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Nanoparticle fluidization was studied in a centrifugal fluidized bed (CenFB) with
variable gravitational acceleration (Gg) conditions. Agglomerate size variation in CenFB
nanoparticles (7 nm) was examined with G and fluidization time. With increasing
fluidization time, the agglomerate size was found to decrease and reach an equilibrium
value after several hours. Higher G reduced agglomerate size. To elucidate these
phenomena, a comprehensive model was developed based on the energy balance model
with respect to energy consumption for disintegration of agglomerates. Experimental
results showed good agreement with the proposed model. Effects of high G on agglom-
erate fluidization are clarified as follows. The critical minimum size of agglomerates,
which is the agglomerate size estimated by the force balance model, is reduced by high
G. Attainable energy for disintegration of agglomerates is increased, leading to decreased
agglomerate size. © 2004 American Institute of Chemical Engineers AIChE J, 50: 2763–2771,
2004
Keywords: agglomeration, nanoparticle, ultrafine particle, centrifugal fluidized bed,
high G

Introduction

Ultrafine particles, especially nanoparticles, have recently
attracted a great deal of attention because of their increasing
potential for wide industrial application. Handling and process-
ing technologies of nanoparticles are very important for indus-
trial application of nanoparticles. If nanoparticles can be han-
dled as highly dispersed particles, important potential
applications are anticipated for nanoparticles in various fields.
For example, use of ultrafine catalysts in reaction systems leads
to high reaction efficiency and rates because of the consider-
ably large specific surface area of nanoparticles. However,
large interparticle forces of ultrafine particles often cause un-

desired agglomeration, leading to handling trouble and reduced
productivity.

Nanoparticle fluidization is a promising technology for han-
dling and processing in a multitude of applications of nanopar-
ticles. So far, ultrafine particles have been fluidized while
forming agglomerates if the gas velocity is increased far above
the minimum fluidization velocity of primary particles. Cha-
ouki et al. (1985) found that fine aerogels are smoothly fluid-
ized. They proposed the force balance model, which assumes
that the gravitational force acting on an agglomerate equals the
adhesion force attributed to a single contact between two
adjacent agglomerates. Morooka et al. (1988) studied fluidity
of several kinds of submicron particles and reported that all
tested submicron particles form agglomerates during fluidiza-
tion. The energy balance model was proposed for estimating
agglomerate size. Iwadate and Horio (1998) developed the
force balance model to predict agglomerate size in a bubbling
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fluidized bed of cohesive powder. In their model, the bed
expansion force caused by bubbles is assumed to equal the
agglomerate-to-agglomerate cohesive rupture force. Their
model was validated by experimental data and compared with
previous models. Zhou and Li (1999, 2000) proposed the force
balance model to estimate agglomerate size for cohesive pow-
ders according to analysis of forces acting on an agglomerate.
Model validation was carried out with experimental data.
Moreover, they discussed effects of parameters on agglomerate
size, showing that higher gas velocity and fluid density, lower
particle cohesion, and collision between agglomerates are ef-
fective for agglomerate size reduction. In our previous work
(Matsuda et al., 2001a), fluidization characteristics of nano-
photocatalysts (TiO2, dp: 7, 20, and 200 nm) were reported in
application to photocatalytic NOx treatment. It was observed
that nanoparticles of TiO2 clustered into a large agglomerate
with the size range of 50 �m to 2 mm. The agglomerate
surfaces of 7- and 20-nm particles were smooth, whereas those
of 200-nm particles were rough because of the strong adhesion
forces of particles. Agglomerate size, surface appearance, and
strength were affected by primary particle size.

In spite of advantages of nanoparticle fluidization with ag-
glomeration, formation of agglomerates reduces the potential
for nanoparticle applications because of the resultant decrease
in specific surface area. It is preferable to suppress formation of
agglomerates; agglomerate size should be smaller to exploit the
potential of nanoparticles. So far, no studies have addressed the
effect of gravitational acceleration on nanoparticle fluidization.
The adhesion force of nanoparticles is a key force of agglom-
erate formation; it is also independent of gravitational acceler-
ation. On the other hand, rupture or disintegration forces are
thought to be positively affected by gravitational acceleration.
Therefore, if rupture or disintegration forces are increased by
increasing G, adhesion forces will become relatively smaller,
resulting in achievement of a highly dispersive condition of
nanoparticles.

A centrifugal fluidized bed (CenFB) is one high G system.
Over the last two decades, fluidization characteristics such as
bubble motion, entrainment, pressure drop, and so on have
been studied in the CenFB by several researchers (Chen, 1987;
Chevray et al., 1980; Fan et al., 1985; Kao et al., 1987; Levy
et al., 1978; Qian et al., 1999; Takahashi et al., 1984). Appli-
cations of CenFB have also been proposed. Pfeffer et al. (1986)
applied the CenFB to a diesel engine dust filter. They reported
that CenFB can achieve high collection efficiency. Tsutsumi et
al. (1994) studied simultaneous reduction of NOx and soot
exhausted from the diesel engine. They found it can be
achieved effectively using the CenFB system. Qian et al.
(2001) pointed out that Geldart group C particles can shift to
group A particles under a centrifugal force. They confirmed
experimentally that C particles (7 �m alumina) can fluidize in
a rotating fluidized bed operating at a sufficiently high rotating
speed to shift them into group A or B. Our previous works
(Matsuda et al., 1998, 2001b) examined fundamental charac-
teristics of ultrafine particle fluidization such as bed expansion,
agglomeration, and solid mixing. Ultrafine particles were flu-
idized while forming agglomerates under high G. Agglomerate
size observed near the distributor became smaller with increas-
ing G.

This article describes a comprehensive model of agglomer-
ates in fluidized beds of nanoparticles. An experimental ap-

proach using a centrifugal fluidized bed is conducted to vali-
date the proposed model and to elucidate the effect of
gravitational acceleration on agglomerate size of nanoparticles.

Fluidization of Nanoparticles

It is well known that almost all nanoparticles can be fluidized
smoothly while forming agglomerates. Some researchers have
reported fluidization phenomena and proposed agglomeration
models addressing fine-particle fluidization. Those models are
classified broadly into two categories. One is the force balance
model, focusing on forces acting on agglomerates in fluidized
beds. These forces have relevance to agglomerate size, da, and
gravitational force, Gg. Another is the energy balance model,
which considers the energy required to break an agglomerate.
In this section, nanoparticle agglomeration in a fluidized bed is
discussed according to precedent achievements.

Force balance in fluidized beds of agglomerates

Table 1 shows forces that are addressed by the force balance
models proposed. In these models, gravitational force, bed
expansion force, collision force, and drag force are considered
as separation force, Fs. On the other hand, van der Waals force
attributed to a single contact point between adjacent agglom-
erates and van der Waals force between agglomerates are
addressed as adhesion force, Fa. Moreover, other forces such as
liquid bridge force may become prominent according to the
ultrafine particle species. In force balance models, separation
forces Fs are considered to be counterbalanced with adhesion
forces Fa.

Although previous force balance models can show agglom-
erate size, it is thought that they do not represent actual ag-
glomerate size in the fluidized bed. All forces handled by
previous force balance models are external forces acting on an
agglomerate. If the separation force is greater than adhesion
force (Fs � Fa), the agglomerate can be fluidized as an indi-
vidual fluidized particle. On the other hand, if adhesion force is
greater than separation force (Fs � Fa), the agglomerates
cannot be separated. This means that agglomerates cannot be
fluidized individually. Therefore, agglomerate size estimated
by force balance models is defined as the critical size in which
agglomerates can be fluidized as individual particles.

As can be seen in Table 1, separation and adhesion forces are
proportional to da

n1Gn2 and da
n3Gn4, respectively. Then, the

fluidization condition can be expressed as

c1da
n1Gn2 � c2da

n3Gn4 (1)

where c1 and c2 are constants. Thus, Eq. 1 becomes

c1da
�n1�n3� � c2G

�n4�n2� (2)

According to Table 1, the value of (n1 � n3) always has a
positive value. Therefore, agglomerate size calculated by the
force balance models is the critical minimum size of agglom-
erate, dacr, under a certain operating condition. Thus, the force
balance model yields a fluidization/defluidization criterion.

To compare the models, the forces in the force balance
models are elucidated using the data for TiO2 (dp � 7 nm). The
parameters in the calculation and the values of forces are listed
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in Table 2. The forces acting on an agglomerate are affected by
the agglomerate size. The critical minimum size of agglomer-
ate can be estimated by choosing the agglomerate size when a
dominant force of separation forces is equal to that of adhesion
forces. In this case, the collision force and the cohesive force
between agglomerates (van der Waals force between agglom-
erates) are selected as dominant force, respectively. The value
of dacr is 97 �m at normal G (G � 1) and is decreased to 15 �m
at high G (G � 100) because of the increase in the collision
force.

Size reduction of agglomerates

Agglomerates are formed in the initial stage of fluidization
by their own adhesion force. Agglomerates are subsequently

disintegrated into smaller ones. When an agglomerate is disin-
tegrated, energy consumption takes place.

Morooka et al. (1988) proposed the energy balance model
for agglomerate formation and disintegration. Energy for ag-
glomerate formation is equal to the energy required to break the
agglomerate; it can be written as

Ebreak �
�da

2�

2
�t (3)

where �t is the maximum tensile strength and � is the distance
at which van der Waals force is maximized. The value of
maximum tensile strength �t is estimated by the theory devel-

Table 1. Forces Acting on an Agglomerate

Force Expression Simplified
Fs (separation) or

Fa (adhesion) n1 n2 n3 n4

Gravitational force–buoyancy Fg �
�

6
��a � �f�da

3g Fg � da
3G1 Fs 3 1 — —

Bed expansion force Fexp �
�Db�a��P*s�da

2g

2nk

Fexp � Db
1da

2G1 Fs 2 1 — —

Collision force Fc � 0.166��V6�a
3

k2 �1/5

da
2 Fc � Db

0.6da
2G0.6 Fs 2 0.6 — —

Drag force Fd � CD��da
2

4	� �fur
2

2
Fd � CDda

2G0 Fs 1–2 0 — —

Adhesion force attributed to a
single contact point FH �

hwR

8��2 �1 

hw

8�2�3Hr
� FH � da

0G0 Fa — — 0 0

Cohesive force between
agglomerates (van der
Waals F)

Fcoh �
Hada

24�2
Fcoh � da

1G0 Fa 1 0

Liquid bridge force F1 � �r2�
r2 � r1

r1

 2�r2� F1,max � da

1G0 Fa — — 1 0

F1,max � �da�

Table 2. Parameters in Calculation and Values of Forces in Case of Nanoparticle of TiO2

Given data* Primary particle size, dp 7 nm
Primary particle density, �p 4000 kg/m3

Agglomerate density, �a 300 kg/m3

Agglomerate voidage, �a 0.925
Lifshitz–van der Waals constant, hw 0.92 � 10�19 J
Hamaker constant, Ha 0.39 � 10�19 J
Distance between agglomerate, � 4 � 10�10 m
Asperities of the agglomerate, R 0.1 �m
Coefficient that characterizes the hardness of agglomerate, Hr 108 N/m2

Function of Poisson’s ratio and Young’s modulus of agglomerate, k 3.0 � 10�6 Pa�1

Dimensionless particle pressure, P*s �0.07
Bed voidage, � 0.5
Fluid density, �f 1.25 kg/m3

Fluid viscosity, � 1.76 � 10�5 Pa s�1

Column diameter, Dt 0.01 m
Settled bed height, Lc 0.05 m
Superficial gas velocity, u0 0.5 m/s
Gravitational acceleration, g 9.8 m/s2

Solution Gravitational force–buoyancy, Fg 1.4 � 10�9 N
Bed expansion force, Fexp 2.9 � 10�8 N
Collision force, Fc 9.9 � 10�7 N
Drag force, Fd 1.0 � 10�8 N
Adhesion force attributed to a single contact point, FH 2.7 � 10�9 N
Cohesive force between agglomerates, Fcoh 9.9 � 10�7 N
Critical minimum size of agglomerate, dacr 97 �m

*Minimum fluidization velocity is estimated by Wen and Yu correlation; bubble size is estimated by Mori and Wen correlation.
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oped by Rumpf (1970), assuming that forces are transmitted at
coordination points of particles forming the agglomerate

�t �
1 � �a

�adp
2 FH (4)

where �a is voidage of the agglomerate, dp is composition
particle size of the agglomerate, and FH is the adhesion force
attributed to a single contact point. Here, a primary particle is
considered to be the composition particle of the agglomerate. If
van der Waals force is dominant for the adhesion force, FH can
be described as (Krupp, 1967)

FH �
hwR

8��2 �1 

hw

8�2�3Hr
� (5)

where hw is the Lifshitz–van der Waals constant, R is an
asperities of the primary particles, and Hr is a coefficient that
characterizes the hardness of agglomerate. Although Chaouki
et al. (1985) assumed the asperities of the particles R as 0.1
�m, it must be large in the case of nanoparticles. Morooka et
al. (1988) treated R as half of the primary particle size. Here, R
is assumed as

R �
dp

m
(6)

where m is a parameter that characterize the asperities of the
particles. Substituting Eqs. 4, 5, and 6 into Eq. 3 yields

Ebreak �
da

2hw

16�mdp
�1 � �a

�a
��1 


hw

8�2�3Hr
� (7)

Morooka et al. (1988) focused on energy consumption only
at the disintegration of a given agglomerate. However, energy
consumption for grinding powder should consider the energy
required per unit-weight of agglomerate. Although the energy
required to break the agglomerate decreases through disinte-
gration, the number of agglomerates is increased, leading to an
increase of total energy required per unit-weight of agglomer-
ates. Here, a modification of energy consumption for disinte-
gration of agglomerates is attempted. Energy consumption
required for disintegration of agglomerate per unit-weight of
agglomerate Ed can be described using the density of agglom-
erate �a

Ed � Ebreak

6

��ada
3 �

3hw

8��m�adpda
�1 � �a

�a
��1 


hw

8�2�3Hr
�
(8)

Substituting �a/�p into (1 � �a) yields

Ed �
3hw

8��m��p � �a�dpda
�1 


hw

8�2�3Hr
� (9)

From Eq. 9, it is clear that Ed is increased by the smallness
of primary particle dp, (�p � �a), which is hard consolidation,
and agglomerate size da.

Model for estimation of agglomerate size in a fluidized
bed

Agglomerate size in a fluidized bed is assumed to be deter-
mined by the energy balance with respect to energy consump-
tion for disintegration of agglomerates. In the fluidized bed,
agglomerates receive energy for disintegration by fluidization
phenomena such as attrition, gas stream shearing, and collision
among agglomerates. Therefore, it can be considered that size
reduction of agglomerates in fluidized beds is a grinding pro-
cess. Attainable energy for disintegration of agglomerates Ea in
the fluidized bed is likely to be affected by operating conditions
such as gas velocity and by experimental-apparatus design.
Here, the value of Ea is assumed to be proportional to Gn

Ea � caG
n (10)

where ca is a parameter that depends on the operating condi-
tions and the experimental-apparatus design.

If the value of Ea is larger than the energy required for
disintegration of agglomerates Ed, the agglomerate disinte-
grates into a smaller one. Disintegration of agglomerates takes
place until Ea is equivalent to Ed. Therefore, the size of ag-
glomerate da can be given as

Ea � Ed (11)

By substituting Eqs. 9 and 10 into Eq. 11, da can be written as

da �
3hw

8��mca��p � �a�dpG
n �1 


hw

8�2�3Hr
� (12)

The influence of operating conditions on da can be inferred
from Eq. 12. For instance, da is decreased by an increase of
primary particle size dp. With increasing (�p � �a) (that is, soft
formation of agglomerates), da is decreased. These facts indi-
cate that agglomerates will be easily disintegrated into small
fragments if formation of agglomerates is soft. Furthermore, da

decreases with increasing G.

Experimental
Apparatus

Figure 1 shows an experimental apparatus of a high G
system using a centrifugal fluidized bed (CenFB). Figure 2
shows an outline of the CenFB. The CenFB, made of steel with
a cylindrical distributor, has a 500-mm inner diameter and
10-mm width. A 3-mm-thick distributor is made of twisted
100-�m-diameter wires. Side walls of the bed and a plenum
chamber are made of transparent acrylic plate to observe flu-
idization quality of ultrafine particles. Centrifugal force can be
controlled by changing the rotating speed 
 of the bed. The
centrifugal acceleration ratio to gravitational acceleration G is
given as
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G �
ro


2

g
(13)

The value of G on the distributor can be regarded as constant
throughout the whole bed because of the large radius of the
distributor and the shallow bed. The pressure drop is measured
by a pressure transducer in the plenum chamber. Rotating
speed is measured using a stroboscope.

Ultrafine particles (nanoparticles)

Titanium dioxide (TiO2) particles, with primary diameter of
7 nm, are used. Tapped bed densities are obtained from the bed
volume in each G condition without gas flow and are substi-
tuted for agglomerate densities. Figure 3 shows experimental
data of tapped bed densities of 7-nm particles. In this case,
agglomerate densities �a of 7-nm particles can be defined as
constant at 500 kg/m3 in the range of G from 3 to 100.

Method for experimental estimation of agglomerate size

Agglomerate size in a fluidized bed can be obtained using
experimental values of minimum fluidization velocity of ag-
glomerates umf as reported by Morooka et al. (1988). In high G
conditions, it can also be obtained experimentally from umf

values. Minimum fluidization velocity of agglomerates umf is
obtained from the diagram of pressure drop vs. gas velocity and
observation of bed expansion. The theoretical umf for a high G
system can be estimated using equations for a conventional
fluidized bed (Wen and Yu, 1966), replacing gravitational
acceleration g by centrifugal acceleration Gg as follows

Ar �
da

3�f��a � �f�Gg

�2 (14)

Re � �33.72 
 0.0408 Ar�1/ 2 � 33.7 (15)

umf �
� Re

da�f
(16)

Using experimental data of umf and �a, agglomerate size da can
be calculated by simultaneously solving Eqs. 14, 15, and 16.

Procedures

Initially, rotating speed increases at almost 2 G for loading
particles onto the circular distributor to form the flat surface of
the bed. If an irregular bed surface occurs, the bed is forced to
form a flat surface by hand-tapping of the plenum chamber.
Subsequently, gas streams are passed into the particulate phase.
When bed expansion is observed, the rotating speed is gradu-
ally increased until bed expansion is suppressed. Gas velocity
and rotating speed are controlled simultaneously until G
reaches the desired level. The fluidized bed is kept at a gas
velocity of nearly umf under each G condition. After a stated
operation time of fluidization, fluidization examination is con-
ducted for estimation of da by measuring umf. The purpose of
the stated operation time is to obtain enough energy for disin-

Figure 1. Experimental apparatus of high G system us-
ing a centrifugal fluidized bed.

Figure 2. Outline of centrifugal fluidized bed.

Figure 3. Tapped bed density, substituted for agglomer-
ate density.
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tegration of agglomerates from fluidization phenomena, such
as attrition, gas stream shearing, and collision among agglom-
erates. During fluidization examination for estimation of da, the
gas velocity is gradually increased. After bed expansion occurs,
superficial gas velocity is gradually decreased while measuring
the pressure drop of the bed for detection of umf. Finally, da can
be obtained from experimental data of umf.

Results and Discussion

Figure 4 shows typical time variation of agglomerate size
under high G conditions. Agglomerate size at the initial stage
becomes small in an hour’s operation time for all cases. With
high G, the agglomerate equilibrium size decreases and oper-
ation time to reach equilibrium tends to decrease. It is thought
that agglomerates in a fluidized bed of nanoparticles are dis-
integrated by fluidization phenomena such as attrition, gas
stream shearing, and collision among agglomerates, which are
positively affected by high G. The attainable energy for disin-
tegration of agglomerates under a certain condition is thought
to be constant in this experimental system because agglomerate
size reaches equilibrium. Moreover, the requirement of several
hours’ operation time to reach equilibrium for all cases indi-
cates that the bond in an agglomerate of nanoparticles is
thought to be extremely strong compared with that of conven-
tional agglomerates of cohesive powder. In addition, fluidiza-
tion quality at the initial stage is fairly good from observation
of bed expansion and pressure drop of the bed. It can be
considered that agglomerate size is larger than the minimum
critical size for all cases; also, agglomerate size is determined
by energy consumption for disintegration of agglomerates in
the fluidized bed.

The typical pressure drop vs. gas velocity diagrams of nano-
particle agglomerate at the equilibrium state are shown in
Figure 5. Minimum fluidization velocities of agglomerates umf

are determined from variation in pressure drops decreasing
superficial gas velocity. The value of the pressure drop when
the gas velocity is larger than umf is lower than the theoretical
values that can be estimated from the initial weight of the bed
and the area of the distributor resulting from loss of particles
during the experiments. The value of umf is also confirmed
experimentally by observation of bed expansion.

Figure 6 shows agglomerate size da evaluated from experi-
mental data of umf and �a under each G condition. If fluidization

examination for estimation of da is carried out immediately
after G reaches the desired value, da is observed to decrease
slightly with increasing G. On the other hand, da is found to
decrease to about 100 �m at high G conditions (G � 100)
when allowing sufficient time for the fluidization operation
near umf. Thus, agglomerate size da decreases under a high G
condition with long-time operation, indicating that reduction of
agglomerate size consumes energy. Furthermore, agglomerate
size reaches a constant value under each G condition, even with
a considerably long operation time at a gas velocity of umf.
Morooka et al. (1988) described that the pressure drop of the
fluidized bed of fine particles was measured after the bed was
fluidized for 30 min. It is considered that they met the transi-
tional state of agglomeration; that is, agglomeration of fine

Figure 4. Typical time variation of agglomerate size un-
der high G conditions.

Figure 5. Typical pressure drop vs. gas velocity dia-
grams under high G conditions after long-time
operation.

Figure 6. Agglomerate size evaluated from experimental
data of umf and �a under each G condition.
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particles was unstable at the beginning fluidization, but it
reached an equilibrium state within 30 min.

Using experimental data, equilibrium size of nanoparticle
agglomerates in the CenFB system used in this work follows
this equation, a modification of Eq. 12

da �
1.5 � 10�8

��p � �a�dpG
0.4 (17)

Schema of the proposed model

Figure 7 shows a diagram for agglomeration of ultrafine
particles proposed in this work in a fluidized-bed system. The
agglomerate size in a bed can be estimated from the energy
balance between Ed and Ea in a fluidized bed. The energy
required for disintegration of agglomerates is concerned with
agglomerate structure and depends on agglomerate properties
such as primary particle (constituent particle) size and agglom-
erate density. On the other hand, attainable energy for disinte-
gration of agglomerates is thought to be independent of da.

Case 1 (TiO2, dp � 7 nm). Ultrafine particles form agglom-
erates using their own interaction forces when the startup of
fluidization. Agglomerate size da1 can be estimated from the
crossing point between Ea and Ed. If da1 is larger than dacr, it
can be estimated by force balance models; agglomerates of da1

can be fluidized.
For example, in the case of TiO2 (dp � 7 nm), the agglom-

erate size estimated by Eq. 17 is 612 �m under normal G. As
above mentioned, the critical minimum size of agglomerate
dacr is 97 �m in this experimental system (G � 1). Therefore,
the agglomerates can be fluidized in this case. At that time, the
value of Ed and Ea is 8.6 � 10�4 J/g.

Case 2: Hard Agglomerate (TiO2, dp � 5 nm). In contrast-
ing a case of a hard agglomerate with case 1, the energy
required for disintegration of the agglomerate is higher than
that of case 1, resulting in an increase of the Ed line. Therefore,
the agglomerate size in case 2, da2, estimated from the crossing

point between Ed and Ea, becomes higher than da1 of case 1.
This case is realized when the primary particle (constituent
particle) size decreases and the agglomerate density increases.
Moreover, if interparticle forces are increased, such as by
adding a binder such as water, the Ed line tends to shift upward.
This explains spray granulation in a fluidized-bed system.
Agglomerates of da2 (�da1 � dacr) can also be fluidized.

When the primary particle size is 5 nm, the value of Ed is
increased according to Eq. 9. On the other hand, the value of Ea

is equal to that in case 1 when the variables such as operating
conditions and experimental-apparatus design are fixed. The
agglomerate size da2 becomes 857 �m. The agglomerates can
also be fluidized in this case.

Case 3: Soft Agglomerate (TiO2, dp � 200 nm). Contrast-
ing the case of a soft agglomerate with case 1, the energy
required for agglomerate disintegration becomes lower than
that of case 1, resulting in a decrease of the Ed line and
agglomerate size da3. This case can be realized with an increase
in primary particle size and a decrease in agglomerate density.
If the agglomerate size in case 3, da3, is smaller than dacr,
agglomerates cannot be fluidized because of the large adhesion
force among them. Then, the fluidized-bed system forms sec-
ondary agglomerates through integration of smaller agglomer-
ates or, alternatively, falls into the defluidization state. In
previous works (Matsuda et al., 2001a), the agglomerate size of
ultrafine particles (TiO2, dp: 7, 20, and 200 nm) was observed
using a high-speed video camera. Agglomerate size of 7 nm
was larger than that of 20 nm in the same operating condition.
Moreover, ultrafine particles of 200 nm were reported to be
only slightly fluidized because of interparticle force weakness
compared with that of other ultrafine particles of 7 and 20 nm.
Morooka et al. (1988) also reported that their CaCO3 particles
could not be fluidized smoothly. It is thought that one reason
for difficulties in fluidization of these particles is attributable to
their weak agglomerate structure (Ed is too small).

When the primary particle size is 200 nm, the value of Ed is
decreased according to Eq. 9 and that of Ea is equal to that in
case 1. The agglomerate size da3 becomes 21 �m. Because the
value of the critical minimum size of agglomerate dacr is 97 �m
in this experimental system, the fluidization state will fall into
the defluidization state.

Effect of high G

Figure 8 illustrates the effect of G on the present model. The
values are calculated in cases of TiO2 (dp � 7 nm). The dotted
lines and the solid lines indicate the conditions under normal
(G � 1) and high (G � 100) G, respectively. The effect of high
G on the fluidized bed of ultrafine particle fluidization is as
follows. Based on force balance, the critical minimum size dacr

tends to become small with increasing G. As mentioned earlier,
in the case of 7-nm particles, the values of dacr are 97 and 15
�m at normal (G � 1) and high (G � 100) G, respectively.
Therefore, it can be said that the small agglomerates, which
cannot be fluidized at normal G, become smoothly fluidized
with increasing G.

Energy consumption takes place when agglomerates disin-
tegrate. The energy required for disintegration of agglomerates
is increased if agglomerate density is increased. In this exper-
imental system, the agglomerate densities are 300 and 500
kg/m3 at normal (G � 1) and high (G � 100) G, respectively.

Figure 7. Model for fluidization of agglomerates.
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Substituting properties listed in Table 2 and values of agglom-
erate densities into Eq. 7, the values of Ed can be estimated as
follows

Ed �
5.3 � 10�7

da
�G � 1� (18)

Ed �
5.6 � 10�7

da
�G � 100� (19)

In this case, the difference between them is negligible. On the
other hand, it is thought that attainable energy arises from
collisions among agglomerates, shearing by gas streams, and so
on. These phenomena seem to be positively affected by high G,
resulting in effective reduction of agglomerate size. Using
experimental data, the attainable energy can be written as

Ea � 8.6 � 10�4G0.4 (20)

by modification of Eq. 10. Therefore, the equilibrium agglom-
erate size when the value of Ea balances with that of Ed is
decreased with increasing G.

Conclusions

A comprehensive model for agglomeration in fluidized beds
of nanoparticles was developed based on the energy balance
between energy required for disintegration of agglomerates and
attainable energy for disintegration of agglomerates. In addi-
tion, fluidization/defluidization criteria were shown by the
force balance acting on an agglomerate. The experimental
approach using a centrifugal fluidized bed was conducted to
elucidate the effect of gravitational acceleration on agglomer-
ate size of nanoparticles and to validate the proposed model. It
was found experimentally that agglomerate size in a fluidized
bed of ultrafine particles decreases as time passes. Agglomerate
size is reduced not only with increasing G but also with
long-term operation of fluidization. Experimental results

showed good agreement with the proposed model. Effects of
high G on fluidization of agglomerates were clarified as fol-
lows. The agglomerate critical minimum size decreases with
high G. Attainable energy for disintegration of agglomerates
increases, leading to decreased agglomerate size.
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Notation

Ar � Archimedes number
da � agglomerate size, m
c1 � constant defined by Eq. 1
c2 � constant defined by Eq. 1
ca � parameter defined by Eq. 10, J/g

CD � drag coefficient
Db � bubble size, m
dp � primary particle size (constituent particle size), m

Ebreak � energy required to break an agglomerate, J
Ed � energy consumption for disintegration of agglomerate per unit-

weight, J/g
Ea � attainable energy for disintegration of agglomerates, J/g
Fa � adhesion force between agglomerates, N
Fc � collision force between agglomerates, N

Fcoh � cohesive force between agglomerates, N
Fd � drag force, N

Fexp � bed expansion force, N
Fg � gravitational force, N
FH � adhesion force attributed to a single contact point, N
Fs � separation force, N
g � gravitational acceleration, m/s2

G � acceleration ratio to the gravitational acceleration
Ha � Hamaker constant, J
Hr � coefficient that characterizes the hardness of agglomerate, Pa
hw � Lifshitz–van der Waals constant, J

k � function of Poisson’s ratio and Young’s modulus of agglomerate,
1/Pa

m � parameter that characterizes asperities of particles
n � exponent in Eq. 10

n1 � exponent of agglomerate size in separation force (Eq. 2)
n2 � exponent of acceleration ratio in separation force (Eq. 2)
n3 � exponent of agglomerate size in adhesion force (Eq. 2)
n4 � exponent of acceleration ratio in adhesion force (Eq. 2)
nk � coodinate number of agglomerate
P*s � dimensionless particle pressure
R � asperities of particles, m
r1 � radius of particle, m
r2 � curvature radius of liquid bridge, m

Re � Reynolds number
ro � radius of distributor used in centrifugal fluidized bed, m
t	 � fluidization time, h

umf � minimum fluidization velocity, m/s
V � relative velocity of agglomerate, m/s

Greek letters

	 � shape factor
� � surface tension, N/m

�a � agglomerate density, g/m3

�p � primary particle density, g/m3

�f � fluid density, g/m3

� � fluid viscosity, Pa s�1

� � distance where van der Waals force is maximum, m
�t � maximum tensile strength, Pa
�a � agglomerate voidage, —

 � rotating speed of centrifugal fluidized bed, rad/s

Figure 8. Effect of G on nanoparticle fluidization.
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