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Large solids coexist with small solids in a number of dense gas-solid flow applications such as fluidized beds and pneu-
matic conveyers. A new numerical model that is based on the discrete element method–computational fluid dynamics
mesoscopic model and extended by introducing an idea appearing in volume penalization method is presented. In com-
putational cells including large and small solids, the amount of momentum exchange between the fluid and the solids is
estimated by assuming that a large solid consist of small, dense fictitious particles. We describe the proposed model in
detail and show the optimal model parameters found through a number of parameter-dependency studies. Validation
study is performed for the motion of a large sphere in a bubbling fluidized bed and good agreements are confirmed for
floating and sinking motions of the sphere between the present model and the experiment. VC 2014 American Institute of

Chemical Engineers AIChE J, 60: 1606–1620, 2014

Keywords: fluidization, computational fluid dynamics, particle technology, multiphase flow

Introduction

In practical flow applications including dense solids such
as fluidized beds and pneumatic conveyers, the size of solid
materials is not uniform and large solids coexist with small
solids. In coal and wooden biomass gasification processes
using bubbling fluidized beds, for instance, sand particles of
O (102521024 m) exist in the bed in addition to coal and
biomass fuel particles of O (1023 m), enhancing fluidization
and heat transfer. The size ratio between these two solids is
O (10–100). The large size difference induces characteristic
motions of solids and significantly influences the mixing and
segregation characteristics of the beds. Additionally, in
industrial continuous systems, residence time of fuel par-
ticles in the equipment is important for system efficiency.
The large size difference influences the floating and sinking
motions of the fuel particles and the residence time. The
large size difference of solids is also observed and important
in a number of other applications, such as dry specific sepa-
ration,1,2 heat treatment,3 and granulation.4

A number of numerical models have been developed for
flows including dense solids. The discrete element method–
computational fluid dynamics (DEM–CFD) mesoscopic
model,5,6 one of Eulerian–Lagrangian approaches, has been
widely used. As its extension, DEM–CFD models for binary
and polydisperse systems have been proposed, while the
size-ratio of solids in these models is as high as four.7–12 In
DEM–CFD, computational cells for fluid calculation must, at
the same time, be both sufficiently small compared to the
size of the mesoscopic characteristic structures such as bub-

bles and sufficiently large compared to the size of emulsion
particles. If the size of large solids is not small enough com-
pared to the mesoscopic structures induced by small solids
and exceeds the computational cell size for fluid calculation,
it is difficult to simulate the flow with conventional DEM–
CFD models.

The influence of large solid objects immersed in dense
gas-solid flows has been a subject of study and a number of
numerical models have been proposed. Rong et al.13 investi-
gated the influence of cylinders fixed in a bubbling fluidized
bed. The geometry of cylinders was properly represented in
contact calculations using DEM; however, it was replaced
by nonsmooth stepwise boundaries on a Cartesian grid in
CFD calculations. Wu et al.14 and Liu et al.15 also performed
simulations of a bubbling fluidized bed with an immersed
tube. Unstructured grids fitted to the immersed tube were
used in their studies. Guo et al.16 combined an immersed
boundary method (IBM) with a DEM–CFD model. By virtue
of IBM, it is possible to calculate moving objects using a
fixed Cartesian grid in their model and it was applied to a
number of problems including a gas-fluidized bed with a
vibrating tube. The combination of IBM and DEM–CFD
model was also proposed by Takeuchi et al.17 Dietiker
et al.18 recently introduced a cut-cell technique to an open
source multiphase flow solver. They applied their method to
two and three-dimensional bubbling fluidized beds with a
bank of 25 submerged tubes.

The purpose of this study is to develop a numerical model
capable of predicting and reproducing the motion of flows
including dense solids with large size differences, which are
difficult to treat using the conventional DEM–CFD models,
in a simple and efficient manner. In DEM–CFD, the momen-
tum exchange between solid and fluid phases at each compu-
tational cell is obtained using empirical drag correlations.
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When a solid that is large in comparison to the size of com-
putational cells is introduced, it is necessary to express the
momentum exchange between the large solid and surround-
ing fluid. Our proposed model is based on the DEM–CFD
mesoscopic model, but it is extended by introducing an idea
that appeared in the Volume penalization (VP) method19,20

one of methods for the resolved direct numerical simulation
of solid–fluid systems.

In the following sections, we use a binary system consist-
ing of small and large solids to simplify our explanations.
Both solids are spherical and, hereafter, these are referred to
as particle and sphere, respectively. Additionally, we assume
that the particle and sphere are, respectively, smaller and
larger than the computational cell used for fluid calculation,
as shown in Figure 1.

Governing Equations and Proposed Model

Governing equations of fluid motion in DEM–CFD
mesoscopic model

In the DEM–CFD mesoscopic model,5 fluid motion is
expressed by the following incompressible continuity and
momentum equation for locally phase-averaged quantities21:
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where e is the void fraction in a computational cell, and u
and p are the locally phase-averaged fluid velocity and pres-
sure, respectively. The density of the fluid is qf and v is the
kinematic viscosity. The momentum exchange between the
fluid and particles is denoted by f, which is given by the fol-
lowing equation:

f 5
b
qf

�U2uð Þ (3)

where b is the drag coefficient due to the existence of par-
ticles, usually obtained using empirical correlations.

Volume penalization method

The VP method19,20 is one of the resolved direct numeri-
cal simulation techniques for the interaction between a fluid
and solid body. In this method, computational cells should
be smaller than solid bodies existing in the flow field. In the
VP approach, a flow is considered in a unified domain
including both fluid and solid phases. The method is based
on the idea of modeling the solid body as a porous media;
the momentum equation is expressed as follows
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ug and pg denote the velocity and pressure of the fluid,
respectively, and fg is the penalization term given by

fg5
vX

g
us2ug

� �
(5)

where us is the velocity of the solid body. The mask func-
tion vX becomes unity when the cells are completely
immersed in the solid body and vanishes in the fluid cells.
The permeability g governs the penetration of fluid into the
body, which is assumed to be porous. The penalization term

works when vX 5 1 and a relative velocity exists between
the fluid and solid body. With small g, the penetration of
fluid flow is restricted and a solidification of the body is
realized substantially.

It is interesting that the DEM–CFD and the VP method
are common in that the existence of solids is represented by
introducing fluid resistance forces that are proportional to the
slip velocity and work against the relative motion between
fluid and solid phases (Eqs. 2–5), although the spatial scales
in which the two methods represent the flow field are
different.

Proposed model: Fictitious particle method

In the system we considered, large spheres coexist with
small particles. Hence, it is required to take into account the
momentum exchanges between the spheres and fluid in addi-
tion to those between the particles and fluid. As aforemen-
tioned, we assume that the particles are small compared to
the computational cells and the spheres are large, as shown
in Figure 1. In the cells containing only particles, as shown
in Figure 2a, which is a typical situation in the conventional
DEM–CFD, the momentum exchange is obtained using Eq.
3. In the cells completely immersed in a sphere, as in Figure
2c, the VP method is applicable. However, for computational
cells including both particles and spheres, as in Figure 2b,
there is no general rule. Moreover, these three cases in Fig-
ure 2 are ubiquitous in practical flow fields, and it is pre-
ferred to treat the momentum exchange between fluid and
solids including particles and spheres in a unified manner.

In this study, instead of porous media introduced in the
VP method, we assume that each sphere consists of dense
monosized fictitious small particles, when the momentum
exchange is considered as shown in Figure 3b. The diameter
of a fictitious particle dfic and its solid volume fraction inside
a sphere �fic, which is called the fictitious volume fraction,
are introduced as model parameters. It is generally known
that a large fluid resistance is obtained for the flows includ-
ing densely packed small particles. Hence, as in the VP
method, in which the realization of solidity of immersed
objects depends on the magnitude of permeability, we can

Figure 1. Size relation among computational cells, par-
ticles, and sphere.
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expect that the solidity of a sphere expressed as an agglom-
erate of fictitious small particles is controllable using the val-
ues of dfic and �fic in the present model.

The same continuity and momentum equations as in the
conventional DEM–CFD model, with the exception of the
momentum exchange term, are used for fluid motion:
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By introducing the volume fraction of the particle �p and
sphere �s in a computational cell, e can be expressed as

e512�p2�s�fic (8)

The momentum exchange term fFPM (FPM, fictitious parti-
cle method) is given by the following equation:

f FPM 5
bFPM

qf

UFPM 2u
� �

(9)

where bFPM is the drag coefficient. In this study, we assume
a homogeneous binary mixture of particles with diameter dp

and fictitious particles with diameter dfic in Figure 3c, as is
usually assumed in conventional DEM–CFD models. We
obtain bFPM using the Ergun equation (Eq. 10)22 and the
Wen and Yu equation (Eq. 11)23:

bFPM 5

lf 12eð Þ
hdFPM i2e

150 12eð Þ11:75 Re½ � e � 0:8ð Þ ð10Þ

3

4
CD

lf 12eð Þ
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e22:7 Re e > 0:8ð Þ ð11Þ

8>>>><
>>>>:

lf is the viscosity of the fluid and CD is the drag coefficient
of a particle. In Eq. 11, CD is the drag coefficient of a single
particle given by the Schiller and Naumann equation (Eq.
12)24 and Newton’s law of drag (Eq. 13):

CD5

24 110:15 Re 0:687
� �

=Re Re � 1000ð Þ ð12Þ

0:43 Re > 1000ð Þ ð13Þ

8>><
>>:

The particle Reynolds number Re is defined as follows.

Re5
j�UFPM 2ujqfehdFPM i

lf

(14)

In Eqs. 9 and 14, UFPM is the average velocity of all sol-
ids existing in a computational cell. It is obtained by the fol-
lowing volume-weighted form

UFPM 5
�pUp1�s�fic Us

12e
(15)

where Up is the average velocity of particles existing in the
cell

Figure 2. Computational cell including only particles, only sphere, and its mixtures.

Figure 3. Modeling based on small fictitious particles.
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A number of spheres may exist in a flow field, and we
can expect situations in which a cell includes the parts of
neighboring multiple spheres. In this study, the average
velocity of spheres in the cell Us is given as

Us5

XNCs

j51
�sjUsj

�s

(17)

where �sj is the volume fraction of sphere j which satisfies
the following relation.

�s5
XNCs

j51

�sj (18)

It is noted that Us is defined according to the velocity of
spheres as a solid body Usj and the velocity of fictitious par-
ticles never appears explicitly in the present model. In addi-
tion, �sj can be obtained from the geometrical relations
between spheres and computational cells.

In Eqs. 10, 11, and 14,< dFPM> shows the Sauter mean
diameter in a cell containing both particles and spheres,
which is given by

hdFPM i5
NCpd3

p1Nfic d3
fic

NCpd2
p1Nfic d2

fic

(19)

where Nfic is the estimated number of fictitious particles in
the computational cell and dp is the diameter of the particles.
According to the volume of the computational cell Vc, NCp

and Nfic can be expressed as Eqs. 20 and 21, respectively.

NCp5
6Vc�p

pdp
3

(20)

Nfic 5
6Vc�s�fic

pdfic
3

(21)

Substituting Eqs. 20 and 21 into Eq. 19, we obtain the fol-
lowing expression for<dFPM>.

hdFPMi5
12e

�p

dp

1
�s�fic

dfic

(22)

We estimate the amount of momentum exchange between
fluid and solids by assuming a sphere consists of fictitious small
particles without actually replacing a sphere with small fictitious
particles. Hence, excessive computer resources are not needed
to represent each fictitious particle in the proposed model.

The proposed model is an Eulerian–Lagrangian approach,
and the motion of the particles and spheres is obtained by
solving the translational and rotational equations of motion
simultaneously. As with the conventional DEM–CFD mod-
els, contact forces among particles, spheres, and walls are
expressed using DEM consisting of a linear spring, dash-pot,
and frictional slider, as shown in Figure 4.

The translational and rotational equations of motion for a
particle i are expressed, respectively, as

mp
_Upi5

X
fCpi1fDpi1mpg (23)

Ip _xpi5
X

Mpi (24)

where mp is the mass of the particle; fCpi is the contact force
acting on particle i from the other particles, spheres, and
walls; and fDpi is the fluid force acting on particle i. This is
obtained as the summation of the viscous drag force, which
is given as the counteraction of fFPM in Eq. 9 and the pres-
sure gradient force:

fDpi5
bFPM Vp

12e
u2Upi

� �
2rpVp (25)

where Vp is the volume of a particle, g is the gravity acceler-
ation, Ip is the moment of inertia of a particle, and Mpi is
the torque acting on particle i due to the contacts with other
particles, spheres, and walls.

The translational and rotational equations of motion of a
sphere j are expressed as

ms
_Usj5

X
fCsj1fDsj1msg (26)

Is _xsj5
X

Msj (27)

where ms is the mass of a sphere; fCsj is the contact force
acting on sphere j from the particles, walls, and other
spheres; and fDsj is the fluid force acting on sphere j. Similar
to the VP method,19,20 it is obtained by integrating the fluid
forces working on the sphere body as follows:

fDsj5

ð
Vs

bFPM�fic

12e
u2Usj

� �
2�ficrp

� �
dV (28)

where Vs is the volume of sphere; Msj is the torque acting
on sphere j because of contact with particles, wall, other
spheres, and fluid; and Is is the moment of inertia of a
sphere.

Figure 4. Contact force model.

Figure 5. Cells classified by as.
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Discussion on Model Parameters

In this section, discussion is made for the model parame-
ters, �fic and dfic, introduced in the former section.

The SIMPLE method is used to couple Eqs. 6 and 7. We
use a second-order central difference scheme for spatial
derivatives and a first-order upwind scheme for the convec-
tive term. We use the Euler method to establish temporal
increments. The volume fraction of spheres at each computa-
tional cell is obtained by the subdivision volume counting
method.25 The numerical code is parallelized based on the
domain decomposition technique.26

Model parameters for cells completely immersed in a
sphere (as 5 1)

In the cells completely immersed in a sphere (�s 5 1),
shown with dark gray in Figure 5, the VP method is directly

applicable. The solidity of an object is realized by choosing
a small magnitude of permeability, and hence, large fluid
resistance in the VP method. This small permeability corre-
sponds to a large bFPM in the proposed model framework.
We know that it can be realized by choosing small dfic and
large �fic from Eqs. 10 and 11; however, there is no need to
directly control dfic and �fic for the cells with �s 5 1 because
only fictitious particles exist. Rather, it is straightforward
and easy to control bFPM directly. The next section will
describe the model parameters adequate for the cells includ-
ing both spheres and particles.

bFPM at the cells with �s 5 1 should be large enough to
avoid the penetration of fluid into the sphere body. In this
study, it is determined on the basis of the amount of fluid
penetration and fluid force working on a large sphere fixed
within a packed bed. The calculation domain is a rectangular
box with dimensions of 0.15 m width, 0.15 m depth, and
0.60 m height. The x, y, and z axis represent width, depth,
and height directions, respectively. The diameter of particles
filling the domain and the sphere are 2.0 3 1023 and 40.0 3

1023 m, respectively. Hence, the sphere is 20 times larger
than the particles. The sphere is fixed at x 5 0.075,
y 5 0.075, and z 5 0.075 m. The particles settle down from
the top, and their positions are fixed after they become
steady as shown in Figure 6. A uniform air flow is injected
upward from the bottom boundary. The slip boundary condi-
tion is used for gas flow at the side boundaries, and the con-
vective outflow condition is used at the outlet boundary. A
superficial velocity is used to realize Res 5 3000. Here, Res

is the sphere Reynolds number defined as

Figure 6. A sphere fixed in a packed bed (only particles
in a half domain are shown).

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

available at wileyonlinelibrary.com.]

Table 1. Calculation Conditions

Gas
Reynolds number: Res 2 3000
Superficial gas velocity: u0 (5Resv/ds) m/s 1.13
Density: qf kg/m3 1.205
Viscosity: lf Pa s 1.81 3 1025

Particle
Diameter: dp m 2.0 3 1023

Number of particles: Np 2 483750
Initial bed height: Hi m 0.15

Sphere
Diameter: ds m 40.0 3 1023

Fictitious volume fraction: �fic 2 0.74
Diameter of fictitious particle: dfic (5dp/3) m 0.67 3 1023

Calculation
Cell size: Dx, Dy, Dz m 5.0 3 1023

Number of cell (x 3 y 3 z) 2 30 3 30 3 120
Time increment: Dt s 1.0 3 1025

Figure 7. Maximum fluid velocity in the cells com-
pletely immersed in the sphere (as 5 1).

Figure 8. Fluid force acting on the sphere fixed in a
packed bed.
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Res5
u0ds

v
(29)

where u0 is the superficial velocity of the bed and ds is the
diameter of the sphere.

Gas tends to flow into areas with lower resistance, and
flow penetration occurs, when the fluid resistance inside the
sphere is not sufficiently large compared to the surrounding
emulsion phase. We compare the flow penetration and fluid

Table 2. Calculation Conditions

Gas
Sphere Reynolds number: Res 2 10 3000
Superficial gas velocity: u0 (5Resv/ds) m/s 3.76 3 1023 1.13
Density: qf kg/m3 1.205
Viscosity: lf Pa s 1.81 3 1025

Particle
Diameter: dp m 1.0 3 1023 2.0 3 1023 4.0 3 1023

Void ratio of particle layer 2 0.4
Sphere

Diameter: ds m 40 3 1023

Fictitious volume fraction: �fic 2 0.74
Diameter of fictitious particle: dfic m dp dp/3 dp/2 dp/10

Calculation
Resolution: ds/Dx 2 4 8 16 32
Cell size: Dx m 10.0 3 1023 5.00 3 1023 2.50 3 1023 1.25 3 1023

Number of cells (x 3 y 3 z) 2 15 3 15 3 60 30 3 30 3 120 60 3 60 3 240 120 3 120 3 480
Time increment: Dt s 1.0 3 1025

Figure 9. Averaged gas velocity and relative pressure distributions in a plane including the sphere center.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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drag force working on the sphere for five cases by varying
the magnitude of bFPM for the cells completely immersed in
the sphere: bFPMj�s 5 1. The cases have values that are 10,
102, 103, 104, and 105 times larger than bErgun(e, d), where
bErgun(e, d) denotes the magnitude of b estimated from the
Ergun equation with e and d:

bErgun 5
lf 12eð Þ

d2e
150 12eð Þ11:75Re½ � (30)

This is the estimation of b in the surrounding emulsion
phase. The bulk void fraction of the packed bed in the above
packing procedure is almost 0.4 and we adopt e 5 0.4. The
particle size d 5 dp 5 2.0 3 1023 m. The fictitious volume
fraction and the diameter of fictitious particles in the cells
including sphere surface are set to �fic 5 0.74 and dfic 5 dp/3,
respectively. Calculation conditions are shown in Table 1.

Figure 7 shows the relation between bFPMj�s 5 1 and the
maximum gas velocity inside the sphere. The vertical axis
shows the maximum gas velocity observed in the cells per-
fectly immersed in the sphere (�s 5 1) uzmax. Only the

streamwise component is shown, and the results are normal-
ized using u0. Figure 8 shows the relation between
bFPMj�s 5 1 and the fluid drag force working on the sphere
FD, which is obtained using Eq. 28. From Figures 7 and 8, it
can be observed that the amount of gas penetration tends to
be small as bFPMj�s 5 1 increases and, correspondingly, the
fluid drag force approaches a certain value. Larger values
realize the perfect solidity of a sphere body, but they also
provoke numerical instabilities and necessitate small time
increments. In this study, from the results in Figures 7 and
8, we adopt a magnitude 103 times larger than the surround-
ings in the cells with �s 5 1. It is noted again that
bFPMj�s 5 1 cannot be defined independently; rather, it should
be defined relative to the fluid resistance in the surroundings.
Accordingly, bFPMj�s 5 1 should be changed when the size of
the surrounding particles changes.

Model parameters for cells including sphere surface
(0 < as < 1)

In this section, we consider model parameters for the cells
including sphere surfaces shown with light gray in Figure 5.
Investigations are performed in a packed bed and a sphere
with ds 5 40.0 3 1023 m is fixed at x 5 0.075, y 5 0.075,
and z 5 0.200 m. The same boundary condition with the pre-
vious section is used for the fluid flow. To perform

Table 3. dfic and Fd

dfic (m) dp dp/2 dp/3 dp/10
FD (N) 0.873 0.932 0.959 1.030

Figure 10. Distributions of uz/u0, and as at the sphere equator.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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investigations under an ideal condition, the void fraction at
each computational cell is directly defined by assuming that
particles are packed homogeneously instead of packing par-
ticles actually. �p is set to 0.6, where the existence of par-
ticles is expected.

It may be possible to determine two model parameters �fic

and dfic individually, but this makes the procedure complex;
to simplify the model parameter determination process, the
fictitious volume fraction is fixed to �fic 5 0.74 assuming a
highly packed status inside the sphere, and we focus only on

the size dependency of fictitious particles. Calculation condi-
tions are shown in Table 2. In addition to the diameter of
the fictitious particle, we also vary the spatial resolution of
the calculations, the emulsion particle size, and the sphere
Reynolds number.

Flows around a sphere depending on dfic

To measure the change of flow field depending on dfic, we
observed the average gas flow fields around the fixed sphere.
Here, four cases with different fictitious particle sizes,
dfic 5 dp, dp/2, dp/3, and dp/10, are compared. A uniform cell

Figure 11. Dependency on spatial resolution (Res 5 3000,
dp 5 2.0 3 1023 m).

Figure 12. Dependency on spatial resolution (Res 5 10,
dp 5 2.0 3 1023 m).

Figure 13. Dependency on spatial resolution (dfic 5 dp/2).

AIChE Journal May 2014 Vol. 60, No. 5 Published on behalf of the AIChE DOI 10.1002/aic 1613



size is used in this study, and spatial resolution is defined as
the number of computational cells per sphere diameter
(ds/Dx). In this section, we use ds/Dx 5 8, Res 5 3000, and
dp 5 2.0 3 1023 m. From the results in the previous
section, bFPMj�s 5 1 is set to 103 3 bErgun (e 5 0.4, d 5 2.0 3

1023 m).
Figure 9 shows the average gas velocity and pressure dis-

tributions in a plane including the sphere center. It is
obvious from the figures that the gas flows approaching from
the bottom goes around the sphere in all cases. The velocity
vectors near the surface existing inside the sphere are that of
computational cells including the sphere surface. In the pro-
posed model, the slip velocity of the cells including the
sphere surface is allowed and larger slips are observed with

larger dfic as shown in Figure 9. Conversely, slip velocity
is not confirmed in the cells completely immersed in the
sphere (�s 5 1). We also observe that the pressure distribu-
tion changes with dfic. When a small dfic, such as dp/10, is
used, the fluid resistance of the cells including the sphere
surface becomes larger and tends to exclude the approach-
ing gas flow to the sphere, resulting in a higher pressure
gradient. The fluid drag force working on the sphere is
shown in Table 3. As expected, the fluid drag force
increases as the fictitious particle becomes smaller. Figure
10 shows the spanwise distributions of the averaged stream-
wise gas velocity and the solid volume fraction of the
sphere at the sphere equator. The streamwise gas velocity
is normalized by the superficial velocity. In the cells
including sphere surface (0<�s< 1), the streamwise gas
velocity changes depending on the size of the fictitious par-
ticle corresponding to Figure 9. With a large fictitious par-
ticle, we can realize the large slip in the interface cells and
vice versa.

Dependency on spatial resolution, sphere Reynolds
number, and emulsion particle size

Figures 11 and 12 show the relation between spatial reso-
lution and the fluid drag force at Res 5 3000 and 10, respec-
tively. dp is fixed to 2.0 3 1023 m throughout the
comparisons. From the figures, we observed that the fluid
drag force approaches a certain value regardless of the size
of the fictitious particles in higher spatial resolutions. Con-
versely, the dependency on dfic is observable in lower resolu-
tion cases. We expect that the effect of the cells including
sphere surface becomes relatively less important when the
resolution becomes higher. The magnitude of the fluid drag
is different between two distinct Reynolds number cases, but
similar behavior is observed in Figures 11 and 12. In the
case of dfic 5 dp/3 and dp/2, we still observe the difference
depending on the resolution in the lowest resolution case;
however, resolution dependency is not apparent as compared
to the other cases throughout the region of comparison.

Results at different particle sizes, dp 5 1.0 3 1023 and 4.0
3 1023 m, where the fictitious particle size is fixed to dp/2,

Figure 14. Experimental setup.

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

is available at wileyonlinelibrary.com.]

Table 4. Calculation Conditions for the Motion of A Single Sphere in A Bubbling Fluidized Bed

Particle and Sphere
Particle diameter: dp m 2.3 3 1023

Number of particles: Np 2 333775
Density of particle: qp kg/m3 2500
Apparent density of particle bed: qb kg/m3 1530
Initial bed height: Hi m 0.15
Diameter of sphere: ds m 39.7 3 1023

Density of sphere: qs kg/m3 1148, 1408, 1530, 1683, 1989, 2463
qs/qb 2 0.75, 0.92, 1.00, 1.10, 1.30, 1.61
Diameter of fictitious particle: dfic m 1.15 3 1023 (dp/2)
Fictitious volume fraction: �fic 2 0.74
Normal spring constant: kn N/m 800
Tangential spring constant: kt N/m 200
Coefficient of restitution: ep 2 0.9
Coefficient of friction: l 2 0.5

Gas
Superficial velocity: u0 m/s 1.4
Viscosity: lf Pa s 1.81 3 1025

Density: qf kg/m3 1.205
Calculation

Time increment: Dt s 7.0 3 1025

Computational area: Lx 3 Ly 3 Lz m 0.15 3 0.15 3 0.60
Cell size: Dx, Dy, Dz m 5.56 3 1023

Ratio between sphere diameter and fluid cell: ds/Dx 2 7.15
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are shown in Figure 13, where the difference of the fluid
drag force between the lowest (ds/Dx 5 4) and highest reso-
lution (ds/Dx 5 32) is less than 5%. We conclude that, by
using dfic 5 dp/2, the fluid drag force working on a sphere in
ideal packed beds is most insensitive to the spatial resolution
and similar to the nearly converged magnitude in the higher
resolution case. Hereafter, we adopt �fic 5 0.74 and dfic 5 dp/
2 as model parameters in the cells including sphere surface.

Motion of a Single Sphere in a Bubbling Fluidized
Bed

Experimental and calculation conditions

We perform a validation study of the proposed model for
the motion of a large sphere in a 3-D bubbling fluidized bed.
Our experimental setup is shown in Figure 14. The fluidized
bed has dimensions of 0.15 m depth, 0.15 m width, and 1.00
m height. We use 2.3 3 1023 m spherical glass particles
and set the initial bed height to 0.15 m. We add a single hol-
low sphere of diameter 39.7 3 1023 m to the bed, which is
17.26 times larger than the glass particles. The density of the
sphere is adjusted by filling it with a given amount of the
mixture of small glass particles and solder chips inside the
sphere. Air at room temperature is injected uniformly into
the bed from the bottom. In the present condition, the mini-
mum fluidization velocity is umf 5 1.0 m/s. We set the super-
ficial velocity to u0 5 1.4 m/s and observe six spheres with
different densities, 1148, 1408, 1530, 1683, 1989, and 2463
kg/m3, to determine the sphere motion.

Calculation conditions are shown in Table 4. x, y, and z
show the depth, width, and height directions, respectively.
After locating a sphere at the center of the bed surface, we
start the gas injections. In this study, from the results of for-
mer sections, we adopt dfic 5 dp/2, �fic 5 0.74, and
bFPMj�s 5 1 5 103 3 bErgun (e 5 0.4, d 5 dp).

Motion of a single sphere

Snapshots of the experiment and the calculation results
appear in Figures 15–17. Only the results with qs 5 1148,
1530, and 2463 kg/m3 are shown here. The density of the
sphere is normalized using the apparent density of the bed
before fluidization started, qb 5 1530 kg/m3. The observa-
tions in the experiments are from the bed front while the cal-
culations are performed with respect to the bed center. Only
for the case in which qs/qb 5 1.00 (Figure 17), the temporal
development of the sphere and particle motion is shown.

Fluidization and the formation of bubbles are confirmed in
all cases. In the qs/qb 5 0.75 case (Figure 15), the sphere
cannot penetrate the particle bed and stays near the free sur-
face of the particle layer. In the qs/qb 5 1.61 case (Figure
16), on the other hand, the sphere sinks to the bed bottom
immediately after the fluidization has started and stays near
the bottom wall. In the qs/qb 5 1.00 case (Figure 17), the
sphere descends through the particle bed slightly and repeats
upward and downward motions corresponding to the motion
of the bubbles spontaneously formed in the bed. This behav-
ior is observed both in the experiment and the model calcu-
lation. Figure 18 shows the calculation results of the
sphere’s vertical position normalized by the initial bed
height. Upward and downward motions of the sphere are
confirmable except in the qs/qb 5 1.61 case. In Figure 17,
the sphere exists in the bed between 0.20 and 0.30 s, while
it is visually inaccessible due to the existence of dense par-
ticles in the experiment.

It is difficult to validate the proposed model only from the
snapshots shown in Figures 15–17 and so quantitative com-
parisons are also performed. Figure 19 shows the stable ver-
tical positions of the spheres after the gas injection has
stopped. The vertical center position of the spheres is nor-
malized by the initial bed height. The measurement of sphere
positions is performed after the solids have fully settled.
Both experiments and calculations are repeated five times for
each case, and the averages are shown with their standard
deviations. As shown in Figure 19, we have confirmed that
the proposed model reproduces the experimental results well
especially in the regimes qs/qb� 0.92 and qs/qb� 1.61. We
have observed that the standard deviation becomes large
when qs/qb approaches 1.1. The sphere is easily transported
by the local flows induced by bubbles, when qs approaches
qb and the stable vertical position of the sphere varies
greatly depending on the state when the gas injection is
stopped. As in the experimental result, we observed a large
standard deviation in the calculation for the qs/qb 5 1.1 case.
The average and standard deviation show slightly different
values between the experiment and the calculation and fur-
ther investigations are needed.

Forces working on a sphere and local flow structures

Calculations using the proposed model enable the discus-
sion on the relation between the sphere motion and the
forces working on a sphere in detail. In this section, we

Figure 15. Snapshot of sphere and particles in qs/
qb 5 0.75 case.

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

is available at wileyonlinelibrary.com.]

Figure 16. Snapshot of sphere and particles in qs/
qb 5 1.61 case.

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

is available at wileyonlinelibrary.com.]
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show the result of the qs/qb 5 1.0 case. Figure 20 is the
time-history of (a) sphere center position, (b) translational
velocity, (c) total force working on the sphere, and (d) force
components. Only vertical (z) components are shown here.
The forces working on the sphere are due to the fluid FFz,
the contacts FCz, and the gravity FG and these are shown

separately in Figure 20d. The center position, the velocity,
and the forces are normalized by the initial bed height, the
superficial velocity, and the magnitude of gravity, respec-
tively. From Figure 20a, we observe that the sphere repeats
upward and downward motions fairly regularly during fluid-
ization. To develop discussion in more detail, we focus on a

Figure 17. Snapshots of sphere and particles in qs/qb 5 1.00 case.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 18. Normalized vertical position of sphere center.

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

available at wileyonlinelibrary.com.] Figure 19. Stable vertical position of sphere after fluid-
ization has stopped.

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

is available at wileyonlinelibrary.com.]

Figure 20. Vertical position, velocity, and forces in qs/qb 5 1.00 case.
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period which includes a typical sequence of upward and
downward motions of the sphere. Figure 21 shows the results
between 1.30 and 1.85 s. Generally, the sequence can be
divided into three stages I–III as depicted in Figure 21.

In the stage I (1.30< t� 1.64 s), which is characterized by
the positive vertical velocity, the sphere is elevated. From
Figure 21d, it is confirmed that this is due to the positive
fluid force. We also know that the contact force during the
stage is negative and only works as a resistance to the
sphere. In the upcoming stage II (1.64< t� 1.72 s), the
sphere turns to downward motion. The fluid force decreases
rapidly and a large negative force is working on the sphere
as a total. It is interesting that the contact force working as a
resistance in the stage I also decreases during this stage. At
1.72 s, the fluid and the contact force almost disappear and
only the gravity force is working on the sphere. In the stage
III (1.72< t� 1.80 s), an impulsive positive contact force
which prevents the downward motion of the sphere is
observed. Finally, the recovery of positive fluid and negative
contact forces that were observed in the stage I is confirmed
after 1.80 s. From Figure 20, we can confirm that similar
processes characterized by the stage I–III are repeated during
fluidization.

The results of corresponding void structure visualization
are shown in Figure 22, where e 5 0.8 isosurface is depicted.

and at 1.52 s are the free surface of the particle bed
and the bubble generated at the bed bottom, respectively. At
1.60 s, close to the end of stage I, the generation of a new
bubble under the sphere is confirmed ( ). Bubble develop-
ment from the bottom of an immersed object in fluidized
beds has been reported in a number of studies.27–31 The bub-
ble generated under the sphere grows larger as after 1.60
s. The downward motion of the sphere in the stages II and
III is due to the sphere penetrating the bubble observed
between 1.64 and 1.76 s. In an emulsion phase, a large pres-
sure drop occurs in the streamwise direction due to the exis-
tence of dense particles and the streamwise pressure gradient
around the sphere works as a pressure drag force. Inside of
the bubble such as that observed in 1.72 s, conversely, the
pressure gradient almost disappears. Moreover, the chance of
contact with particles decreases inside of the bubble and the
gravity force becomes a dominant as observed in Figure 21.
As a result of penetration, the sphere surface reaches the end
of bubble surface at 1.76 s ( ). The impulsive contact force
in the stage III is due to the contacts with dense emulsion
particles; the sphere experiences contact during the reentry
to dense emulsion phase. After 1.80 s, the sphere stays in a
dense emulsion phase and positive fluid and negative contact
forces are recovered.

As we demonstrated here, the upward and downward
motions of the qs/qb 5 1.0 sphere are largely influenced by
the bubble generated near the sphere. It is emphasized that
the size of the generated bubble is comparable to the sphere
and it is difficult to capture such phenomenon by conven-
tional DEM–CFD models. This study is restricted to a single
sphere; however, it suggests the importance of direct interac-
tions between large solids and bubbles, when we consider
the behavior of binary systems with large size differences.
The discussion in this section is purely numerical and further
experimental explorations are also needed.

Conclusions

In this article, we proposed a new numerical model that
can predict and reproduce the motion of flows including
dense solids with large size differences. The model is based
on the DEM–CFD model and the VP method. It combines
the mesoscopic model for small solids and the direct

Figure 21. Vertical position, velocity, and forces
between 1.30 and 1.85 sec in qs/qb 5 1.00
case.
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simulation for large solids, representing phenomena at differ-
ent scales, in a unified manner. The amount of momentum
exchange between the fluid and solids was estimated by
assuming that a large solid consists of dense small fictitious
particles. There is no need, in practice, to replace the large
solid with fictitious particles, and hence, we can avoid exces-

sive computer resources for representing each fictitious parti-
cle. It is easy to add the proposed model to the software
based on DEM–CFD models.

Ergun and Wen and Yu equations (Eqs. 10 and 11) have
been used as drag correlations in this study; however, this is
not mandatory, and a number of other options are selectable.

Figure 22. Void structure visualization in qs/qb 5 1.00 case (e 5 0.80 isosurface is shown).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Two model parameters, the fictitious particles size and the
fictitious volume fraction, have been introduced. It is possi-
ble to control these two parameters independently; however,
it makes the calibration procedure complex and only the fic-
titious particle size is used as an adjusting parameter in this
study. Through the number of parameter dependency studies,
we found the model parameters dfic 5 dp/2, �fic 5 0.74, and
bFPMj�s 5 1 5 103 3 bErgun(e 50.4, d 5 dp).

Validation studies of the proposed model have been per-
formed qualitatively and quantitatively for the motion of a
sphere in a bubbling fluidized bed. After the fluidization has
stopped, we compared the motion and the stable vertical posi-
tion of the spheres of the calculations with those of the experi-
ment. The present numerical model shows good predictions
especially when the density of the sphere is relatively large or
small compared to the apparent density of the bed.

Calculations using the proposed model enable detailed dis-
cussion on the relation between sphere motions, forces, and
local flow structures around the sphere. The bubble develop-
ment from the sphere bottom was observed for the qs/qb 5 1.0
case and the importance of direct interactions between the
sphere and the bubble, which are difficult to observe with con-
ventional DEM–CFD models, was suggested.

The proposed model can express the slip velocity at the
cells including sphere surface, and its amount is controllable
by the parameter dfic as observed in Figures 9 and 10. In the
mesoscopic models based on averaged equations, this is still
an open question; it is not proper to use the no-slip boundary
condition at solid walls; some slip should be allowed.32,33 The
model can be applicable to an external boundary and will be a
good tool to show slips at the cells including solid walls.
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