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The Discrete Element Method combined with Computational Fluid Dynamics was coupled to a capillary liquid bridge
force model for computational studies of mixing and segregation behaviors in gas fluidized beds containing dry or wet
mixtures of granular materials with different densities. The tendency for density segregation decreased with increasing
fluidizing velocity, coefficient of restitution, and amount of liquid present. Due to the presence of strong capillary forces
between wet particles, there was a high tendency for particles to form agglomerates during the fluidization process,
resulting in lower segregation efficiency in comparison with fluidization of dry particles. Particle-particle collision
forces were on average stronger than both fluid drag forces and capillary forces. The magnitudes of drag forces and
particle-particle collision forces increased with increasing fluidizing velocity and this led to higher mixing or segrega-
tion efficiencies observed in dry particles as well as in wet particles at higher fluidizing velocities. VC 2015 American
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Introduction

Fluidization is an important multiphase operation in many

industrial processes and can be applied for fluid-solid reac-

tions, solids drying, mixing, and various other processes. In

many of these operations, fluidization of two or more types of

solid particles in a fluidized bed is necessary. Due to differen-

ces in sizes, densities and other material properties of the dif-

ferent types of solid particles, the fluidization behavior is

expected to be different and much more complex than single-

species fluidization. A good understanding of the fluidization

and mixing or segregation behaviors of solid particles is

instrumental for the design of industrial fluidized bed systems.

Although several studies of solids mixing and segregation in

fluidized bed systems have been reported in the research litera-

ture, mixing or segregation behaviors of wet granular materi-

als during fluidization do not seem to have been adequately

addressed to date. Tardos and Pfeffer1 demonstrated experi-

mentally the occurrence of agglomeration of particles due to

the formation of new species during a chemical reaction that

occurred on the surface of the particles leading to defluidiza-

tion. Wright and Raper2 carried out experiments to investigate

the role of liquid bridge forces in fluidization and found that

fluidization behavior depended on the liquid bonding between

particles and fluidization under low gas velocities strongly

depended on the static bridge forces between particles. Rhodes

et al.3 investigated the effects of particle diameter and density

on the degree of mixing of uniform particles and observed that

particle density had no effect on the equilibrium Lacey index
but increasing particle density would increase the rate of mix-
ing. McLaughlin and Rhodes4 conducted a series of experi-
ments to study the fluidization behavior of a cold model of a
gas-solid fluidized bed upon addition of nonvolatile liquids
varying in viscosity and surface tension. The wetted particles
were observed to stick onto the bed walls and as a result, the
weight of particles supported by the gas was lower than the
actual weight of the bed. Increasing the amount or viscosity of
the liquid changed the fluidization behavior from that of Gel-
dart Group B through A to that of Group C. Wormsbecker and
Pugsley5 conducted experiments to demonstrate the effects of
liquid bridging on fluidization behaviors of porous pharmaceu-
tical granules and observed that the granules exhibited Geldart
C type fluidization behaviors at high moisture contents and
Geldart B type behaviors otherwise. Halow et al.6 also
reported experimental studies of mixing and segregation
dynamics of single, magnetically tagged particles in a bub-
bling fluidized bed. They observed that the spatial distribution
of these tracer particles resulting from differences in density
was consistent with a Weibull distribution. More recently,
Oshitani et al.7 applied a gas-solid fluidized bed to upgrade
iron ore through a density separation process. Nearly perfect
separation was achieved and the authors suggested that such
continuous density separation processes had the potential to be
applied for lump iron ore upgrading. In a subsequent study,8

simultaneous density and size segregation of particulate iron
ore was investigated and it was concluded that an optimum air
velocity existed for maximizing segregation.

Apart from experimental studies, wet-particle fluidization
behaviors have also been investigated computationally.
Cooper and Coronella9 used an Eulerian-Eulerian approach to
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simulate a binary fluidized bed and investigate the effects of
gas velocity, maximum packing fraction and solids composi-
tion on extent of mixing. Huilin et al.10 investigated fluidiza-
tion of binary mixtures differing in sizes or densities using an
Eulerian-Lagrangian hard-sphere discrete model and reported
that an increase in gas velocity resulted in more intense bubble
and particle motions, which led to better mixing. The method
of coupling Computational Fluid Dynamics with the Discrete
Element Method (CFD-DEM) had also been applied exten-
sively in investigations of wet-particle fluidization to extract
particle-scale information of the fluidization system. Mikami
et al.11 studied the behavior of a wet powder fluidized bed
using CFD-DEM and observed that pressure fluctuations of
the wet particle bed were more vigorous than those of the dry
particle bed due to accumulation of energy by liquid bridges.
Darabi et al.12 examined the impact of liquid coating on fluid-
ization behavior using a DEM approach and found that more
slugs were formed during fluidization when the viscosity or
thickness of the liquid coating was increased. More recently,
Lim et al.13 applied the CFD-DEM method coupled with a
capillary liquid bridge model to investigate the mixing behav-
iors of wet particles in a fluidized bed. An analysis of the
motion of particles showed unhindered, independent motions
for dry particles while wet particles formed agglomerates and
exhibited synchronized motions in the form of groups. Apart
from fluidized bed systems, a similar approach of coupling
DEM with a capillary force model had also been applied for
studies of particle mixing14 and particle segregation15 due to
differences in density and size in rotating drum systems and
pattern formation in vibrated beds.16

Most studies of mixing or segregation behaviors of dry or

wet granular materials in gas fluidized bed systems that have

been reported in the literature to date have focused largely on

the kinematics aspects of fluidization, mixing, and segregation

behaviors. These do not provide deeper insights to the under-

lying mechanisms of the mixing or segregation behaviors that

gave rise to such observations as low mixing efficiencies of

wet granular materials in gas fluidized beds. To gain deeper

insights to the fundamental mechanisms responsible for such

fluidization, mixing, or segregation behaviors, considerations

of the dynamics aspects are essential. In other words, analyses

of the various forces present within the fluidized beds during

fluidization, mixing, or segregation are required. These forces

govern the fluid and particle behaviors which in turn deter-

mine the fluidization, mixing, and segregation behaviors of a

fluidized bed. Quantitative comparisons of magnitudes of the

various forces present during fluidization will potentially

improve current understanding of the relative importance of

these forces and how operating conditions can be controlled to

enhance or diminish the effects of specific forces so as to

either promote or inhibit mixing or segregation. Lim17 applied

a modified DEM incorporating additional force models for

simulations of shear aggregation of colloidal nanoparticles and

analyzed the time evolution of the various forces present to

provide a more fundamental and mechanistic understanding of

the shear aggregation process. In this study, the conventional

CFD-DEM model was coupled with a capillary liquid bridge

force model to investigate the mixing or segregation behaviors

of dry and wet solid particles of different densities in gas fluid-

ized beds. Mixing efficiencies were compared quantitatively

via a mixing index and dynamic force data at the scale of indi-

vidual particles were extracted from the simulations conducted

and analyzed with a view toward advancing current under-

standing of the mechanisms involved in mixing or segregation

of wet granular mixtures during fluidization processes. In the

following section, the computational model and physical sys-

tem of interest will be described. The simulation results

obtained for the various physical conditions considered in this

study will then be discussed and a summary of the conclusions

derived will be presented in the Conclusions of this article.

Computational Model

Discrete element method

The DEM was developed by Cundall and Strack18 for mod-

eling the behavior of assemblies of discs and spheres. With the

advent of computational power in recent years, it has been

applied for studies of various types of multiphase systems.19

In this section, a brief description of the method and corre-

sponding governing equations will be presented.
The governing equations in DEM for describing transla-

tional and rotational motions of individual solid particles are

basically Newton’s laws of motion
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where mi and vi are the mass and velocity of the ith particle

respectively, N is the number of particles in contact with the

ith particle, fc,ij and fd,ij are the contact and viscous contact

damping forces, respectively, ff,i is the fluid drag force, fcap,ij

is the capillary liquid bridge force between wet particles, Ii is

the moment of inertia of the ith particle, xi is its angular

velocity and Tij is the torque arising from contact forces

which causes the particle to rotate. The torque Tij is given by

Tij 5 fct,ij 3 Ri, where fct,ij is the tangential component of the

contact force defined in the following force-displacement

model.
Contact and damping forces were calculated by applying a

linear spring-and-dashpot model as closure. The normal (fcn,ij,

fdn,ij) and tangential (fct,ij, fdt,ij) components of the contact and

damping forces were calculated as follows

fcn;ij52 jn;idn;ij

� �
ni (3)

fct;ij52 jt;idt;ij
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ti (4)

fdn;ij52gn;i vr � nið Þni (5)

fdt;ij52gt;i vr � tið Þti1 xi3Ri2xj3Rj

� �� �
(6)

where jn,i, dn,ij, ni, gn,i, and jt,i, dt,ij, ti, gt,i are the spring con-

stants, displacements between particles, unit vectors and vis-

cous contact damping coefficients in the normal and tangential

directions, respectively, vr is the relative velocity between par-

ticles and Ri and Rj are the radii of particles i and j, respec-

tively. If jfct;ijj > jfcn;ijjtan/, then jfct;ijj5jfcn;ijjtan/, where

tan / is analogous to the coefficient of friction.

Computational fluid dynamics

The governing equations for describing the motion of the

continuum gas phase are basically the Navier-Stokes equa-

tions. An additional source term in the momentum equation

has been included to account for interphase interactions
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where u is the velocity vector, qf is the fluid density, lf is the

fluid viscosity, e is the local average porosity, P is the fluid

pressure, and F is the source term due to fluid-particle interac-

tion. The operating conditions imposed in this study were such

that gas flows were nonturbulent and so a turbulence model

was not applied in the solution of the gas flow field. It is well-

established in the literature that two fundamental approaches,

referred to as Model A and B, respectively, can be applied for

treatments of fluid-particle interactions and pressure drop in a

multiphase system. Feng and Yu20 showed that significant dif-

ferences existed in terms of solid flow patterns, mixing and

segregation kinetics in numerical simulations of fluidization of

binary mixtures of particles conducted using these two mod-

els. They concluded that simulation results obtained based on

Model B compared more favorably with those of physical

experiments. Following this study, the method of implementa-

tion of the CFD-DEM methodology as presented above fol-

lowed that of Model B.

Fluid drag force

In a multiphase system, the interstitial fluid exerts drag

forces on the solid particles whenever velocity differences

exist between the two phases. Several fluid drag force models

have been developed in the literature and the model due to Di

Felice21 which is applicable over a wide range of particle

Reynolds numbers was used for calculating the fluid drag

force in this study
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where ff0,i is the fluid drag force on particle i in the absence of

other particles, v is an empirical parameter, ei is the local aver-

age porosity in the vicinity of particle i, cd0,i is the drag coeffi-

cient, Rep,i is the Reynolds number based on particle diameter

and ui is the fluid velocity of the computational cell in which

particle i is located.

Capillary liquid bridge force

Several models for describing the behavior of liquid bridges

between solid particles have been reported in the literature. In

the current study, following Mikami et al.11 and Lim et al.13

the capillary liquid bridge force between wet particles was cal-

culated according to the following equations

f̂ cap;ij5exp Aĥc1B
� �

1C (14)

For particle-particle capillary liquid bridge force

ĥc5 0:62h10:99ð ÞV̂0:34
(15)

A521:1V̂
20:53

(16)

B5 20:34 ln V̂20:96
� �

h220:019 ln V̂10:48 (17)

C50:0042 ln V̂10:078 (18)

For particle-wall capillary liquid bridge force

ĥc5 0:22h10:95ð ÞV̂0:32
(19)

A521:9V̂
20:51

(20)

B5 20:016 ln V̂20:76
� �

h220:12 ln V̂11:2 (21)

C50:013 ln V̂10:18 (22)

where ĥc5hc=Ri, V̂5V=pR3
i , f̂ cap;ij5fcap;ij=pRic, hc is the crit-

ical rupture distance between particles, V is the liquid bridge
volume, c is the surface tension and, h is the contact angle. In
this capillary liquid bridge force model, the number of
particle-particle and particle-wall contacts is not taken into
consideration in calculating the capillary liquid bridge forces.
The model also assumes that no transfer of liquid takes place
between particles or between particles and wall so that the liq-
uid bridge volume for each particle remains constant. Ennis
et al.22 showed that viscous effects dominated the capillary
liquid bridge force when the capillary number, Ca, was greater
than 1 and surface tension dominated it when Ca was less than
0.001. It was assumed that the viscous contribution to the
strength of the capillary liquid bridge force was negligible for
the physical conditions applied in this study. This assumption
could be evaluated by examining the capillary number which
is the ratio of the dynamic to static force, Ca 5 lvr/c, where l
is the liquid viscosity, vr is the relative velocity between two
particles connected by a liquid bridge and c is the surface ten-
sion of the liquid. In this study, the liquid was assumed to be
water and relative velocities between particles were not
expected to be greater than 1 m s21 for the operating condi-
tions applied. Thus, the capillary number was expected to be
less than about 0.01 which supports the assumption that the
contribution of viscous effects to the capillary liquid bridge
force could be deemed negligible compared to that of surface
tension.

Simulation Conditions

The geometry of the computational domain considered in
this study was a fluidized bed with a rectangular base meas-
uring 15 cm 3 6 cm and height of 120 cm. The granular mate-
rials consisted of a mixture of 36,000 particles with density
1400 kg m23 (flotsam) and 20,000 particles with density
2600 kg m23 (jetsam). Both flotsam and jetsam were spherical
particles of diameter 3 mm. These material properties were
based on the Eulerian-Lagrangian simulations carried out by
Huilin et al.10 A two-dimensional fluidized bed was consid-
ered by Huilin et al.10 whereas a three-dimensional fluidized
bed was simulated in the current study. In accordance with
this scaling-up in the geometry, the amount of flotsam and jet-
sam particles was increased by 20 times in comparison with
that used by Huilin et al.10 while maintaining the mass fraction
of flotsam to be 0.5 in accordance with the previous study so
that qualitative comparisons between the simulation results
could be made. Other pertinent material properties and simula-
tion parameters are presented in Table 1. In all simulations
performed, particles were first allowed to fall freely under
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gravity for 0.5 s to form a bed at the bottom of the container
before fluidizing air was introduced. A uniform fluidizing gas
velocity was applied at the base of the computational domain
to simulate a uniform gas distribution. Simulations for both
solid and gas phases were performed in three dimensions.

The packed bed formed at the start of each fluidization pro-
cess was divided into three zones and the flotsam and jetsam
particles in the three zones were colored differently to allow
visualization of the subsequent mixing or segregation behav-
iors. The first zone at the bottom of the bed consisted of
10,000 flotsam particles marked in blue. The second zone in
the middle of the bed was a well-mixed region containing
20,000 flotsam particles marked in orange and 20,000 jetsam
particles marked in yellow. The flotsam and jetsam particles
were placed in alternating positions within this zone to simu-
late a state of perfect mixing as the initial condition for this
zone. The third zone at the top of the bed consisted of 6000
flotsam particles marked in red. These three zones will be
referred to as Zones 1 (bottom), 2 (middle), and 3 (top),
respectively. Such an initial configuration of the fluidized bed
comprising both segregated and well-mixed regions was con-
sidered to impose less bias on the subsequent mixing or segre-
gation behavior of the bed, as it would not be known before
simulation whether the mixture would have a tendency to mix
or segregate.

Results and Discussion

Dry particle fluidization

The CFD-DEM model was first used for numerical simula-
tions of dry granular materials with different densities. Figure
1 shows the mixing or segregation behaviors of the particles
during fluidization at three different fluidizing velocities when
the coefficient of restitution was e 5 0.95. With a fluidizing
velocity of 1.8 m s21, Figure 1a shows that the bed of particles
had become fairly segregated at the end of 5 s. Flotsam par-
ticles near the bottom of the bed (blue) were lifted upward
within 1.5 s of the start of fluidization. As fluidization contin-
ued, more orange flotsam particles started to migrate toward
the top of the bed to mix with the blue and red flotsam par-
ticles. The final state of the bed consisted of a fluidized layer
of flotsam particles and a defluidized layer of jetsam particles.
When the fluidizing velocity was increased to 2.3 m s21,
Figure 1b shows that particles were able to undergo more vig-
orous fluidization. In contrast to the previous case, blue and
orange flotsam particles migrated toward the top of the bed to

form a relatively well-mixed region within 3.0 s of the start of
fluidization. As fluidization continued, jetsam particles were

able to mix with the flotsam particles, resulting in only a por-
tion of them settling at the bottom of the bed. With an even
higher fluidizing velocity of 2.8 m s21, Figure 1c shows that

the bed expanded to larger extents as compared with the previ-
ous cases. A large portion of jetsam particles still remained at
the bottom of the bed after 3.0 s. However, through further flu-

idization, a relatively well-mixed bed was eventually formed.
Figure 2 shows the mixing or segregation behaviors of the

particles during fluidization at three different fluidizing veloc-
ities when e 5 0.99. With a fluidizing velocity of 1.8 m s21,

Figure 2a shows that mixing and segregation behaviors were
similar to those where e 5 0.95. However, when fluidizing
velocity was increased to 2.3 m s21, Figure 2b shows that a

large portion of jetsam particles migrated to the top of the bed
to form a relatively well-mixed bed with the flotsam particles

within 3.0 s after the gas was introduced, and no apparent seg-
regation was observed by the end of the simulation. With an
even higher fluidizing velocity of 2.8 m s21, Figure 2c shows

that the bed profile approached a well-mixed state and
appeared to have reached a steady state at about 3.0 s. These
observations suggested that an increase in coefficient of resti-

tution improved mixing behaviors, especially at a higher fluid-
izing velocity. This was likely due to reduced dissipation of
kinetic energy during particle-particle collisions when

e 5 0.99.
Figure 3 compares mass fraction distributions of flotsam

particles computed via Eulerian-Lagrangian simulations by
Huilin et al.10 with those computed via CFD-DEM simulations

in the present study for different coefficients of restitution and
fluidizing velocities. These comparisons were conducted to

show consistency in the behaviors of the fluidized bed
observed in the simulations in the sense that segregation
between the flotsam and jetsam particles were observed in

both the current simulations and those reported by Huilin
et al.10 In all cases, the mass fractions of flotsam particles
were higher near the top of the bed and lower near the bottom,

indicating the presence of segregation behaviors within the
bed. The degree of segregation decreased and mixing
improved when fluidizing velocity and coefficient of restitu-

tion increased. Good qualitative agreement between the cur-
rent CFD-DEM simulation results and the Eulerian-
Lagrangian simulation results reported by Huilin et al.10 was

achieved. The discrepancies observed between the two sets of
results might be attributed to the fact that the fluidized bed
simulated using the Eulerian-Lagrangian approach by Huilin

et al.10 was two-dimensional while the one simulated using the
CFD-DEM approach in the present study was three-

dimensional, and considered mixing behaviors in all three
directions.

Figures 4 and 5 show the distributions of flotsam and jetsam
particles originally belonging to various zones within the fluid-

ized bed for the different fluidizing velocities applied for
e 5 0.95 and e 5 0.99, respectively. Although bed heights
were generally larger with higher fluidizing velocities, the

number of particles near the top of the bed might be low such
as to give rise to large fluctuations in the number fraction dis-
tribution profiles. As such, profiles for a representative section

of each fluidized bed rather than the entire bed height was
plotted to allow the state of segregation to be discerned. The
vertical, dotted lines (from left to right) represent the number

fraction of flotsam in Zone 3, flotsam in Zone 1, and flotsam

Table 1. Material Properties and System Parameters

Shape of Particles Spherical
Number of flotsam particles 36,000
Number of jetsam particles 20,000
Particle diameter, dp 3.0 mm
Density of flotsam particles 1400 kg m23

Density of jetsam particles 2600 kg m23

Coefficient of restitution 0.95, 0.99
Coefficient of friction 0.3
Gas density, qf 1.205 kg m23

Gas viscosity, lf 1.8 3 1025 N s m22

Gas velocity 1.8, 2.3, 2.8 m s21

Amount of liquid present 0.0, 0.05, 0.1, 0.5, 0.8, 1.0 wt %
Surface tension, c 0.073 N m21

Contact angle, h 0 rad
System dimensions 15 cm length 3 6 cm

width 3 120 cm height
Simulation time step, Dt 1026 s
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and jetsam in Zone 2 in the entire system, respectively for a
perfectly well-mixed bed. With increasing fluidizing veloc-
ities, it may be observed that the amount of jetsam particles
near the bottom of the bed decreased and the particles became
more uniformly distributed over the height of the bed at both
coefficients of restitution. This indicated a smaller density seg-
regation effect at higher fluidizing velocity. For the same fluid-
izing velocity, more jetsam particles were found at the bottom
of the bed for e 5 0.95 as compared to e 5 0.99, which again
indicated better mixing at higher coefficient of restitution.

The progressions in time of the extents of mixing or segre-
gation may also be analyzed based on a mixing index.23–25

Here, the Lacey mixing index was calculated at equal time

intervals of 0.01 s during the fluidization process for each flu-

idized bed according to the following formula

Lacey index5
r2

o2r2

r2
o2r2

R

(23)

where r2
o and r2

R are the theoretical upper and lower limits of

mixture variances calculated as r2
o 5 p (12p) and r2

R 5 p
(12p)/n, p and (12p) are the proportions of flotsam and jet-

sam particles respectively determined from samples and n is

the number of particles in each sample. A Lacey index of 1

represents a perfectly well-mixed bed whereas a Lacey index

Figure 1. Mixing behaviors of dry particles with different densities (e 5 0.95) for fluidizing velocities of (a) 1.8 m
s21, (b) 2.3 m s21 and (c) 2.8 m s21.
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of 0 represents a perfectly segregated bed. The computational

domain was divided into sampling cells with dimensions

10 mm 3 10 mm 3 10 mm for sampling. Sampling was per-

formed on every cell at equal time intervals and only samples

containing at least 30 particles were used for calculating the

Lacey mixing index. At the start of the fluidization process,

the Lacey mixing index value for each fluidized bed system

was about 0.85, indicating an overall well-mixed state. This

was due to the state of perfect mixing imposed as an initial

condition for Zone 2 which would then have a local Lacey

mixing index value of 1.0.
Figures 6a and b show the time evolution of Lacey index

values for fluidized beds containing dry granular mixtures at

different fluidizing velocities for e 5 0.95 and e 5 0.99 respec-

tively. Feng et al.23 previously showed that the Lacey mixing

index values of fluidized beds undergoing mixing or segrega-
tion would reach a dynamically stable value when a dynamic

equilibrium state was attained. Here, the Lacey index values

did not reach dynamically stable values for some of the fluid-

ized bed systems considered indicating that a dynamically sta-
ble state was not attained yet within 10 s of fluidization.

Nevertheless, the time evolution of mixing index values in the

first 10 s can be a good indication of the tendency for a partic-

ular fluidized bed system to undergo mixing or segregation
and how efficient the process is likely to be. It may be

observed that a higher coefficient of restitution led to better

Figure 2. Mixing behaviors of dry particles with different densities (e 5 0.99) for fluidizing velocities of (a)
1.8 m s21, (b) 2.3 m s21 and (c) 2.8 m s21.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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mixing efficiencies. For a coefficient of restitution of 0.95, the
Lacey index values decreased fairly rapidly for fluidizing
velocities of 1.8 m s21 and 2.3 m s21, indicating density segre-
gation of particles, while the values remained fairly high
throughout the fluidization process for a fluidizing velocity of
2.8 m s21. For a coefficient of restitution of 0.99, the Lacey
index value decreased less rapidly as compared to when
e 5 0.95 for a fluidizing velocity of 1.8 m s21. Nevertheless,
the decreasing trend was still indicative of segregation occur-
ring within the system. The Lacey mixing indices for fluidiz-
ing velocities of 2.3 m s21 and 2.8 m s21, on the other hand,
remained fairly constant at about 0.80 after a simulation time
of 3.0 s, which suggested that both beds remained fairly well-

mixed throughout the fluidization process. These observations
were in agreement with those derived based on visual inspec-
tions of Figures 1 and 2 previously.

Figure 3. Comparisons of mass fraction distributions
of flotsam particles between Eulerian-
Lagrangian simulation results of Huilin
et al.10 and current CFD-DEM simulation
results for (a) e 5 0.95 and (b) e 5 0.99.

The fluidizing velocities applied were 1.8 m s21 and

2.3 m s21. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 4. Distributions of dry particles originally
belonging to various zones within the fluid-
ized bed for e 5 0.95 at the end of 10 s.

The fluidizing velocities applied were (a) 1.8 m s21, (b)

2.3 m s21 and (c) 2.8 m s21. [Color figure can be

viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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Figure 7 shows snapshots of velocity vectors of dry particles
(e 5 0.95) at fluidizing velocities of 1.8 m s21 and 2.8 m s21.
A region of only one particle diameter in thickness extracted

from the midplane of the bed along the spanwise direction is
presented to allow better visualization of particle movements
within the bed. At the fluidizing velocity of 2.8 m s21, magni-
tudes of particle velocities were observed to be sufficiently
high to allow some jetsam particles to move to the top of the
bed. However, some jetsam particles were observed to move
near the bottom of the bed with low velocities. This segrega-
tion between flotsam and jetsam particles resulted in the Lacey
index values not increasing towards 1.0 even when a fluidizing
velocity of 2.8 m s21 was applied.

Figure 8 shows the time evolution of average relative fluid
drag forces (fdrag/fg) for flotsam and jetsam particles originally
belonging to various zones within the fluidized bed for
e 5 0.95 at different fluidizing velocities. These were calcu-
lated by averaging over all particles in the entire bed and non-
dimensionalizing by the particle weight of each zone, fg, at
every time step. With a fluidizing velocity of 1.8 m s21, drag
forces acting on the flotsam particles in Zones 1 (bottom) and
2 (middle) were larger than those acting on flotsam particles in

Figure 5. Distributions of dry particles originally
belonging to various zones within the fluid-
ized bed for e 5 0.99 at the end of 10 s.

The fluidizing velocities applied were (a) 1.8 m s21, (b)

2.3 m s21 and (c) 2.8 m s21. [Color figure can be

viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 6. Time evolution of Lacey mixing indices for
the fluidized bed systems containing dry par-
ticles at different fluidizing velocities for (a)
e 5 0.95 and (b) e 5 0.99.

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

available at wileyonlinelibrary.com.]
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Zone 3 (top) for the first 1.5 s of fluidization, suggesting that
there would be an initial net upward movement of these par-
ticles towards the top of the bed. As fluidization continued,
drag forces acting on the flotsam particles in Zones 1 and 3
fluctuated around fdrag/fg 5 l whereas drag forces acting on the
flotsam particles in Zone 2 were larger than those in Zones 1
and 3. As the flotsam particles in Zone 2 were initially posi-
tioned between jetsam particles, the larger drag forces might
have contributed towards moving these flotsam particles

through the well-mixed region. This also indicated that there
was a net upward movement of flotsam particles in Zone 2
towards the top of the bed during the fluidization process.

These observations were consistent with the density segre-
gation behaviors observed in Figure 1a earlier, with most of
the blue flotsam particles being carried to the top of the bed
shortly after the fluidizing gas was introduced while orange
flotsam particles continued to migrate toward the top flotsam
layer as fluidization proceeded. It may also be observed that

Figure 7. Velocity vectors of dry particles (e 5 0.95) for fluidizing velocities (a) 1.8 m s21 and (b) 2.8 m s21.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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after approximately 3.5 s of fluidization, the average drag
forces acting on flotsam particles in Zones 1 and 3 converged,
indicating that the behaviors of particles had become inde-
pendent of the initial state of the bed. However, the time taken
for the average drag forces acting on flotsam particles in Zone
2 to converge with those in the other two zones was much lon-
ger. This might be due to a lower efficiency in separating out
flotsam particles from a well-mixed zone to form a segregated
state with flotsam particles near the top of the bed compared
with forming a segregated state from an initial state where flot-
sam particles occupied the bottom region of the bed. In the lat-
ter case, drag forces acting on flotsam particles in Zone 1
shortly after the fluidizing gas was introduced would be large
enough for these flotsam particles to be lifted through Zones 2
and 3. With a fluidizing velocity of 2.8 m s21, the time taken
for average drag forces acting on flotsam particles in all zones
to converge was much shorter. This might be due to larger
drag forces acting on the particles at the higher fluidizing

velocity, allowing the particles to form a well-mixed bed as
observed previously, and consequently becoming independent
of the initial state more quickly.

Figure 9 shows the time evolution of average relative fluid
drag forces (fdrag/fg) for e 5 0.99 at different fluidizing veloc-
ities. Fluctuations in drag forces decreased at a higher coeffi-
cient of restitution, which was consistent with previous
observations. Similar to the CFD-DEM simulations by Feng
et al.23 two stages could be observed: a transient stage and a
pseudosteady stage. In the transient stage, drag forces acting
on both flotsam and jetsam particles increased with time,
which corresponded with mixing or segregation of the bed. In
the pseudosteady stage, however, the forces fluctuated about a
mean value, indicating that a macroscopically pseudosteady
state had been attained. This was more apparent in Figure 9
due to less vigorous fluctuations of the drag forces. The time
to reach the pseudosteady stage was approximately 7 s and 2 s
for a fluidizing velocity of 1.8 m s21 and 2.8 m s21,
respectively.

Figure 8. Time evolution of average relative fluid drag
forces (fdrag/fg) for dry particles (e 5 0.95)
originally belonging to various zones within
the fluidized bed.

The fluidizing velocities applied were (a) 1.8 m s21 and

(b) 2.8 m s21. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 9. Time evolution of average relative fluid drag
forces (fdrag/fg) for dry particles (e 5 0.99)
originally belonging to various zones within
the fluidized bed.

The fluidizing velocities applied were (a) 1.8 m s21 and

(b) 2.8 m s21. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

4078 DOI 10.1002/aic Published on behalf of the AIChE December 2015 Vol. 61, No. 12 AIChE Journal

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


Wet particle fluidization

Figures 10 and 11 show the mixing behaviors of wet par-
ticles (e 5 0.95) at different fluidizing gas velocities with
small amounts of liquid equivalent to 0.1 wt % and 1.0 wt %
of the total weight of particles respectively. Unlike the fluid-
ization behaviors observed previously in Figures 1a and b,
density segregation at 1.8 m s21 and 2.3 m s21 was signifi-
cantly suppressed even in the presence of only 0.1 wt % liquid.
The predominant behavior of the bed appeared to be gradual
mixing between the flotsam and jetsam particles for the fluid-
izing velocities considered. Particles also exhibited higher ten-

dencies to form agglomerates and fluidization was more
sluggish as the amount of liquid increased. The final states of
the mixtures after a simulation time of 10 s were more well-
mixed with increasing fluidizing velocity.

Figure 12 shows the mass fraction distributions of flotsam
particles for different fluidizing velocities applied. The amounts
of liquid present were simulated to be 0.1 wt % and 1.0 wt %. It
may be observed that the particles approached a well-mixed
state when the amount of liquid present increased, indicating a
decrease in tendency for density segregation. For beds contain-
ing 1.0 wt % liquid at fluidizing velocities of 2.3 m s21 and
2.8 m s21, the distribution profiles collapsed onto the dotted

Figure 10. Mixing behaviors of wet particles with different densities (e 5 0.95) for fluidizing velocities of (a)
1.8 m s21, (b) 2.3 m s21 and (c) 2.8 m s21.

The amount of liquid present was simulated to be 0.1 wt %.
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lines over most parts of the beds, suggesting that the beds had
reached well-mixed states after 10 s of fluidization. In general,
beds containing wet granular mixtures evolved into more well-
mixed states than those containing dry granular mixtures.

Figure 13 shows the time evolution of Lacey index values
for fluidized beds containing dry or wet granular mixtures
with different fluidizing velocities applied. At the start of the
fluidization process, a small increase in Lacey index values for
all fluidized beds was observed. This might be due to the ini-
tial large expansion of the beds from a compact, packed bed
state which resulted in a small extent of mixing between the
flotsam and jetsam particles. With a fluidizing velocity of

1.8 m s21, the Lacey index values dropped much more rapidly
for dry particles as compared to wet particles containing 0.1
wt % liquid, while they remained fairly high throughout the
fluidization process for the bed containing 1.0 wt % liquid,
indicating a lower rate of density segregation for wet particles.
This might be a result of wet particles forming agglomerates
with neighboring particles prior to fluidization, making it
harder to separate flotsam particles from jetsam particles, and
hence hindering mixing or segregation. When the fluidizing
velocity was increased to 2.3 m s21, mixing efficiencies of
particles with the different amounts of liquid simulated
improved, which was consistent with the corresponding

Figure 11. Mixing behaviors of wet particles with different densities (e 5 0.95) for fluidizing velocities of (a)
1.8 m s21, (b) 2.3 m s21 and (c) 2.8 m s21.

The amount of liquid present was simulated to be 1.0 wt %. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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Figure 12. Mass fraction distributions of flotsam par-
ticles with different amounts of liquid at the
end of 10 s.

The fluidizing velocities applied were (a) 1.8 m s21, (b)

2.3 m s21 and (c) 2.8 m s21. [Color figure can be

viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 13. Time evolution of Lacey mixing indices for
fluidized beds containing dry particles or
wet particles with 0.1 wt % or 1.0 wt %
liquid.

The fluidizing velocities applied were (a) 1.8 m s21, (b)

2.3 m s21 and (c) 2.8 m s21. [Color figure can be

viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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mixing behaviors of dry particles. When the amount of liquid
present was 1.0 wt %, the Lacey index values remained fairly
constant at about 0.95 shortly after the fluidizing gas was
introduced whereas the values decreased for 0.1 wt % liquid.
This again suggested that the tendency for density segregation
was reduced in the presence of a larger amount of liquid in
bed. With an even higher fluidizing velocity of 2.8 m s21, the
Lacey indices remained fairly high throughout the fluidization

process for the beds containing dry and wet particles. These
trends were indicative of the beds becoming well-mixed and
were in agreement with those derived based on visual inspec-
tions of Figures 10 and 11. In addition, since the mixing indi-
ces did not increase much when the fluidizing velocity was
increased from 2.3 m s21 to 2.8 m s21 for beds containing 1.0
wt % liquid, it suggested that the mixtures remained fairly
well-mixed throughout the fluidization process. It appeared

Figure 14. Velocity vectors of wet particles (e 5 0.95) for fluidizing velocities (a) 1.8 m s21 and (b) 2.8 m s21.

The amount of liquid present was simulated to be 1.0 wt %. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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then that there were two mechanisms that contributed to

the high Lacey index values: more vigorous motions of par-

ticles resulting from higher fluidizing velocities as well as

stronger capillary liquid bridge forces which hindered relative

motions between particles and hence suppressed density

segregation.
Figure 14 shows snapshots of velocity vectors of wet par-

ticles (e 5 0.95) with 1.0 wt % liquid, extracted from the mid-

plane of the bed along the spanwise direction, when fluidizing

velocities of 1.8 m s21 and 2.8 m s21 were applied. At a fluid-

izing velocity of 1.8 m s21, wet particles had the tendency to

move as agglomerates, as indicated by the similar velocity

vectors within a localized region. Such tendencies to move as

agglomerates were reduced when the fluidizing velocity was

increased to 2.8 m s21. The velocity vectors for jetsam par-

ticles near the bed bottom were larger for wet particles as com-

pared to dry particles, as seen previously in Figure 7. Due to

the increase in particle velocities when the amount of liquid

present was 1.0 wt %, accumulation of jetsam particles at the

bottom of the bed was greatly reduced, hence suppressing den-

sity segregation. As such, the maximum attainable Lacey

index values increased from about 0.85 to 0.95 when the

amount of liquid present was increased from 0.0 to 1.0 wt %.

With the high tendencies for wet particles to move as agglom-

erates with similar velocities of the particles within each

agglomerate, Figure 14 also shows that relative velocities

between particles in contact were almost never greater than

1 m s21 and this justifies the assumption of negligible viscous

effects in comparison with surface tension effects of the capil-

lary liquid bridge forces present and the model applied in this

study.
Figure 15 shows the time evolution of average relative fluid

drag forces (fdrag/fg) for wet flotsam and jetsam particles origi-

nally belonging to various zones within the fluidized bed for

the different fluidizing velocities applied. In contrast to the

profiles seen earlier for dry particles, there was a tendency for

wet particles in different zones to exhibit synchronized fluctu-

ations in drag forces during the fluidization process even for a

fluidizing velocity of 1.8 m s21. Coupled with the tendency to

form agglomerates, wet particles might then be expected to

exhibit synchronized motions in the form of agglomerates,

which would result in minimal density segregation. The

Figure 15. Time evolution of average relative fluid drag forces (fdrag/fg) for wet particles (e 5 0.95) originally belong-
ing to various zones within the fluidized bed.

The amounts of liquid present and fluidizing velocities applied were (a) 0.1 wt % and 1.8 m s21, (b) 0.1 wt % and 2.8 m s21, (c)

1.0 wt % and 1.8 m s21, and (d) 1.0 wt % and 2.8 m s21. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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synchronized fluctuations in drag forces also suggested that
the bed had reached a macroscopically pseudosteady state,
which explained why the Lacey index values seen earlier did
not change much with time.

Figure 16a shows the effect of fluidizing velocity on time-
averaged relative capillary liquid bridge forces for wet par-
ticles originally belonging to various zones within the fluid-
ized bed. The magnitudes of relative capillary liquid bridge
forces were observed to be higher for flotsam particles than for
jetsam particles. This is a reflection of the fact that the weight
of a flotsam particle is smaller than that of a jetsam particle
while the total capillary liquid bridge forces experienced by
both types of particles before nondimensionalization were
similar. Figure 16b shows that the time-averaged coordination
numbers of both wet flotsam and jetsam particles were similar
at each fluidizing velocity. As the total capillary liquid bridge
force experienced by a particle depended only on the number

of nearest neighbors forming capillary liquid bridges with the
particle, or equivalently the coordination number, this sup-
ported the previous statement that total capillary liquid bridge
forces experienced by both wet flotsam and jetsam particles at
each fluidizing velocity were similar. When the amount of liq-
uid present between particles was simulated at 0.1 wt %, an
increase in fluidizing velocity from 1.8 m s21 to 2.8 m s21

decreased the relative capillary forces acting on flotsam par-
ticles by approximately 21% (from 3.8 to 3.0) and the coordi-
nation number by approximately 44% (from 4.1 to 2.3).
However, when the amount of liquid simulated was 1.0 wt %,
the same increase in fluidizing velocity only decreased the rel-
ative capillary forces by approximately 8.5% (from 4.2 to 3.8)
but the coordination number by approximately 43% (from 4.4
to 2.5). As the predominant effect of capillary forces was to
cause agglomeration of wet particles, it might be expected that
an increase in fluidizing velocity in a bed with a small amount
(0.1 wt %) of liquid between particles would result in better
mixing of particles while the same increase in fluidizing veloc-
ity would have minimal effect on mixing efficiency in a bed
with a larger amount (1.0 wt %) of liquid. These behaviors
were indeed observed earlier in the time evolution of Lacey
index values for the various fluidized beds containing dry and
wet particles.

Figure 17 shows the time variation of the total capillary liq-
uid bridge forces (fcap/fg) for different amounts of liquid pres-
ent in the bed when the fluidizing velocity was 2.3 m s21. The
relative capillary forces acting on the particles fluctuated about
3.0 when the amounts of liquid simulated were 0.5 wt %, 0.8
wt %, and 1.0 wt %. This was only slightly higher than the rel-
ative capillary force of 2.5 when the amount of liquid present
was 0.1 wt %. Although magnitudes of capillary liquid bridge
forces did not vary significantly for the various amounts of liq-
uid considered in this study, the formation of agglomerates by
wet particles led to much reduced extents of density segrega-
tion. This was observed as more uniform mass fraction distri-
butions of flotsam particles as well as higher Lacey index
values for fluidized beds containing wet particles.

Figure 16. Effect of fluidizing velocity on (a) time-
averaged relative capillary liquid bridge
forces (fcap/fg) and (b) time-averaged coor-
dination number for wet flotsam and jetsam
particles (e 5 0.95).

Figure 17. Time evolution of total capillary liquid bridge
forces (fcap/fg) for different amounts of liquid
present and fluidizing velocity of 2.3 m s21.

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

is available at wileyonlinelibrary.com.]
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Figure 18 shows the time evolution of average relative colli-
sion forces (fcollision/fg) for dry and wet flotsam and jetsam par-
ticles for the various fluidizing velocities applied. Here,
collision force is defined as the sum of the contact and damp-
ing forces as defined in the linear spring-and-dashpot model. It
may be seen that magnitudes of average collision forces were
larger than those of capillary forces throughout the fluidization
process. Furthermore, collision forces between particles
increased with an increase in the fluidizing velocity applied.
Thus, it might be expected that the basic condition required
for mixing or segregation to occur, where collision forces
overcome capillary forces acting between wet particles, was
likely to be satisfied. In order for mixing or segregation to
occur, the strong cohesive forces arising from capillary effects
between wet particles would have to be overcome by particle-
particle collision forces. This would then allow particles to be
removed from one agglomerate to become an independent par-
ticle before joining another agglomerate. Such movements of
particles between agglomerates were necessary for either mix-
ing or segregation to occur during fluidization of wet particles.

This explained the higher rate of density segregation and mix-
ing observed in dry particles at low and high fluidizing veloc-
ities respectively in comparison with wet particles. Figure 18a
shows that there were minimal fluctuations in collision forces
for dry jetsam particles when a fluidizing velocity of 1.8 m s21

was applied. One plausible reason for this was that the fre-
quency of collisions for jetsam particles under these conditions
was low due to segregation of jetsam particles at the bottom of
the bed, thereby reducing fluctuations of collision forces in the
system. Figure 18b shows that a higher fluidizing velocity of
2.8 m s21 in a bed containing dry particles led to larger fluctu-
ations in collision forces, hence resulting in a higher mixing
efficiency, as observed earlier in the discussion on dry particle
fluidization. Similarly, with the application of higher fluidi-
zing velocities in beds containing wet particles (Figures 18c
and d), larger fluctuations in particle-particle collision forces
improved the likelihood of such forces overcoming capillary
forces between wet particles and led to higher mixing efficien-
cies as seen earlier in the time evolution of Lacey index values
for wet particles.

Figure 18. Time evolution of relative particle-particle collision forces (fcollision/fg) for (a) dry particles with fluidizing
velocity 1.8 m s21, (b) dry particles with fluidizing velocity 2.8 m s21, (c) wet particles with 1.0 wt % liq-
uid and fluidizing velocity 1.8 m s21 and (d) wet particles with 1.0 wt % liquid and fluidizing velocity
2.8 m s21.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Conclusions

The mixing and segregation behaviors of dry and wet granu-

lar mixtures in gas fluidized beds were investigated computa-

tionally in this study. The conventional CFD-DEM model was

coupled with a capillary liquid bridge force model and used

for simulations of fluidization of dry and wet particles of dif-

ferent densities at various fluidizing velocities. The results

obtained for fluidization of dry particles were in good agree-

ment with previously reported Eulerian-Lagrangian simulation

results. The degree of density segregation was found to

decrease with increasing fluidizing velocities and coefficients

of restitution. Sensitivity of the fluidized bed to the coefficient

of restitution was also found to decrease when the coefficient

of restitution increased from 0.95 to 0.99. An analysis of

forces showed that magnitudes of drag forces acting on flot-

sam and jetsam particles were larger and smaller than their

weights respectively. A lower tendency for density segregation

was observed in fluidization of wet particles. Wet particles

were fluidized as agglomerates with individual particles held

together by capillary liquid bridge forces and exhibited

synchronized motions as a result. These capillary liquid bridge

forces between particles had to be overcome in order for mix-

ing or segregation at the scale of individual particles to occur.

Based on analyses of the time evolution of the various forces

present during fluidization, it was observed that particle-

particle collision forces were stronger than both fluid drag

forces and capillary liquid bridge forces. The magnitudes of

particle-particle collision forces and drag forces increased

with increasing fluidizing velocity while the magnitudes of

capillary forces decreased with increasing fluidizing velocity,

which explained the higher mixing or segregation efficiencies

observed in wet particles at higher fluidizing velocities. It is

well recognized in the research literature that segregation of

granular mixtures of particles with different sizes in gas fluid-

ized beds, like density segregation, is a complex and incom-

pletely understood phenomenon. It would thus be pertinent to

extend the present study towards investigations of fluidization,

mixing and segregation behaviors in fluidized beds containing

dry or wet particles of different sizes.
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