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AbstractThe commercial utilization of fluidized beds is usually limited by particle agglomeration and subsequent
defluidization. In this paper, a new mathematical model based on force balance is proposed to predict the defluidization
behavior of particles in fluidized beds. In this model, the cohesive forces between particles are characterized using parti-
cle apparent viscosity and the separating force is mainly determined by the drag force. When the cohesion force was
equal to the separating force at different fluidization condition, the minimum fluidization velocity and defluidization
temperature were obtained by the model. Further, the fluidization behavior of copper particles including the minimum
fluidization velocity and the temperature under which defluidization occurred was examined in a laboratory’s fluidized
bed reactor. Compared with the experimental data, the results predicted by the model represent good agreement.
Keywords: Apparent Viscosity, Force Balance, Prediction Model, Defluidization Temperature, Minimum Fluidization

Velocity

INTRODUCTION

Fluidized beds are ideally suited to treating finely sized materials
because they offer good solid mixing, higher heat transfer, and large
contact surface area [1,2]. However, widespread use of fluidized beds
is limited by solid flow phenomena such as particle agglomeration
and subsequent defluidization [3,4]. The large bonding forces be-
tween newly formed metal phases cause the particles to pack to-
gether under high temperature, further leading to serious sticking
of particles, and defluidization [5,6].

Numerous previous studies [7-9] have studied the factors affecting
defluidization, which include temperature, gas composition, mate-
rial species, fluidizing velocity, and particle shape and size. While the
particle agglomeration mechanism is still unclear, several models
have been proposed to describe the defluidization behavior of par-
ticles. Lin et al. [10] used force balance and mass balance combined
with regression analysis to establish an agglomeration model to pre-
dict defluidization time. Valverde et al. [11] developed a model to
predict agglomerate size based on the balance between inter-parti-
cle adhesive force and the local shear force acting on the particle
in the surface of the agglomerate. Seville [12] and Knight [13] suc-
cessfully predicted the relationship between the temperature and
gas velocity required to inhibit defluidization as a function of the
activation energy for surface diffusion. These models only consider

the surface/volume diffusion or chemical reaction and melting of
the bed material and ignore the motion of actual particles. How-
ever, the mixed particles did not have enough contact time to form
a sintered neck in a fluidized bed, so the adhesive force generated
by sintering was not enough to cause particle agglomeration. More-
over, the particle agglomeration occurred at temperatures gener-
ally below the fusion point of the material [6,14]. Thus, for an actual
fluidization system, the mechanism causing sticking may probably
vary with experimental conditions. Essentially, the cohesive force
causing sticking should be understood as the comprehensive result
of all possible interacting forces between particles, which may vary
for different particles depending on different situations.

Theoretically, fluidization behavior depends on the balance be-
tween the cohesive force (adhering force) between particles and the
drag force (separating force) applied to particles by the fluidizing
gas. Agglomeration and subsequent defluidization occur when the
cohesive force is larger than the drag force. The drag force exerted
on particles depends heavily on the gas flow conditions, which could
be accurately evaluated [15,16]. While the cohesive force, which is
the resistance of particles against the movement, has widely been
considered to be determined by interactions between particles in-
cluding solid/liquid bridging, neck growth, sintering, van der Waals
forces, gravity forces, electrostatic forces and so on [17,18]. However,
the actual fluidization process is more complicated and varies with
experimental conditions, especially when the particles are in a sus-
pended state during the heating process [19,20]. For example, under
room temperature, gravity and external frictions tend to be the main
resistance, while with raising the temperature to a value under which
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the properties of particles change considerably, inter-particle cohe-
sive forces caused by surface diffusion, solid/liquid bridging, or sinter-
ing become gradually dominant [21-24]. So, it is difficult to de-
termine the magnitude of each force, or that of the entire cohesive
force, by measurement or calculation.

Accordingly, a model based on force balance could be proposed
to predict the occurrence of defluidization if the inter-particle cohe-
sive force, as well as the total resistance of particles to movement,
can be quantitatively characterized. Zhong et al. [7] developed a
prediction model based on this principle and predicted the deflu-
idization temperature, where the magnitude of the cohesive force
among particles is expressed in terms of solid viscosity. The viscos-
ity of a solid essentially characterizes the degree of surface soften-
ing of the solid [25,26]. Generally, the solid surface viscosity decreases
with temperature increasing and smaller solid surface viscosity
(meaning that the solid surface becomes softer) exhibits a higher
adhesion tendency. The decrease of solid viscosity indicates that the
increase of cohesive forces caused by particle melting and surface
sintering, which may cause particle sticking and agglomeration. The
infinite solid viscosity indicates that the solid particles have no ten-
dence to adhere.

The apparent viscosity of particles, proposed by the authors [27],
is an alternative way to characterize the magnitude of cohesive forces
among particles. Essentially, the concept of apparent viscosity is com-
pletely different from that of solid surface viscosity described above.
For example, at room temperature, no softening appears on the
solid surface means that solid viscosity is infinite. But the interact-
ing forces between particles are not infinite at room temperature.
While a particle’s apparent viscosity is closer to the viscosity of liq-
uid. As known, the viscosity of a liquid shows the magnitude of
the mutual attractive force between liquid molecules, which behave
as the resistance of liquids to movement. When an object immersed
in the liquid rotates, the rotating object is subjected to the viscous
torque of the fluid. By measuring this torque, liquid viscosity can be
acquired. Similarly, cohesive forces among solid particles described
above are also the main force for particles against movement (caus-
ing defluidization in a fluidized bed). When a probe rotates in the
solid particles, the torque acting on the probe can reflect the mag-
nitude of cohesive forces. Based on the energy dissipation principle
combined with the motion equations of particles, the torque could
be acquired; thus, a method for measuring apparent viscosity was
developed by the authors [27]. Using this method, the apparent vis-
cosity of iron particles was measured and the results indicated that
even the adhesion mechanism of different iron particles is also dif-
ferent; the same apparent viscosity of the particles showed similar
resisting ability against movement. Thus, the cohesive force based
on the apparent viscosity of solid particles can be reasonably treated
as the overall sum of the interacting forces between particles, includ-
ing gravity, solid/liquid bridging, neck growth, sintering, van der
Waals, electrostatic and so on. Using the apparent viscosity of solid
particles to characterize the cohesive force between particles is more
comprehensive and reasonable. It will provide a new research per-
spective for the analysis of the interaction force between particles.

In this study, a model based on force balance is put forward to
predict the defluidization behavior of particles. In this model, the
apparent viscosity of solid particles was used to evaluate the cohe-

sive force. The fluidization behavior of copper particles, including
the minimum fluidization velocity and the temperature under which
defluidization occurred, was examined in a lab-scale fluidized bed
reactor. Further, the comparison between the experimental results
and predicted values of this model was discussed.

MODELING

1. Principle
In this model, one particle is considered the study object in a flu-

idized bed reactor. The forces that act on this particle can be roughly
classified into two types: driving force and resistance against move-
ment. The driving force, which promotes the particles to move but
against agglomeration, is essentially the same as drag force exerted
by flowing gas. The driving force has been evaluated by many stud-
ies and through several models [5,7,15,16]. The resistance against
movement is characterized using the apparent viscosity of solid par-
ticles. Irrespective of the type of force working as resistance, its mag-
nitude can be obtained from the particle apparent viscosity.

Considering the moving, colliding, breaking and coalescing of
the particle in a fluidized bed, the following conditions were as-
sumed: (1) The bed material particles are in uniform spherical shape
with the same size. (2) The wall effect of fluidized bed is negligi-
ble. (3) The cohesive force is used to characterize the resistance of
particles against the movement; it can be treated as the overall sum
of the interacting forces between particles. (4) The segregation force
against agglomeration is the drag force acting on particles owing
to bubble motion. (5) Defluidization is a result of a force balance
between the total cohesive force between particles and the exertion
of drag force applied to particles. (6) If the cohesive force equals or
exceeds the drag force, defluidization occurs.
2. Drag Forces on Particles

Generally, it is thought that before fluidization the drag force that
the gas exerts on all of the particles obeys Ergun’s equation [28]:

(1)

where Fd is the total drag force of a fluidized unit (N/m3),  is the
voidage of fluidized bed (dimensionless), g is the viscosity of gas
(Pa·s), u is the superficial gas velocity (m/s), dp is the diameter of
particle (m), and g is the density of gas (kg/m3). Accordingly, for
each single particle, the drag force at this stage (Fd1) can be described
by the following equation [29]:

(2)

Here, , a fluidized bed voidage in Eq. (2), can be obtained by using
the following formula:

(3)

where m0 is the weight of particles (kg), s is the particle density (kg/
m3), rd is the radius of the fluidized bed (m), and H is the height
of bed material (m).

When the gas velocity further increases to the minimum fluid-
ization velocity, the fluidized bed begins to gradually expand. And
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the pressure drop across the total bed stays at a fixed value. In this
case, previous studies [30] have shown that the drag force on each
particle no longer obeys Ergun’s equation and but rather can be
described by Eq. (4), which shows a strong dependence on gas
velocity, gas properties and particle size.

(4)

where  is a proportionality coefficient that represents the unknown
errors in the equation, and Cd is the drag coefficient. Cd has a rela-
tionship with the Reynolds number as shown in Eq. (5):

(5)

(6)

In this study, we assume that the two drag forces (Fd1, Fd2) are
equal at minimum fluidization velocity at room temperature; thus,
α can be obtained by the following equation:

(7)

Then, placing the value of  in Eq. (4), the drag force under flu-
idization can be obtained.
3. Cohesive Forces

As described above, the cohesive forces among particles, which
behave as the main resistance against movement under high tem-
perature, were characterized by using apparent viscosity. In previous
research [27], a measuring method and apparatus were developed
to measure the apparent viscosity. In this technique, a blade (shown
as Fig. 1(a)) is rotated inside a container of particles. The blade acting
as an agitator, and its power number, NP, is expressed as [31]:

(8)

Here, Q, s, Nr, D, and P are the specific power consumption
(W), the particle density (kg/m3), the stirring speed of the blade
(s1), the diameter of blade (m), and the torque acting on the blade
(Nm), respectively. The flow visualization confirmed that the par-

ticles movement was restricted to only the area around the rotat-
ing blade and the system can be treated as having laminar flow [31].
The power number is inversely proportional to the Reynolds num-
ber [32], Re, shown as the following:

(9)

where k is a constant which represents the characteristics of the
shape of the blade. The derivation has also been used for the char-
acterization of fluids such as gas/liquid-solid slurry systems [31,33].
Combining Eq. (8) and (9), the apparent viscosity can be derived
from Eq. (10).

(10)

Here,  is the particle apparent viscosity (Pa·s), and A (A= )

is a constant determined by the structure of the blade tip that is
independent of other experimental conditions. During experimen-
tal measurements with the specified rotating blade, the value of A
was obtained by using several reference fluids with known viscos-
ity. Then the particles’ apparent viscosity () can be obtained using
Eq. (10) with fixed P, Nr and D. The details of this process were
introduced in a previous publication [27].

Once the apparent viscosity of particles has been obtained, the
shear stress acting on the particle lamina can be obtained using Eq.
(11). Here, the shear stress on the particle lamina theoretically rep-
resents the ability of particles to resist movement. This tends to be
treated as the overall results of cohesive forces between particles.

(11)

where Fc is the resistance between particle layers, S represents the
contact area between particle layers (m2), and  is the shear rate
which the blade applies to the particles (s-1). For the sake of easy
determination of  and S, the structure of the rotating blade in Fig.
1(a) can be simplified to a structure of double-planes as shown in
Fig. 1(b). In this structure, the blade can be treated as one plane and
the bottom of the container can be treated as another plane.

Accordingly, the shear rate  and contact area S can be obtained
through Eq. (12) and (13), respectively.

(12)

(13)

where rb is the radius of the blade (m), h is the distance between
the blade and the bottom of the container (m), and  is the angu-
lar velocity (rad/s). The number of particles of single particle lami-
nae can be calculated by:

(14)

Because the blade was rotated inside the container of particles,
the shear stress on the blade tip can be considered the comprehen-
sive result of all of the forces interacting between particles in two
laminas. Hence the average cohesive force acting on each single
particle can be described in the form of:
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Fig. 1. (a) Schematic diagram of blade rotating in a container of par-
ticles; (b) simplified structure of the blade (double-planes).
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(15)

EXPERIMENTAL

To examine the feasibility of utilizing the model proposed in this
research to predict the defluidization behavior of particles in fluid-
ized beds, two kinds of experiments were carried out in our labo-
ratory. First, the apparent viscosity of solid particles (copper particles
were used in this study) was measured using the method described
above; then, the fluidization behavior of copper particles in a fluid-
ized bed in our laboratory was investigated. The minimum fluid-
ization velocity and temperature under which defluidization started
to occur (referred to as the defluidization temperature in this paper)
were obtained.
1. Materials

To simplify the calculations, copper powder (purity >99%, Bei-
jing Xing Rong Yuan Technology Co. Ltd) with a spherical shape
was used. The CO2, Ar, N2 and H2 gases used for fluidization were

Fp  
·dp

2

2
-----------

Fig. 2. (a) A SEM microphotograph and (b) particle size distribution of the spherical copper powder.

Fig. 3. Schematic diagram of (a) rotational viscometers and (b) visual fluidized bed.

of 99.999% purity and supplied by Beijing Qianxi Gas Chemical
Industry Co. Ltd. Before the experiment, the spherical copper pow-
der was sieved. Its pack density was 5,480 kg/m3 and the mean parti-
cle diameter was 61.5m. SEM images and particle size distribution
of the copper powder are shown in Fig. 2(a) and (b), respectively.
As shown in Fig. 2(a), copper particle surface having roughness,
the effect of surface roughness on particle cohesion has been widely
studied [34,35]. The surface roughness mainly determines the van
der Waals forces [36] and capillary force [37]. The apparent viscos-
ity of particles was used to characterize the overall sum of the in-
teracting forces between particles and the van der Waals forces and
capillary force has been included. Thus, the influence of surface
roughness on the interparticle force has been considered during
the measurement process of solid particles’ apparent viscosity. And
the surface roughness was not discussed separately in this model.
2. Apparatus and Procedures
2-1. Apparent Viscosity Measurement

The apparatus used for measurement of apparent viscosity is
shown in Fig. 3(a). A rotating viscometer with a large torque sensor
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(0-0.5 N·m) was used, and a blade-type probe (Fig. 1(a)) replaced
a typical cylinder probe. For each measurement of apparent viscos-
ity, a certain volume of copper particles was added to the alumina
crucible (radius: 25mm and height: 70mm) after drying. The blade-
type probe attached to the alumina shaft was suspended from the
torque sensor. When the measurement was carried out at elevated
temperature, Ar gas (which had been passed through a column of
desiccant to remove H2O) was inlet into the alumina tube during
the measurement to stop the oxidation of copper particles. After
an hour, the measurement began at room temperature with a heat-
ing rate of 10 oC/min. The blade rotated inside in the crucible filled
with solid particles, and the torque measurement was automati-
cally recorded by the data collection system. Then, the particles’
apparent viscosity was calculated using Eq. (10).
2-2. Examining Fluidization Behavior

In this research, a visually monitored fluidized bed, whose sche-
matic diagram is shown in Fig. 3(b), was used to characterize the
fluidization behavior of copper particles. The reactor is made of two
layers of silica tubes placed in a resistively heated tube furnace to
preheat the bed. The inner silica tube, with an ID of 30 mm, is the
fluidized bed and the outer tube, with an ID of 70 mm, is used to
preheat the gas. First, gas flows through the layer between the outer
tube and the inner tube for preheating. The gas then flows into a
fluidized bed through a silica distributor. The temperature and pres-
sure drop of the fluidized bed were continuously measured using
two thermocouples and a pressure sensor. A data acquisition sys-
tem was used to monitor the temperature and pressure drop of the
bed and the air flow rate. The resistance furnace has a window that
can be used for visual observation of fluidization.

The minimum fluidization velocities (Umf) of spherical copper
particles with different fluidizing gases (CO2, Ar, N2 and H2) were
measured at room temperature. First, 50 g of dried spherical cop-
per particles was placed in the visually monitored fluidized bed
reactor. Then fluidizing gas (which had been passed through a col-
umn of desiccant to remove H2O) flowed into the fluidized bed
through a silica distributor. The gas velocity gradually increased until
the bed was completely fluidized and then decreased to zero. At
each gas velocity, the pressure drop was recorded when it became

stable. Based on the pressure drop measurement, a plot of pressure
drop versus gas velocity was acquired. It is generally accepted that
the minimum fluidization velocity can be measured regardless of
whether velocity is increasing or decreasing [38-40]. Based on pre-
vious studies [22], the minimum fluidization velocity is more sta-
ble when measured during a decrease in gas velocity. Thus, meas-
urements made during a decrease in gas velocity were employed
in this study. The typical plot of pressure drop versus gas velocity
for CO2 in this study is shown in Fig. 4.

During defluidization experiments, the same spherical copper
particles mentioned above were added to the visually monitored
fluidized bed reactor. The bed was fluidized with Ar gas (which
had been passed through a column of desiccant to remove H2O)
at a given velocity. The measurement started from room tempera-
ture and the temperature was then increased at a rate of 10 oC/min
until a sudden drop in bed pressure took place. The sudden drop
in bed pressure indicated defluidization. The temperature at which
defluidization occurred was recorded as the defluidization tempera-
ture. In this study, the defluidization temperatures of spherical cop-
per particles were measured under different Ar gas velocities.

Fig. 4. A diagram of pressure drop versus gas velocity for CO2.

Fig. 5. Effect of temperature on the apparent viscosity (a), and cohesive force of copper powder (b).
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RESULTS AND DISCUSSION

1. Apparent Viscosity and Cohesive Force between Copper Par-
ticles

The effect of temperature on the apparent viscosity of spherical
copper particles is shown in Fig. 5(a). The apparent viscosity of the
spherical copper particles gradually increased as the temperature
increased. This could be because the cohesive force among the spher-
ical copper particles increased with the increase in temperature.
This leads to increased resistance to movement and a trend towards
more adhesion. By using the measured apparent viscosity values,
the cohesive force between the copper particles can be calculated
from Eq. (11). The temperature dependence of cohesive force is
shown in Fig. 5(b). The curve shows that the cohesive forces acting
on each spherical copper particle are related to temperature. The
fit equation is:

(16)

Because of limitations in the range of the torque sensor, the cohe-
sive force between copper particles could not be measured at high
temperature (>350 oC). In the following section 3, Eq. (16) is used
to predict the cohesive force between spherical copper particles at
high temperatures (>350 oC).
2. Minimum Fluidization Velocity Prediction

The minimum fluidization velocity is a significant index to char-
acterize the fluidizing properties of particles [39,40]. And a force
balance is usually used to predict the minimum fluidization veloc-
ity. Zhou et al. [41] proposed a new model to predict the minimum
fluidization velocity, in which the drag force would be equal to the
sum of the gravity and the effective interparticle forces. Moreover,
Anantharaman et al. [42] reported that the lack of understanding
of cohesive forces between particles causes the predictions of mini-
mum fluidization velocity to display greater discrepancies. Here, a
new model was proposed to predict the minimum fluidization veloc-
ity by using the apparent viscosity of particles to characterize the
cohesive forces between particles.

In this case, the particles are configured as nearly a fixed bed,
and the drag force on those by flowing gas can be expressed as Eq.
(2). As shown, the drag force exerted on particles in the fluidized
bed increased with the gas velocity increasing. When the cohesive
force between particles is less than the drag force, fluidization starts.
At the start of fluidization, both of these two forces tend to equal
each other. Therefore, we combined Eq. (2) with Eq. (15) to calcu-
late the total drag force (Fd). Then the minimum fluidization veloc-
ity was obtained by Eq. (1). The predicted minimum fluidization
velocities are listed in Table 1.

Fp 1.2 109
 e

T
38.6
----------

 
 

   8.6 106
  R2

   0.99349 

Table 1. Experimental and predicted minimum fluidization velocity with different gases
Gas type Experimental data (m/s) Predicted data (m/s) Relative error (%)
CO2 0.01190 0.00820 31
Ar 0.00503 0.00574 14
N2 0.00763 0.00686 10
H2 0.06460 0.01792 72

Fig. 6. Comparison of experimental and predicted minimum fluid-
ization velocities.

Fig. 6 shows the comparison of experimental and predicted mini-
mum fluidization velocities under different gas conditions. It indi-
cates that the results predicted by this model agree well with the
measured values of the minimum fluidization velocity, of which the
relative errors for Ar and N2 are less than 15% as listed in Table 1.
The deviation for CO2 is around 30%, as the data is accurate to five
decimal places, so the deviation is acceptable for this model con-
sidering the limitations of the experimental equipment. A larger
difference is noted when H2 is used as fluidizing gas; this could be
due to the strong physical or chemical adsorption of H2 gas onto
copper particles. The physical or chemical adsorption of gas would
change the surface properties of the particles, thus affecting the
force between the particles [43]. The high adsorption activity of H2

onto metals has been reported by Zhong et al. [14]. It can be
inferred that H2 adsorbed to the copper particles in this study. This
suggests that, when the bed is fluidized with H2, additional H2 is
required to enhance the drag force.
3. Prediction of Defluidization Temperature

The bed pressure drops of spherical copper particles fluidized at
different gas velocities (Ar gas) are shown in Fig. 7(a). When a sud-
den pressure drop occurs, this suggests that defluidization has oc-
curred. As shown in Fig. 7(a), the defluidization temperature in-
creased as the gas velocity increased. The defluidization tempera-
tures corresponding to different gas velocities were 413 oC (0.0236
m/s), 418 oC (0.0354 m/s), 420 oC (0.0389 m/s), 425 oC (0.0486 m/s)
and 445 oC (0.0583 m/s). Fig. 7(b) shows the temperature depen-
dencies of the drag forces calculated from Eq. (4) under different
gas velocities. It also shows the fitting values of cohesive forces at
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different temperatures, as calculated using Eq. (16). For each gas
velocity, the drag force increases linearly as the temperature in-
creases. The cohesive force increases in slow trend at low tempera-
ture (<250 oC). However, the increase in the cohesive force is much
more rapid (shown in Fig. 7(b)) than that of drag force at tempera-
tures higher than 250 oC. When the cohesive force is equal to the
drag force, defluidization occurs. In this model, the corresponding
temperatures are defined as defluidization temperatures. The deflu-
idization temperature predicted by Eq. (4) and Eq. (15) increases
with increasing gas velocity. This is because the drag forces exerted
on particles increase rapidly (shown in Eq. (4)) with increasing gas
velocity, whereas the cohesive force (shown in Eq. (16)) stays the
same at a constant temperature. As a result, the cohesive force is
smaller than the drag force and the copper particles could not
defluidize. Thus, the defluidization temperature increased with gas

velocity increasing.
The predicted defluidization temperatures by the model against

the experimental data obtained from different gas velocities are
shown in Fig. 8. It can be seen that the relative error is in the accept-
able range of 0 to +5%. The predicted results agree well with the
experimental data. Therefore, the model successfully predicted the
defluidization temperature as a function of particle apparent viscos-
ity. As a result, it is feasible to use the apparent viscosity of solid parti-
cles to characterize the cohesive force between particles for the
prediction of defluidization behavior in fluidized beds.

CONCLUSIONS

The apparent viscosity of solid particles was used to characterize
the cohesive force between particles. It can be reasonably treated as
the overall sum of the interacting forces between particles includ-
ing gravity forces, solid/liquid bridging, neck growth, sintering,
van der Waals forces, electrostatic forces and so on. A model based
on a force balance was put forward to predict the minimum fluid-
ization velocity and the defluidization temperature of copper parti-
cles in the fluidized bed. The basic principle of this model is that
agglomeration and defluidization occur when the cohesive force is
larger than the drag force exerted on particles.

The apparent viscosity of spherical copper particles was measured.
According to the apparent viscosity, the cohesive force between
spherical copper particles was obtained. The cohesive force increases
with increasing temperature, and its relationship with temperature
is as follows:

The minimum fluidization velocity and defluidization tempera-
ture of spherical copper particles in the fluidized bed were mea-
sured in the laboratory. Both the results predicted by this model
agree well with the experimental data, confirming the reliability of
using the apparent viscosity of solid particles to predict the fluid-
ization behavior of fluidized beds.

Fp 1.2 109
 e

T
38.6
----------

 
 

  8.6 106


Fig. 7. (a) Dependence of pressure drop of the fluidized bed on tem-
perature and (b) dependence of drag force and cohesive force
on temperature.

Fig. 8. Comparison of predicted defluidization temperature with
experimental data for different gas velocities.
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