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A modified discrete element method (DEM) was constructed by compositing an additional liquid-bridge module into the
traditional soft-sphere interaction model. Simulations of particles with and without liquid bridges are conducted in a bubbling
fluidized bed.The geometry of the simulated bed is the same as the one in Müller’s experiment (Müller et al., 2008). A comparison
between the dry and the wet particular systems is carried out on the bubble behavior, the bed fluctuation, and the mixing process.
The bubble in the dry system possesses a regular round shape and falling of scattered particles exists while the bubble boundary of
the wet particles becomes rough with branches of agglomerates stretching into it. Themixing of the dry system is quicker than that
of the wet system. Several interparticle liquid contents are applied in this work to find their influence on the kinetic characteristic of
the wet particle flow. With an increase of liquid content, the mixing process costs more time to be completed. Symmetrical profiles
of the velocity and granular temperature are found for two low liquid contents (0.001% and 0.01%), while it is antisymmetrical for
the highest liquid content (0.1%).

1. Introduction

Particular systems are very common in petroleum, food,
chemical, and energy industries. These engineering pro-
cesses involve highly complex phenomena of gas-solid two-
phase flow, which include particle mixing and segregation,
formation of agglomerate, heat transfer, drying, and liquid
transfer between particles in wet systems. The DEMmethod,
originally proposed by Cundall and Strack [1], provides a
robust technique for investigating the kinetic characteristic of
particle flows. It is able to trace the trajectories and velocities
of dispersed particles. The computational fluid dynamics
(CFD) is commonly employed to account for the existence
of the gas. Combination of the DEM and CFD methods
has emerged as one of the most important tools in probing
granular flows in spouted bed [2, 3], gas-fluidized bed [4–7],
vibrating bed [8, 9], mixer [10, 11], and hopper [12].

Most studies on particle fluidization are focused on dry
systems. However, the system behavior in the presence of
liquid is also very important from both industrial and scien-
tific viewpoints. Due to the significantly varied characteristics

on surface, the liquid bridge forces between particles and
between a particle and a wall cannot be negligible compared
to the inertia forces, especially at a scale of submillimeter or
micrometer. Consequently, it causes the flow behavior of the
wet particles greatly different from that of the dry particles
and even defluidization phenomenon. Some challenging
works have been reported by Seville and Clift [13], McLaugh-
lin and Rhodes [14], and Wormsbecker and Pugsley[15] on
the transition of particle flow from Geldart’s [16] Group B to
Group A and Group C due to an addition of small quantities
of a nonvolatile liquid. In general, experimental work on
wet particular system is still at a qualitative stage because
of the great technical difficulty to directly measure forces
in cohesive particle fluidized beds. Accordingly, the DEM
method coupling with the CFDmethod becomes a predictive
tool to investigate the detailed phenomena in fluidized beds of
wet cohesive particles. Preliminary simulations applying the
DEM-CFD method are conducted in centrifugal tumbling
granulator by Muguruma et al. [17], bladed mixer by Lekhal
et al. [18] and Radl et al. [19], and hopper by Anand et al. [20].
Nevertheless, seldom literatures so far have been reported on
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the numerical simulation ofwet cohesive particles in fluidized
beds because the simulation of dry noncohesive particles has
been the major issue of the last few decades.

As the mechanics of cohesive gas-particle systems is still
poorly understood, the objective of the present work is to
develop a numerical DEM-CFD method for the fluidization
of wet cohesive particles in a gas-fluidized bed. At first,
a modified soft-sphere interaction model was developed
by compositing an additional module to account for the
presence of liquid bridge. Then, a comparison between the
dry and the wet particular systems is carried out and the
influence of the interparticle liquid content is investigated on
the kinetic characteristic of wet cohesive particle flow.

2. DEM-CFD Model

2.1. Governing Equations of the Gas Phase. The gas is treated
as a continuous phase and the local mean Navier-Stokes
equation, proposed by Anderson and Jackson [21], is used
to describe its behavior. The local mean variables are derived
from their point ones and averaged over the regions that are
large compared to the particle size but small with respect
to the characteristic dimension of the whole system. The
resulting mass and momentum balances for the gas phase are
as follows:

𝜕

𝜕𝑡
(𝜀𝑔𝜌𝑔) + ∇ ⋅ (𝜀𝑔𝜌𝑔u𝑔) = 0,

𝜕

𝜕𝑡
(𝜀𝑔𝜌𝑔u𝑔) + ∇ ⋅ (𝜀𝑔𝜌𝑔u𝑔u𝑔)

= −𝜀𝑔∇𝑝 − ∇ ⋅ (𝜀𝑔𝜏𝑔) − F𝑔𝑝 + 𝜀𝑔𝜌𝑔g,

(1)

where 𝜀𝑔 is the void fraction of the gas in each computing cell,
-; 𝜌𝑔 is the gas density, kg⋅m

−3; u𝑔 is the gas velocity, m⋅s−1; 𝑝
is the pressure, Pa; F𝑔𝑝 is the rate of exchange of momentum
between the gas phase and the particles, kg⋅m−2⋅s−2; g is the
gravity, m⋅s−2. The viscous stress tensor 𝜏𝑔 is modeled by
considering the gas phase as a Newtonian fluid:

𝜏𝑔 =
2

3
𝜇𝑔 (∇ ⋅ u𝑔) I − 𝜇𝑔 [(∇u𝑔) + (∇u𝑔)

𝑇

] , (2)

where 𝜇𝑔 is the gas shear viscosity, Pa⋅s; I is the identity
matrix, -.

2.2. ParticleDynamics. In theDEMapproach, the trajectories
of individual particles are determined from the Newton’s
second law ofmotion.The time evolution of these trajectories
then gives the global description of the whole granular
system. The translational motion of a wet cohesive particle is
governed by the pressure gradient force, the drag force, the
gravitational force, the contact force, and the liquid bridge
force:

𝑚𝑝
𝑑
2r
𝑑𝑡2

= −𝑉𝑝∇𝑝 +
𝑉𝑝𝛽

1 − 𝜀𝑔

(u𝑔 − k𝑝) + 𝑚𝑝g + F𝑐 + Flb, (3)

where 𝑚𝑝 is the particle mass, kg⋅m−3; r is the position of
particle center, m; 𝑡 is the time, s; 𝑉𝑝 is the particle volume,
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Figure 1: Soft-sphere interaction model of wet cohesive particles.
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Figure 2: Liquid bridge force as a function of the separation distance
(the particles are represented in grey, while the liquid is black).

m3; v𝑝 is the particle velocity, m⋅s−1; F𝑐 is the contact force,
N; Flb is the liquid bridge force, N.

The angular velocity 𝜔𝑝 under the action of a torque is
given as follows:

𝐼𝑝

𝑑𝜔𝑝

𝑑𝑡
= T𝑝, (4)
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Figure 3: Schematic of liquid bridge between two particles.
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Figure 4: Schematic of liquid bridge between a particle and a wall.

where 𝐼𝑝 is the moment of inertia, kg⋅m2; T𝑝 is the torque,
N⋅m. The tangential forces due to both contact and liquid
bridge interactions contribute to the torque T𝑝.

2.2.1. Contact Force. As shown in the dashed box of Figure 1,
a linear spring-dashpot (LSD) soft-sphere model is applied to
compute the force F𝑐 when a particle comes into contact with
another or a wall. In the LSD model, a position-dependent
spring obeying Hooke’s law is used for describing the elastic
deformation (energy conservation) and a velocity-dependent
dashpot accounts for the damping effect (energy dissipation).
The normal component F𝑛 and the tangential component F𝑡
of the contact force F𝑐 are expressed as follows:

F𝑛 = −𝑘𝑛𝛿𝑛 − 𝜂𝑛k𝑟,𝑛,

F𝑡 =
{{{

{{{

{

−𝑘𝑡𝛿𝑡 − 𝜂𝑡k𝑟,𝑡
F𝑡
 ≤ 𝜇𝑠

F𝑛
 ,

−𝜇𝑠
F𝑛


k𝑟,𝑡
k𝑟,𝑡



F𝑡
 > 𝜇𝑠

F𝑛
 ,

(5)

where 𝑘 is the spring stiffness, N⋅m−1; 𝜂 is the damping
coefficient, N⋅s⋅m−1; 𝛿 is the elastic deformation, m; v𝑟 is the
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Figure 5: Schematic of the bubbling fluidized bed and initial particle
positions.

relative collision velocity, m⋅s−1; 𝜇𝑠 is the coefficient of sliding
friction, -. The subscripts 𝑛 and 𝑡 represent the normal and
tangential directions, respectively.

2.2.2. Liquid Bridge Force. The forces, arising in the wet
cohesive particle flows, could be modeled using the concept
of liquid bridge. To take account of the presence of liquid
bridge, an additional module is added into the traditional
soft-sphere interaction model and the whole model for wet
cohesive particle is given in Figure 1. The liquid bridge force
𝐹lb consists of two parts, that is, the static capillary force 𝐹cp
and the dynamic viscous force 𝐹V. The following assumption
of liquid bridge is made for a wet particular system.



4 Mathematical Problems in Engineering

Table 1: Parameters applied in the simulation.

Variable Value Unit
Bed

Dimensions along 𝑥, 𝑦, and 𝑧 44 × 10 × 120 mm
Cells along 𝑥, 𝑦, and 𝑧 12 × 3 × 24 —
Superficial gas velocity, 𝑈 0.6, 0.9 m⋅s−1

Particle
Number of particles 9240 —
Particle diameter, 𝑑

𝑝
1.2 mm

Particle density, 𝜌
𝑝

1000 kg⋅m−3

Coefficient of restitution, 𝑒 0.97 —
Coefficient of sliding friction, 𝜇

𝑠
0.10 —

Normal spring stiffness, 𝑘
𝑛

800 N⋅m−1

Tangential spring stiffness, 𝑘
𝑡

229 N⋅m−1

Gas
Gas shear viscosity, 𝜇

𝑔
1.8 × 10

−5 Pa⋅s
Liquid

Relative liquid volume, 𝑉∗lb 0.001%, 0.01%, 0.1% —

Figure 6: Single bubble behavior of dry noncohesive particles (𝑈 = 0.9m/s).

(i) The total liquid of the wet system is uniformly dis-
tributed to each particle, which is covered by a liquid
layer of the same thickness. The liquid volume on the
surface of each particle is equivalent to six bridges
(twelve half-bridges at maximum in a 3D coordinate
system).

(ii) When the particles are directly contacting and an
elastic formation (overlap) exits, within the region
AB in Figure 2, both the liquid bridge force and the
contact forces act on the particles. The whole soft-
sphere model shown in Figure 1 is used to calculate
all the interaction forces.

(iii) When the particles are separated (both approaching
and separating) and the distance between them is
less than the critical rupture distance 𝐻cr, within the
regionBC in Figure 2, a steady liquid bridge exists and
the wet particles are only subject to this force in the
absence of contact forces.

(iv) When the interparticle separation distance exceeds
the critical rupture distance for a given liquid bridge
volume, within the region CD in Figure 2, the liquid
bridge collapses and the liquid returns back to the
particle surface. Since the particles possess the same

properties, the transfer of liquid between particles
is neglected. This means, in the whole simulation, a
particle carries the same content of liquid as in the
initial state.

(v) The same manner is applied to the interaction
between a particle and a wall, except that the volume
of liquid bridge only comes from the liquid carried by
the particle and the liquid returns back to the particle
while the wall remains dry after collision.

(1) Capillary Force. (I) Particle-Particle Interaction. A total
energy theory could be used to calculate the capillary force of
a fixed liquid volume. When two wet particles are interacting
as shown in Figure 3, the total energy𝑊tot of the nonvolatile
liquid bridge (constant volume), based on the work of
Israelachvili [22], is expressed as follows:

𝑊tot = −2𝜋𝛾𝑅
2
𝜑
2 cos (𝜃) , (6)

where 𝛾 is the surface tension, N⋅m−1; 𝑅 is the particle radius,
m; 𝜑 is the half-filling angle, rad; 𝜃 is the contact angle,
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Figure 7: Time-averaged vertical velocities at different heights (𝑈 =
0.9m/s).

rad. The normal capillary force could be obtained from the
derivation of the following:

𝐹cp,𝑛 = −
𝑑𝑊tot
𝑑𝐻

= 4𝜋𝛾𝑅
2
𝜑 cos (𝜃)

𝑑𝜑

𝑑𝐻
, (7)

where 𝐻 is the distance between the two particles, m. From
the geometry of liquid bridge in Figure 3, the liquid volume
between the two particles is approximately given by

𝑉lb = 𝜋𝑅
2
𝜑
2
𝐻 +

1

2
𝜋𝑅
3
𝜑
4
. (8)

Under a constraint of constant volume for the liquid
bridge, 𝑑𝑉lb/𝑑𝐻 = 0, substituted by (8),

𝑑𝜑

𝑑𝐻
= −

1

2𝐻/𝜑 + 2𝑅𝜑
. (9)

From the geometry, the immersion height 𝑑 has the
following relationship:

𝑑 = 𝑅 − 𝑅 cos (𝜑) = 2𝑅 sin2 (
𝜑

2
) . (10)

In the case of a small volume liquid bridge (i.e., 𝜑 ≪ 1),
sin(𝜑/2) ≈ 𝜑/2, and then

𝑑 =
1

2
𝑅𝜑
2
. (11)

Combining (7), (9), and (11), the capillary force can be
expressed as

𝐹cp,𝑛 = −
2𝜋𝛾𝑅 cos (𝜃)
1 + 𝐻/2𝑑

. (12)

The above expression of the capillary force comes from
the pressure difference arising from the neck curvature and
the influence of the liquid bridge surface tension is not
considered. To take into account this effect, the whole normal
capillary force is

𝐹cp,𝑛 = −
2𝜋𝛾𝑅 cos (𝜃)
1 + 𝐻/2𝑑

− 2𝜋𝛾𝑅 sin (𝜑) sin (𝜑 + 𝜃) . (13)

According to Lambert et al. [23] and Liu et al. [24],
although an overestimate exists at a relatively high liquid vol-
ume, (13) gives a satisfactory prediction on the experimental
data at a low liquid volume and is suitable for the conditions
in the present work. Moreover, the immersion height 𝑑 is a
function of the interparticle distance𝐻 and the liquid bridge
volume𝑉lb.The expression proposed by Rabinovich et al. [25]
is given by

𝑑 = −𝐻 + √𝐻2 +
𝑉lb
𝜋𝑅
. (14)

Combining (11) and (14), we get the relationship between
the half-filling angle 𝜑and the liquid bridge volume 𝑉lb:

𝜑
2
=
2𝐻

𝑅
(−1 + √1 +

𝑉lb
𝜋𝑅𝐻2

) . (15)

(II) Particle/Wall Interaction. Similar to the particle/particle
interaction, the normal capillary force between a particle and
a wall, shown in Figure 4 is given by

𝐹cp,𝑛 = −
4𝜋𝛾𝑅 cos (𝜃)
1 + 𝐻/𝑑

− 2𝜋𝛾𝑅 sin (𝜑) sin (𝜑 + 𝜃) . (16)

When a direct contact occurs between two particles or
between a particle and a wall, an overlap exits (within the
region AB in Figure 2) and the interparticle distance 𝐻 gets
an unreasonable negative value in the above theory. In fact,
there is an elastic deformation at the contact point. Liquid
exists in the gap due to the particle roughness and the distance
𝐻 is still positive. Here, we assume that the capillary force
remains a constant value with a minimum distance 𝐻 of 1 ×
10−5m (particle roughness).

(2) Viscous Force. Besides the static capillary force, dynam-
ically squeezing out and stretching the interparticle liquid
result in a viscous resistance on the motion of particles.
This effect becomes as significant as the capillary force
if the relative collision velocity increases [26]. Based on
the lubrication theory [27] and the work of Adams and
Edmonson [28], the normal viscous force is expressed as
follows:

𝐹V,𝑛 = 6𝜋𝜇lb𝑅V𝑟,𝑛
𝑅

𝐻
, (17)

where 𝜇lb is the liquid bridge viscosity, Pa⋅s. Lian et al.
[29] suggest a solution of the viscous force in the tangential
direction from the work by Goldman et al. [30]:

𝐹V,𝑡 = 6𝜋𝜇lb𝑅V𝑟,𝑡 (
8

15
ln 𝑅
𝐻
+ 0.9588) . (18)
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Figure 8: Time-averaged granular temperatures at different heights.

Figure 9: Bubble behavior of wet particles (𝑈 = 0.9m/s, 𝑉∗lb = 0.01%).
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pressures shown in Figure 10.

The same as the situation of the capillary force, a min-
imum value of 1 × 10−5m (particle roughness) is employed
for the interparticle distance 𝐻 to keep the viscous force
bounded.

The liquid bridges remain in place until the particles reach
a critical rupture distance, where the solid contact will cease.
Lian et al. [31] found the following relationship between the
critical rupture distance and the liquid bridge volume:

𝐻cr = 𝑅 (0.5𝜃 + 1)
3
√�̂�lb, (19)

where �̂�lb is the dimensionless liquid bridge volume:

�̂�lb =
𝑉lb
𝑅3
. (20)

2.3. Gas-Particle Interaction. As the primary mode of the
interphase momentum transfer, the drag between gas and
particles couples the discrete simulation to the continuous
fluid flow.The rate of the interphase exchange of momentum
F𝑔𝑝, computed by the sum of the drag forces acting on all
individual particles in a computing cell, is expressed as a
function of the product of the interphase drag coefficient and
the relative velocities between the gas phase and the particles:

F𝑔𝑝 =
1

𝑉cell

𝑁𝑝

∑

𝑛=1

𝑉
𝑛

𝑝
𝛽

1 − 𝜀𝑔

(u𝑔 − k𝑛
𝑝
) , (21)

where 𝑉cell is the computing cell volume, m3; 𝑁𝑝 is the
number of particles in a computing cell, -; 𝛽 is the interphase
momentum exchange coefficient, kg⋅m−3⋅s−1. It is extremely
difficult to calculate the drag force theoretically. In this work,

an expression from the correlations of Ergun [32] and Wen
and Yu [33] is applied:

𝛽 =

{{{{{{

{{{{{{

{

150(1 − 𝜀𝑔)
2

𝜇𝑔

𝜀𝑔𝑑
2
𝑝

+ 1.75
𝜌𝑔 (1 − 𝜀𝑔)

𝑑𝑝


u𝑔 − k𝑝


𝜀 < 0.8

3

4
𝐶𝐷

𝜌𝑔 (1 − 𝜀𝑔) 𝜀
−1.65

𝑔

𝑑𝑝


u𝑔 − k𝑝


𝜀 > 0.8,

(22)

where 𝑑𝑝 is the particle diameter, m. The drag coefficient
𝐶𝐷 is calculated from the correlations based on the particle
Reynolds number:

𝐶𝐷 =

{{

{{

{

24

Re
(1 + 0.15Re0.687) Re < 1000,

0.44 Re ≥ 1000.
(23)

And the particle Reynolds number is defined as

Re =
𝜌𝑔𝜀𝑔𝑑𝑝


u𝑔 − k𝑝



𝜇𝑔

. (24)

2.4. Boundary Conditions. In this work, simulations of the
particle flow with and without liquid bridges are conducted
in a bubbling fluidized bed. The geometry of the cuboid bed
is the same as that of the experimental bed byMüller et al. [34]
and the dimensions are 44mm × 10mm × 120mm.The total
number of solid particles is 9240with an initial distribution in
the bed (0 s) shown in Figure 5. The monosize particles have
a diameter of 1.2mm and are all spherical, which is a little
different from the kidney-like-shape particles in experiment.
The gas entering through the bottom distributor is uniform.
For the gas phase, a no-slip boundary condition is applied on
the walls.

The finite volume approach is applied with discretization
on a staggered grid for the hydrodynamic model. At first, all
simulations of both the dry and the wet particular systems
are carried out for 15 s and the time-averaged results are
obtained from the last 10 s. Then, in order to calculate the
minimum fluidization velocity 𝑈mf, another 10 seconds are
conducted for the wet particle flows with the superficial gas
velocity gradually decreasing to zero. The parameters and
properties, the same as those in Müller’s experiment, used in
the simulation are summarized in Table 1.

3. Results and Discussion

3.1. Comparison between Simulation and Experiment. The
motion of dry noncohesive particles is first simulated.
Figure 6 shows the 3D spatial distribution of the dry particles
and the bubble predicted in the bed. The superficial gas
velocity is set to 0.9m/s. As we can see from the figure, a
typical bubble forms at the bottom distributor, grows up in
the middle, and collapses when reaching the open surface. A
single bubble repeatedly occurs during the whole procedure
of the simulation and it is comparable to the dimensions of
the fluidized bed.



8 Mathematical Problems in Engineering

Figure 12: Evolution of particle mixing (𝑈 = 0.9m/s, 𝑉∗lb = 0.01%, 𝑃 = 0.5).
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Figure 13: Mixing index for dry and wet particle systems.

In Figure 7, the transverse profile of the vertical particle
velocity 𝑉𝑧 is time averaged at three different heights, (a)
10mm, (b) 20mm, and (c) 30mm. A comparison between
the DEM simulation and the experiment using magnetic
resonance (MR) by Müller is conducted. Combined with
Figure 6, it indicates that the particles at the center are forced
to move up and fall down near the side walls to occupy the
void space arising from the up motion of the large bubble.
The numerical simulation is found to agree well with the
measured data except an underestimation near the two side
walls, where the particle velocity increases in the experiment.
This is because, in order to guarantee the validity of the flow
field, the size of cells in DEM simulation is required to be
several times greater than the particle diameter. This coarse
numerical grid together with the no-slip boundary condition
amplifies the wall shear effect and underestimates the gas
velocity and then the particle velocity near the side walls.

Moreover, a small overestimation of the central particle
velocity exists at 10mm high while an underestimation
presents at 30mm high. One of the main reasons is the shape
effect of particles on the bubble hydrodynamics, because the

motion of a bubble strongly influences the kinetic character-
istics of particles in the bubbling fluidized bed. The kidney-
like-shape particles in the experiment may present a stronger
resistance to the particle movement than the spherical par-
ticles in the dense phase zone. This leads to a lower particle
velocity in the experiment than that in the simulation near the
distributor. On the other hand, the stronger resistance from
the kidney-like-shape particles generates a higher pressure
in the bubble. Once the bubble collapses when reaching the
open surface (nearly 30mm under the present conditions),
the kidney-like-shape particles will be sprayed out and get a
higher velocity from the gas phase. Another reason for the
higher particle velocity at 30mm in the experiment may be
the effect of the nonspherical particles on the drag force.
At 30mm, where the bubble reaches the open surface, the
particles are mainly subjected to the drag from the gas and
the interaction between the particles becomes less important.

The granular temperature, marking the fluctuating inten-
sity of particles, is one of the most important parameters to
measure the kinetic behavior of a particulate system. Jung et
al. [35, 36] proposed a granular temperature that is caused
by the formations and motions of bubbles and gives rise to
the normal Reynolds stresses. This granular temperature is
related to the second moment of the velocity fluctuation:

⟨V∗
𝑖
V∗
𝑗
⟩ (r) = 1

𝑀𝑓

𝑀𝑓

∑

𝑚=1

[V𝑚
𝑐,𝑖
(r, 𝑡) − V𝑖 (r)] [V

𝑚

𝑐,𝑗
(r, 𝑡) − V𝑗 (r)] ,

(25)

where 𝑖 and 𝑗 represent the directions 𝑥, 𝑦, and 𝑧; 𝑀𝑓 is
the number frames that are averaged in time, -. The time-
averaged mean velocity V is defined as

V𝑖 (r) =
1

𝑀𝑓

𝑀𝑓

∑

𝑚=1

V𝑚
𝑐,𝑖
(r, 𝑡) . (26)

And the cell-averaged mean velocity V𝑐 is defined as

V𝑐,𝑖 (r, 𝑡) =
1

𝑁𝑝

𝑁𝑝

∑

𝑛=1

V𝑛
𝑝,𝑖
(r, 𝑡) . (27)

Finally the time-averaged granular temperature is given
by

𝜃 (r) = 1
3
[⟨V∗
𝑥
V∗
𝑥
⟩ (r) + ⟨V∗

𝑦
V∗
𝑦
⟩ (r) + ⟨V∗

𝑧
V∗
𝑧
⟩ (r)] . (28)
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Figure 14: Influence of liquid volume on pressure drop and bed height.
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The DEM prediction of the granular temperature 𝜃𝑧𝑧 in
the vertical direction is obtained at different heights, as shown
in Figure 8. Two superficial gas velocities 𝑈 = 0.6m/s and
𝑈 = 0.9m/s are simulated in the fluidized bed. As we can see,
the choice of the gas velocity has a great influence. A higher
gas velocity increases the granular temperature, whose value
nearly doubles at 𝑈 = 0.9m/s to that at 𝑈 = 0.6m/s. For
both gas velocities, the maximum appears at the bed center
where the bubble moves up. This indicates a more powerful
interphase exchange of moment. A comparison is conducted
between the DEM simulations and the experiment of Müller.

The numerical simulation gives an acceptable prediction of
theMRmeasured data, since it is extremely hard to accurately
calculate the granular temperature in fluidized beds [37, 38].

3.2. Fluidized Bed Hydrodynamics of Dry and Wet Particles

3.2.1. Bed Behavior. The bubble behavior of the wet cohesive
particles is illustrated in Figure 9.The content of liquid added
to the granular system is 0.01% by volume relative to the
particles. Combined with Figure 6, the bubble behavior of
the wet cohesive particles is found to be similar to the dry
noncohesive particles in the fluidized bed. A single large
bubble moves gradually from the distributor to the open
surface, in the process of which the particles are pushed up
at the head and entrained at the tail of the rising bubble.
However, there are great differences between the dry and
wet systems. The bubble possesses a regular round shape and
falling of scattered particles exists in the bubble for the dry
system. On the other hand, individual particles are gathered
by agglomerates in and around the bubble for the wet system.
Due to the strong viscous effect and the enhanced sliding
friction arising from the liquid bridges, particles are not
easy to move tangentially and the bubble boundary becomes
rough. Branches of agglomerates, stretching into the bubble,
contribute to the irregular characteristic of the bubble.

The computed fluctuation of the pressure drop and the
bed height of the fluidized bed is shown for 15 s in Figure 10.
As shown in the figure, we found that the fluctuation of the
pressure drop in the wet system is much stronger than that
in the dry system and the interparticle liquid contributes to a
small increase of the average pressure drop in the wet system.
This is because the rising bubble has to overcome an extra
resistance between particles, which is from an additional
cohesive force by the interparticle liquid bridges. The same
reason is for the similar variance of the bed height besides
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Figure 16: Influence of liquid content on granular temperature distribution (𝑈 = 0.9m/s).

the support of thewall with liquid bridges.Thepower spectral
magnitude of the dynamic pressure as a function of frequency
is shown in Figure 11. It is found that the main frequency for
the dry and wet systems is 3.24Hz and 4.80Hz, respectively.
Moreover, themagnitude of the fluctuations in thewet system
is higher than in the dry system due to more violent pressure
oscillations.

3.2.2.Mixing Index. Themixing of particles in a fluidized bed
is important as it greatly influences themass,momentum, and
energy exchange between particles and between a particle
and the gas. The mixing extent could be quantified by a
mixing index, which is based on the variance 𝜎2 of the sample
particle composition:

𝜎
2
=

1

𝑁 − 1

𝑁

∑

𝑖=1

(𝑐𝑖 − 𝑐) , (29)

where𝑁 is the number of sample cells, -; 𝑐𝑖 and 𝑐 are the local
and average concentration of particles, respectively. Lacey’s
mixing index𝑀 [39] is employed in this work and is defined
as follows:

𝑀 =
𝜎
2

0
− 𝜎
2

𝜎2
0
− 𝜎2
𝑟

, (30)

where 𝜎2
0
is the variance of a complete segregated system, -;

𝜎
2

𝑟
is the variance of a randomlymixed system, -. For a binary

mixture system, 𝜎2
0
= 𝑃(1 − 𝑃) and 𝜎2

𝑟
= 𝑃(1 − 𝑃)/𝑁; 𝑃 is the

proportion of the sample component in the whole mixture
and 𝑃 = 0.5 if the portions of the two components are equal.
Lacey’s mixing index ranges from 0 to 1 corresponding to
completely randommixed and segregated states, respectively.

To investigate the mixing characteristic of a monosize
particular system, the particles are divided into two groups
with the same portions and traced by different colors (grey
for lower half particles and black for upper half particles
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Figure 17: Influence of liquid content on particle velocity (𝑈 = 0.9m/s).

at the initial state). The bin size of the sample cells, used
in calculating the mixing index, is the same as the size of
simulation grid and has a dimension of 3.67mm × 3.33mm
× 5.0mm.The snapshots of the particle mixing evolution are
illustrated in Figure 12 for a wet system with a liquid volume
of 0.01%. As we can see, the particles are gradually mixed
uniformly under a repeatedly occurrence and motion of a
bubble. The quantitative comparison of the mixing index is
shown in Figure 13. Both the dry andwet systems finally reach
the same dynamic equilibrium state (𝑀 = 0.91). The dry
system results in a larger slope of mixing to the wet system. It
takes the dry system only 2.5 s to achieve themaximumLacey
mixing index while the wet system costs 3.3 s.

3.3. Influence of Liquid Content on Wet Particle Behaviors.
The influence of the liquid content on the pressure drop
and bed height is plotted in Figure 14. Besides the first 15
seconds of operation of the wet cohesive bed, additional
10 seconds are conducted with the superficial gas velocity
decreasing linearly from 0.9m⋅s−1 to zero. From the figure,
the standard deviation of the pressure fluctuation increases
obviously to 31.1 Pa, 38.4 Pa, and 44.3 Pa with a relative liquid
content of 0.001%, 0.01%, and 0.1%, respectively. This means
a great enhancement of the pressure fluctuation is obtained
by adding liquid into wet particle systems. This is because
in a dry system, the contact force dominates the behavior
of particles and, in a wet system with liquid, the capillary



12 Mathematical Problems in Engineering

0.006

0.005

0.004

0.003

0.002

0.001

0.000
0 11 22 33 44

x (mm)

Vlb = 0.001%
Vlb = 0.01%
Vlb = 0.1%

𝜃
z
z

(m
2
·s−

2
)

(a) 7.5mm

0.000
0 11 22 33 44

x (mm)

Vlb = 0.001%
Vlb = 0.01%
Vlb = 0.1%

0.030

0.025

0.020

0.015

0.010

0.005

𝜃
z
z

(m
2
·s−

2
)

(b) 20mm

0 11 22 33 44

x (mm)

Vlb = 0.001%
Vlb = 0.01%
Vlb = 0.1%

0.05

0.04

0.03

0.02

0.01

0.00

𝜃
z
z

(m
2
·s−

2
)

(c) 30mm

Figure 18: Influence of liquid content on granular temperature.

force (attractive) and viscous force (repulsive) become more
important.

Theminimum fluidization velocity𝑈mf is one of the most
convenient indices to characteristics of the particle system
in a fluidized bed. To determine 𝑈mf by the computer sim-
ulation, the superficial gas velocity was decreased gradually
from 0.9m⋅s−1 to zero during 10 s. The evolutions of the
bed pressure drop and bed height are plotted in Figure 14.
The particles are defluidized at 18.0 s, 18.5 s, and 19.3 s for
liquid contents of 0.001%, 0.01%, and 0.1%, respectively.
The corresponding minimum fluidization velocities 𝑈mf are
determined as 0.63m⋅s−1, 0.585m⋅s−1, and 0.513m⋅s−1. When

the gas velocity decreases below their minimum fluidizing
velocity, the higher bed height with an increase of the liquid
volume indicates a higher bed voidage.This is because thewet
particles are supported by the wall with liquid bridges.

Figure 15 gives the results of liquid content on the mixing
index. The final dynamic equilibrium state is independent
from the liquid content. The increase of the liquid content
significantly delays the mixing process of particles. It costs
2.6 s, 3.1 s, and 4.3 s for most particles reaching the maximum
Lacey mixing index for liquid contents of 0.001%, 0.01%, and
0.1%, respectively. A great delay shows for the wet cohesive
system and it is found that the bed behavior under this
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condition is significantly different from the other two (see the
following part).

The spatial distributions of the time-averaged vertical
velocities of the wet systems are plotted in Figure 16. It
shows, from (a) to (c), an addition of liquid of (a) 0.001%,
(b) 0.01%, and (c) 0.1%, respectively. The particle velocity
near the distributor is found to be extremely low compared
to the superficial gas velocity. In the simulation, a core of
high positive velocity is generated at the center of the bed,
aside which two cores of high negative velocities exist, for
the liquid of 0.001% and 0.01%. This means a single bubble
arises in the bed center to push the particles up and then
transversely to the side walls. A different phenomenon occurs
at a liquid content of 0.1%. A positive core and a negative core
occupy either side of the walls, respectively. This is because
the interparticle liquid bridge forces increase to such a great
value that the particles move together as a group and the gas
is pushed away to the corner to pass.

The profiles of the vertical velocities are shown in
Figure 17 at different heights. A symmetrical profile presents
both for the two low liquid contents, which is according to
the spatial distributions in Figure 16. Moreover, an antisym-
metrical profile occurs for 0.1% liquid because the bubble
turns up at the right wall rather than at the center. The
transverse profiles indicate that the particles move up along
with the rising bubble and the particles around the bubble
flow back to occupy the void space. A higher force between a
particle and a wall arises if more liquid content is added. The
particles become hard to move and their velocities decrease.
A less movement of the near-wall particles decreases the
supplement of the particles pushed away by a bubble and
consequently reduces the velocity of particles there. This is
according to the velocity variance in Figure 17 that an increase
of liquid content decreases the scope of velocities.

The influence of the liquid content on the granular tem-
perature 𝜃𝑧𝑧 in the vertical direction is obtained at different
heights, shown in Figure 18. Similar to the variances of the
velocities, a symmetrical profile for 0.001% and 0.01% and
an antisymmetrical profile for 0.1% also occur. For 0.001%
and 0.01%, two kinds of granular temperature peaks are
presented in the fluidized bed. The first kind is along the
center of a bubble trajectory, where the interphase exchange
between the particles and the gas is most acute. The second
kind with two peaks, symmetrically distributing at both sides
of the first kind, exists at the junction of the upward and
downward particles where the collision between particles is
most acute. There is only the first kind of peak for 0.1%
because the particles are agglomerated as a group in the
absence of collision between particles. An increase of the
liquid decreases the granular temperature.

4. Conclusions

To investigate the hydrodynamics of the wet cohesive parti-
cles in a gas-fluidized bed, a modified DEM-CFD numerical
method was developed by compositing an additional liquid-
bridge module into the traditional soft-sphere interaction
model. Simulations of the dry noncohesive and wet cohesive

particles are conducted in a bubbling fluidized bed. A
comparison between the dry and wet particular systems is
carried out on the bubble behavior, the bed fluctuation, and
the mixing process. Different liquid contents are applied in
this work to find their influence on the kinetic characteristic
of the wet particular system.

Good agreements were found between the DEM simula-
tion of the dry particles and the MR measurement of Müller.
The bubble in the dry system is similar to the one in the
wet system except that the bubble possesses a regular round
shape and falling of scattered particles exists in the bubble for
the dry system while the bubble boundary becomes rough
and branches of agglomerates stretch into the bubble. The
fluctuations of the pressure drop and bed height of the wet
system are much larger than those of the dry system. The
mixing of the dry system is found to be quicker than that
of the wet system and the mixing process costs more time
to be completed with an increase of the liquid content.
An increase of the liquid content decreases the scope of
the particle velocities. Symmetrical profiles of the velocity
and granular temperature are shown for the two low liquid
contents (0.001% and 0.01%) while it is antisymmetrical for a
higher liquid content of 0.1%.
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“Analysis and DEM simulation of granular material flow pat-
terns in hopper models of different shapes,” Advanced Powder
Technology, vol. 22, no. 2, pp. 226–235, 2011.

[13] J. P. K. Seville and R. Clift, “The effect of thin liquid layers on
fluidisation characteristics,”Powder Technology, vol. 37, no. 1, pp.
117–129, 1984.

[14] L. J. McLaughlin and M. J. Rhodes, “Prediction of fluidized bed
behaviour in the presence of liquid bridges,” Powder Technology,
vol. 114, no. 1–3, pp. 213–223, 2001.

[15] M.Wormsbecker and T. Pugsley, “The influence of moisture on
the fluidization behaviour of porous pharmaceutical granule,”
Chemical Engineering Science, vol. 63, no. 16, pp. 4063–4069,
2008.

[16] D. Geldart, “Types of gas fluidization,” Powder Technology, vol.
7, no. 5, pp. 285–292, 1973.

[17] Y. Muguruma, T. Tanaka, and Y. Tsuji, “Numerical simulation
of particulate flow with liquid bridge between particles (simu-
lation of centrifugal tumbling granulator),” Powder Technology,
vol. 109, no. 1-3, pp. 49–57, 2000.

[18] A. Lekhal, S. L. Conway, B. J. Glasser, and J. G. Khinast,
“Characterization of granular flow of wet solids in a bladed
mixer,” AIChE Journal, vol. 52, no. 8, pp. 2757–2766, 2006.

[19] S. Radl, E. Kalvoda, B. J. Glasser, and J. G. Khinast, “Mixing
characteristics of wet granularmatter in a bladedmixer,” Powder
Technology, vol. 200, no. 3, pp. 171–189, 2010.

[20] A. Anand, J. S. Curtis, C. R. Wassgren, B. C. Hancock, and W.
R. Ketterhagen, “Predicting discharge dynamics of wet cohesive
particles from a rectangular hopper using the discrete element
method (DEM),” Chemical Engineering Science, vol. 64, no. 24,
pp. 5268–5275, 2009.

[21] T. B. Anderson and R. Jackson, “A fluid mechanical description
of fluidized beds: equations of motion,” Industrial and Engineer-
ing Chemistry Fundamentals, vol. 6, no. 4, pp. 527–539, 1967.

[22] J. N. Israelachvili, Intermolecular and Surface Forces, Academic
Press, San Diego, Calif, USA, 1992.

[23] P. Lambert, A. Chau, A. Delchambre, and S. Régnier, “Compari-
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