dif-
ferences did exist. The formation of solid plugs and the ag-
glomerate size were similar in the fluidization of cohesive
particles.

The homogeneous fluidization of Geldart’s Group A (d, =
0.1 mm) particles simulated by the SPA model was similar,
although mixing breakthrough occurred slightly later than in
the original bed.

The bubble size distribution was approximately the same for
the SPA model with three times magnification and the original
bed. However, the bubble size distribution was poorly predicted
by the SPA model with six times magnification, in which only
a small number of bubbles were detected.

Based on these results, the validity and applicability of the
SPA model were confirmed. However, the limit of magnifi-
cation in the SPA model should be set to approximately
three to retain a favorable approximation of the fluidization
characteristic with the bed simulated with the original parti-
cle diameter. In addition, in the SPA model, any model can
be used for the particle—particle or fluid-particle interaction
forces, if it can be used in the standard DEM simulation.
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Notation

d, = particle diameter [m]

ip = fluid-particle interaction (drag) force per unit volume [N/m?]

F ., = cohesive force [N]
F; = fluid force [N]
F, = normal contact force [N]
F,, = particle-particle interaction (contact) force [N]
F, = tangential contact force [N]
g = gravitational acceleration [m/s?]
h. = dimensionless rupture distance between particles
I = moment of inertia of the particle [kgm?]
k, = normal stiffness [N/m]
k. = tangential stiffness [N/m]
m = integer magnification factor
N, = particle number
AP = bed pressure drop [Pa]
rp = particle radius [m]
v; = i-th particle velocity [m/s]
x,, X, = overlap distance between the interacting particles [m]

Greek letters

v = surface tension [N/m]
n = viscous damping coefficient [N s/m]
¢ = fluid phase (gas) voidage

&pe = voidage at the bubble boundary line

1 = friction coefficient
1e = fluid viscosity [Pa s]
pr = fluid density [kg/m3]
pp = particle density [kg/m?]
o = angular velocity [rad/s]
Subscripts
i,j = particle indices/identifiers in Euclidean space
n = normal direction
p = particle
t = tangential direction
Superscript
%/

>

= representative indicators in the m-times larger system
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