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ABSTRACT: Nanoparticles are usually fluidized as agglomerates, which are
in dynamic states of agglomeration and fragmentation. It is critical to consider
the size distribution of agglomerates in modeling of the fluidization of
nanoparticle agglomerates. In this article, the fluidization behavior of
nanoparticle agglomerates is investigated using a two-fluid model�
population balance model. The model includes the agglomeration and
breakage kernel functions based on the continuum theory of cohesive
particles developed by Kellogg et al. (J. Fluid Mech. 2017;832:345−382). The
ratio of the critical breakage velocity to the critical agglomeration velocity is
defined to represent the cohesion of nanoparticles. The predictions of bed
pressure drop, bed expansion ratio, and bed collapse curves agree well with
those of experiments. By changing the critical agglomeration velocity and the
ratio between the critical velocities, the transition from almost defluidization to uniform fluidization is predicted. Finally, the model’s
ability to simulate the fluidization of fine particles with a few micrometers is also shown. This study provides a practical tool for
simulating the fluidization of nanoparticle agglomerates.

1. INTRODUCTION
Atomic layer deposition (ALD) is a thin film deposition
technique based on ordered, self-saturated reactions, which can
achieve a uniform coating on various functional materials on the
subnanometer scale.1,2 Fluidized bed reactors (FBRs) have high
heat and mass transfer rates and are efficient facilities for
processing particles. In recent years, the combination of FBR
and ALD has become a promising coating technology for
coating nanoparticles,3,4 which is increasingly used in catalysts,
electrode materials, and pharmaceutical materials.5−7

Nanoparticles refer to ultrafine particles with a particle
diameter range of 1−100 nm, which show high cohesion8,9 and
are usually agglomerated.10−12 In fluidized beds, agglomerates
are dynamically formed, broken up, and present a wide size
distribution.13,14 Numerous experiments have shown that the
size of fluidized agglomerates ranges from a fewmicrometers to a
few hundred micrometers, with a highly porous structure.15,16

Agglomerates have a multilevel fractal structure, whose irregular
structure is usually quantified by a fractal dimension.17,18 Due to
the large specific surface area of nanoparticle agglomerates, there
are differences in the transport rate of precursors between
agglomerates and flat plates, which can affect the optimization of
reaction parameters.19 The dynamics of nanoparticle agglom-
erates and vapor deposition also interact with each other.20

Therefore, studying the details of nanoparticle agglomerates
inside a fluidized bed is very useful for optimizing and improving
the efficiency of ALD reactions in the FBR.

Because nanoparticles show cohesion, it is indispensable to
include a cohesion model for simulating the fluidization of

nanoparticles. Besides, accurately describing the wide size
distribution of agglomerates is crucial. In a broader view, there
are mainly two kinds of simulation models for cohesive particle
fluidization: the discrete element model (DEM) and the two-
fluid model (TFM).

The DEM model tracks each agglomerate motion and
examines the effect of interagglomeration cohesive forces on
fluidization, by including amodel that deals with the interactions
between cohesive particles.21−23 This method is based on
Newton’s second law to solve the motion of each particle and
realize the individual tracking of particles.24 In particular,
particle cohesion can be considered directly by calculating the
interparticle forces, such as the van derWaals force, liquid bridge
force, and electrostatic force.25 Li et al.26 incorporated cohesive
van der Waals forces into MFIX-DEM simulations, compared
qualitative and quantitative information between numerical
simulations and experimental measurements, and also inves-
tigated their influences on flow hydrodynamics. Wu et al.27

studied the influence of cohesion on the discrete and continuum
properties of particle fluidization by coupling the CFD-DEM
approach and a weighted time-volume averaging method. The
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results illustrate an important relationship between the micro-
scopic and the macroscopic properties of the fluidization of
cohesive particles. Bahramian et al.28 numerically studied the
impact of adhesion force and surface cohesiveness on the
minimum fluidization velocity and PSD of nanoparticle
agglomerates by applying a coupled CFD-DEM approach.
However, the model is computationally intensive and cannot be
directly applied to large-scale, or even laboratory-scale fluidized
beds.29

The TFM model of hydrodynamics in fluidized beds of
cohesive fine powders also attracts wide attention.30−32 There
are two main methods for considering agglomerate sizes in the
frame of TFM. One method is the calculation of agglomerate
size based on the balance between the cohesive forces and the
separating forces.33−35 However, this is an estimate of the final
agglomerate size and does not allow for prediction of dynamic
agglomeration and fragmentation, which results in difficulty in
modeling the agglomerate size distribution. The other method
uses the population balance model (PBM) to predict
agglomerate dynamics during fluidization or gas−solid
flows.36,37 The PBM describes the variation in the number
density of agglomerates within the system resulting from
agglomeration and fragmentation, which can be used to
calculate the agglomerate sizes dynamically during fluidization.
In the studies by Kellogg et al.,38,39 a continuum theory for
lightly cohesive particles has been developed by taking into
account both the population equilibrium of cohesive particles
and the additional collisional dissipation and has been
successfully applied to a lightly cohesive system with binary
particle sizes. Recently, Bhoi et al.40 developed a population
balance framework for nanoagglomerates fluidization, which
considered agglomeration and breakage phenomena and
incorporated the fractal dimension property, and the influence
of model parameters was investigated.

Through the above analysis, the combination of the TFM
model and the PBM model is an efficient method for studying
the macroscopic fluidization of nanoparticle agglomerates.
However, due to the diversity of the structural properties of
nanoparticle agglomerates and the complexity of collisions,
further research is needed to develop more comprehensive
agglomeration and breakage kernel functions.

In Kellogg et al.’s study,38 the population equilibrium of
cohesive particles is applied to lightly cohesive system with
binary particle sizes. In this study, in order to simulate the
fluidization more realistically, the continuum theory of Kellogg
et al.38 is combined with the general PBM model to describe a
wider size distribution. First, the model is validated with
different cases: an unbound riser system and extreme conditions
(only agglomeration or only breakage) in a fluidized bed system.
After that, the simulation of SiO2 andTiO2 particle fluidization is
compared with experiments. Then, the effect of different critical
velocities and their ratios on fluidization behaviors is
investigated and explored. Finally, the model is also applied to
a fluidized bed of fine particles with a few micrometers.

2. MATHEMATICAL MODEL
Figure 1 shows a schematic of the TFM-PBM model. The
fluidization of nanoparticle agglomerates is modeled in a TFM
framework with a PBM model by considering the effects of
agglomeration and fragmentation between agglomerates. In the
PBM equation, α(V, V ′) is the agglomeration rate of
agglomerates with volumes of V−V′ and V′; p0 is the number

of parent agglomerates broken into subagglomerates; β(V,V ′) is
the probability of fragmentation of agglomerates with volume V.

2.1. Two-Fluid Model. The TFMmodel considers both the
gas and nanoparticle agglomerates as continuums, both of which
follow the continuity and momentum equations.41−45

2.1.1. Mass Conservation Equations.

u
t

( ) ( ) 0g g g g g+ · =
(1)

u
t

( ) ( ) 0s s s s s+ · =
(2)

1g s+ = (3)

where ε is the volume fraction, ρ is the density, and u is the
velocity. The subscript g means gas, and subscript s means solid.
2.1.2. Momentum Conservation Equations.

u u u

u u
t

p g

( ) ( )

( )

g g g g g g g

g g g g g g s

+ ·

= + · + (4)

u u u

u u
t

p g

( ) ( )

p ( )

s s s s s s s

s s s s g g g s

+ ·

= + · + + (5)

where p is the pressure, τ is the viscous stress tensor, and β is the
gas−solid drag coefficient.
2.1.3. DragModel.TheGidaspow drag model41 is adopted in

this article. This model combines Ergun drag correlation and the
Wen−Yu drag correlation.

The formulas of the Gidaspow drag model are as follows:
l
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(6)

where μg is the gas viscosity, da is the particle diameter, Cd is the
drag coefficient, and Re is the Reynolds number of solid phase:
Res = daεgρg|ug − us|/μg.
2.1.4. Solid-Phase Closures. Fluctuation energy conservation

of solid particles is solved by modeling the granular temperature
(Ts), which is explained well in the literature.44 The constitutive
equations, e.g., granular viscosity, solid pressure, and frictional

Figure 1. Schematic of the TFM-PBM model.
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viscosity, are required to close the solid phase governing
equations, which are summarized in Table 1.

u

u

nT

t
nT

PI q T

( )
(

3
2

)

( ): ( )

3
2 s

s s

s s

+ ·

= + + · (7)

2.2. PBM. To describe the agglomeration and breakage of
agglomerates, a particle PBM is used to model the number
density of each class of agglomerates.46−48

2.2.1. Population Balance Equation (PBE). For particle
groups with number density n, velocity u, and volume V, the
conservation of number density is

u
t

n V t V t n V t

B V t D V t B V t D V t

( , ) ( , ) ( , )

( , ) ( , ) ( , ) ( , )a a b a

[ ] + ·[ ]

= + (8)

where the Ba(V, t) and Da(V, t) terms are due to agglomeration:

B V t V V V N V V t N V t

V

( , )
1
2

( , ) ( , ) ( , )

d

V

a
0

=

(9)

D V t V V N V t N V t V( , ) ( , ) ( , ) ( , )da
0

=
(10)

where α is the agglomeration kernel, and the Bb(V, t) and Db(V,
t) terms are due to breakage:

B V t p V b V V N V t V( , ) ( ) ( ) ( , )db
0 0= |

(11)

D V t V N V( , ) ( ) ( )b = (12)

where α(V−V′, V ′) is the agglomeration rate of agglomerates
with volume of V−V′ and V’, p0 is the number of parent
agglomerates broken into subagglomerates, β(V) is the
probability of fragmentation of agglomerates with volume V, b
is the daughter particle distribution function (PDF), b(V|V ′) is
the probability of breaking an agglomerate with volume V′ into
an agglomerate with volume V, and b(V|V ′) satisfies:

b V V V( )d 1
V

0
| =

(13)

p m V b V V V m V( ) ( )d ( )
V

0
| =

(14)

2.2.2. Agglomeration and Breakage Kernels. In the
continuous theory of cohesive particles proposed by Kellogg
et al.,38,39 the agglomeration and breakage kernels, which are
caused by agglomerate collision, are expressed by the collision
frequency:49,50

V V V V
V V
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V V V V
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where ω(V, V ′) is the collision frequency, which is expressed
by50
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The success factors of agglomeration (ψa(V, V′ )) and
breakage (ψb(V, V′)) are defined as39
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where va,V,V′,crit and vb,V,V′,crit are the critical velocities of
agglomeration and breakage, respectively. Normally, agglomer-
ates will agglomerate when colliding at a low velocity and break
when colliding at a high velocity. Thus, when the collision
velocity is less than the critical agglomeration velocity, all of the
collisions will cause agglomeration. When the collision velocity
is greater than the critical breakage velocity, the agglomerate will
be broken after the collision. The size of the broken
agglomerates is determined by the daughter PDF. In this
work, the value of the total degrees of freedom of agglomerates is
chosen as 3, that is, dof = 3.

The breakage of agglomerates is caused not only by collision
but also by the gas flow. In this article, the breakage rate caused
by the gas flow is calculated by the Laakkonen breakage kernel,51

which is expressed by
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jjjjjjjjj
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C C
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d
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s s g
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=
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(20)

where ϕ is the dissipation rate, d is the diameter of the parent
agglomerates, C1, C2 and C3 are constant, and erfc is the
Gaussian error function:

eerfc
2

d
x

2=
(21)

Table 1. Granular Kinetic Theory Models and Parameters

property model/parameter

diameter Sauter-mean
granular viscosity Gidaspow
granular bulk viscosity Lun et al.
frictional viscosity Schaeffer
angle of internal friction 30
solid pressure Lun et al.
restitution coefficient 0.8
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The daughter PDF is given by
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Thus, the combined breakage kernel is given by

c
2

t
2= + (23)

2.2.3. Determination of Critical Velocity. For a given system,
the critical velocity of agglomeration and breakage depends on
the particle material conditions. As the agglomerate diameter
increases, the agglomerate cohesion decreases, which is
indicated as a decrease in the agglomeration success factor
and an increase in the fragmentation success factor in the
agglomeration and breakage kernels. Based on the study of Fang
et al.,52 in this study, the critical agglomeration velocity of the
largest agglomerates with a diameter of a few millimeters is
chosen in the order of 1 m/s. The success factors of
agglomeration and breakage calculated based on the critical
velocities are shown in Figure 2. In future studies, the

agglomeration and fragmentation velocities can be determined
by experiments or discrete particle simulations of agglomerate
collisions. It should be noted that because the critical
agglomeration velocity should be different for agglomerates of
different sizes, the critical agglomeration velocity of agglomer-
ates is determined based on a critical sticking velocity curve
(Supporting Information: Figure S1). In the Results and
Discussion section, the values of critical velocity shown in the
figure are all the critical velocities of the maximum
agglomeration.

2.3. Simulation and Parameters. A 2D fluidized bed with
structured mesh is used as the simulation. The main simulation
parameters are given in Table 2. The SiO2 nanoparticles are used
as the bed materials, whose initial agglomerate diameter is
chosen as 10 μm, and agglomerate density is 200 kg/m3 based on
the literature.17,18 The velocity inlet boundary and pressure

outlet boundary are used. The wall has a no-slip condition for
the gas phase and a partial-slip condition for the solid phase. The
time step is chosen as 0.001 s. In the current simulation, the
Gidaspow drag models are used, and the restitution coefficient is
fixed at 0.8. The effects drag models and restitution coefficient
on the volume fraction and size distribution of agglomerate are
not sensitive (Supporting Information: Figures S2 and S3).

The range of agglomerate diameter is chosen based on
experimental results in the literature,53,54 which ranges from 10
μm to 3 mm and is divided into 10 intervals based on an equal
geometric ratio distribution of particle diameter, as listed in
Table 3.

The simulations are performed using ANSYS Fluent, with the
agglomeration and breakage kernels supplied through user-
defined functions. The phase-coupled SIMPLE algorithm is
applied for the pressure−velocity coupling. The discrete method
is used to solve the PBE.

3. MODEL VALIDATION
3.1. Case 1: Unbounded Riser System. First, the TFM-

PBM model is applied to the periodic riser studied by Kellogg et
al.38 to verify the model’s accuracy. In their study, the volume
fraction of the solid phase is fixed at 0.01. By changing the
Hamaker constant to adjust the cohesion strength between
particles, the critical velocity of agglomeration va,V,V′,crit is varied
from 0.22 to 0.59 cm/s, and the variation curve of the volume
fraction of agglomerates at different critical velocities is
obtained. The boundary conditions, initial conditions, and
other model parameters set by the model are consistent with
Kellogg et al. The variation of agglomerate volume fraction with
the critical velocity calculated in this article is compared to that
of both the DEMmodel and the continuummodel by Kellogg et
al.,38 as shown in Figure 3. It can be seen that the simulation
results of the TFM-PBMmodel in this article are consistent with
the continuum model of Kellogg et al.38

3.2. Case 2: Fluidized Bed System with Extreme Cases.
Second, the model is applied to a fluidized bed with extreme
conditions: the only agglomerate condition and the only
fragment condition. Figure 4 shows the volume probability
distribution of agglomerates in each discrete interval in the
fluidized bed at different times. The size distribution and the
number density of the agglomerates evolve with time. The rate
of fragmentation is lower than the rate of agglomeration. This is
because when agglomerates only fragment, the large volume and
mass of the agglomerates result in a low collision frequency
between the agglomerates. At the condition that the
agglomerates only agglomerate, the agglomerates instantly
stick together when they collide. The particle size distribution

Figure 2. Success factors calculated based on the critical velocities
(va,V,V′,crit = vb,V,V′,crit, Ts = 1 × 10−5 m2/s2).

Table 2. Parameters of a Fluidized Bed System

property value units

bed height 0.2 m
bed width 0.02 m
mesh type quadrilateral mesh
grid size 1 mm
gas density 1.225 kg/m3

gas viscosity 1.85 × 10−5 Pa s
initial particle stacking height 0.1 m
initial particle volume fraction 0.5

Table 3. Average Particle Size of Each Discrete Interval

discrete interval (i) average particle size (m)

bin-0 0.00304
bin-1 0.00161
bin-2 8.54 × 10−04

bin-3 4.53 × 10−04

bin-4 2.4 × 10−04

bin-5 1.27 × 10−04

bin-6 6.73 × 10−05

bin-7 3.56 × 10−05

bin-8 1.89 × 10−05

bin-9 1 × 10−05
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finally reaches a stable state with the largest agglomerates. At the
condition that the agglomerates only fragment, the agglomerates
break from their maximum diameter, the bed height gradually
increases and finally reaches a stable height. The particle size
distribution finally reaches a stable state with the smallest
agglomerates. According to the comparison of results in these
two extreme cases, it can be considered that the model in this
article can simulate the fluidization process of agglomerates and
obtain the agglomerate distribution in the bed.

3.3. Case 3: Fluidization Behavior Compared with the
Experiment. A fluidized bed with an inner diameter of 50 mm
and a height of 400 mm is used as the experimental setup. In the
simulation, a 2D fluidized bed with a width of 50 mm and height
of 400 mm is used. The 20 nm SiO2 and TiO2 nanoparticles are
used as bed materials, representing different cohesive nano-
particles. The bed height is measured by applying a strong light
on the back of the fluidized bed to create a clear contrast
between the light and dark areas of the dilute and dense phases
so that the bed surface can be clearly observed. In this way, the
original particles look black.

According to study,55,56 the ALD process can be carried out at
atmospheric pressure, thus in this study the simulation and
experiment are carried out at atmospheric pressure. During the
experiment, a differential pressure gauge was used to detect the

fluidization pressure in the fluidized bed with an accuracy of 0.1
Pa.

In the simulation, the initial agglomerate diameter is chosen as
10 μm, and the agglomerate density of SiO2 and TiO2
nanoparticles is 200 and 650 kg/m3, respectively. The bed
pressure drop, bed expansion ratio, and collapse curve in the
fluidized bed of the two kinds of particles are investigated.

Figure 5 shows the simulation and experimental minimal
fluidization velocity, bed expansion ratio, and bed collapse
curves of SiO2 nanoparticle agglomerates. The minimal
fluidization velocity of the SiO2 nanoparticles determined by
experimental and simulation are similar, which is around 1 cm/s
(Figure 5a). From the results, at the beginning, the pressure drop
increases linearly with the increase of gas velocity and remains
fixed after reaching the minimal fluidization velocity. The four
velocities of 1, 2, 3, and 4 cm/s are used for comparison in
experiments and simulation studies. For the bed expansion ratio
and bed collapse curves at different fluidizing gas velocities, the
simulated results are in good agreement with the experimental
results.

Figure 6 shows the simulation and experimental results of the
TiO2 nanoparticle agglomerates. The four gas velocities of 5, 6,
7, and 8 cm/s are used for the test. From the simulation results,
the minimal fluidization gas velocity of TiO2 is about 6 cm/s,
which is consistent with the experimental result (Figure 6a).
Also, the predictions of the bed expansion ratio and the collapse
curves generally agree with the experiments. Therefore, the
current model is able to predict nanoparticle fluidization at
different cohesions.

Comparing the fluidization results of SiO2 nanoparticles and
TiO2 nanoparticles, it was found that there is a significant
difference in their fluidization behavior. This is because the
cohesion, density, and other properties of SiO2 and TiO2 are
different. SiO2 has a lower cohesion and is prone to fluidization;
therefore, the bed expansion ratio increases with the increase of
gas velocity. Meanwhile, due to the higher density and cohesion
of TiO2, the bed does not expand significantly at lower gas

Figure 3. Comparison of the fraction of particles in agglomerates at
different critical velocities.

Figure 4. Evolution of volume probability distribution of agglomerates in the fluidized bed: (a) volume probability distribution when the agglomerates
only agglomerate; (b) volume probability distribution when the agglomerates only fragment; (c) change of number density over time when the
agglomerates only agglomerate; and (d) change of number density over time when the agglomerates only fragment.
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velocities. However, when the minimal fluidization velocity is
reached, the bed height gradually increases.

4. RESULTS AND DISCUSSION
4.1. Effect of Critical Velocity Ratio. As the cohesion of

nanoparticles has a significant influence on fluidization,25,27,57

the effect of critical agglomeration/breakage velocities is
investigated. By keeping the critical agglomeration velocity
(va) constant at 1 m/s, while varying the critical breakage
velocity (vb) from 0.01 to 10 m/s, the simulations of fluidization
at different critical velocity ratios (vb:va) are obtained. As shown
in Figure 7, the pressure drop fluctuation with time gradually
decreases and finally becomes stable. A significant fluctuation of
bed pressure drop is caused by the dynamic formation and
fragmentation of agglomerates in gas fluidization.27 For different
conditions, when the time is 15 s, the bed pressure drop is almost
stable under different conditions.

Figure 8 shows the variation of volume fraction, volume
probability distribution, and diameter of agglomerates for
different critical velocity ratios. The bed expansion ratio
becomes smaller as the critical velocity ratio increases while
keeping the critical agglomeration velocity constant. At the same
time, the volume fraction of agglomerates increases and larger
agglomerates appear in the bed. The average size of
agglomerates increases and the distribution of agglomerates
inside the bed becomes more uniform. This is because, at a fixed
critical agglomeration velocity, as the critical breakage velocity
increases, the relative agglomeration cohesion increases, the

agglomerates become more difficult to break, and the bed
expansion ratio decreases. At the extreme condition of vb:va =
10:1, an almost static bed with large agglomerates is observed.

Figure 9 shows the variation of PSD distribution over time in
the top, middle, and bottom parts of the bed at vb:va = 0.1:1. It
can be observed that during the simulation process the average
agglomerate size of the top, middle, and bottom parts of the bed
first fluctuates and gradually stabilizes with time.

Figures 10−12 show the axial distribution of agglomerate
volume fraction, diameter, solid velocity, and gas velocity at
different heights. The results at 1/3 and 2/3 of the bed height are
taken for comparison. It can be found that, at different bed
heights, the solid velocity and gas velocity show profiles similar
to “W”, which are found to be higher near the bed wall as well as
in the middle of the bed. The distributions of the axial gas
velocity and agglomerate velocity are similar to the results of Lu
et al.32 For the case of vb:va = 10:1, the movement of
agglomerates is very limited, and the gas velocity distribution
is uniform in themiddle zone of fluidized bed, indicating that the
bed behaves like a fixed bed.

Combining Figures 9 and 11, it can be observed that, after
stabilization, the volume fraction and diameter of the
agglomerates in the lower part of the bed are larger, but the
overall distribution of agglomerates within the bed is relatively
uniform, which is similar to the experimental results.53 The
agglomerate diameters show a tendency to be larger in the
middle and smaller near the bed wall at different bed heights.

Figure 5. SiO2 nanoparticle agglomerates: comparison of experimental and simulation results on (a) bed pressure drop and (b) bed expansion ratio;
(c) experiment fluidized bed images and (d) simulation fluidized bed images; (e) collapse curve in the simulation results; (f) collapse curve in the
simulation results.
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4.2. Effect of Critical Velocity Values. In this section, the
critical velocity ratio is fixed at vb:va = 2:1, which the critical of
agglomeration/breakage velocities are changed that are vb:va =
0.2:0.1,0.4:0.2,1:0.5, and 2:1 m/s. Figure 13 shows the variation
of volume fraction, the volume probability distribution, and the
diameter of agglomerates for different critical velocities. As the
critical velocity increases, the bed expansion ratio becomes
smaller. At the same time, the volume fraction of agglomerates
and the average agglomerate size increase, and the distribution
of agglomerates inside the bed becomes more uniform. This is
because the agglomerate cohesion increases as the critical
velocity increases while maintaining vb:va = 2:1. At this point, the
agglomerates are more difficult to break up; thus, the number of
large agglomerates increases, and the bed expansion ratio

decreases. The gas flow has less influence on the movement of
the large agglomerates, resulting in a more uniform distribution
of agglomerates within the bed.

4.3. Extension To Predict Fluidization of Fine Particles.
Finally, the model is extended to simulate the fluidization of fine
particles, which usually show strong cohesion.58,59 The
agglomerate properties and size distribution of fine particles
are affected by cohesion, and these properties further affect the
fluidization state of fine particles.60−62 The diameter of the fine
particles used in the simulation is 10 μm.The density is 2100 kg/
m3. The fluidizing gas velocity is set to 9 cm/s. The fluidization
of fine particles is studied by keeping the critical agglomeration
velocity (va) constant at 1 m/s, while varying the critical
breakage velocity (vb) from 0.1 to 50 m/s. Figure 14 shows the
variation of the bed pressure drop with time for the ratio of fine
particles at different critical velocities. With time, large
agglomerates continue to form and settle in the fluidized bed,
making the bed pressure drop gradually stable. As the critical
velocity ratio increases, the bed pressure drop fluctuates.

Figure 15 shows the variation of volume fraction, volume
probability distribution, and diameter of agglomerates for
different critical velocities for fine particle. A comparison of
the results for fine particles with nanoparticle agglomerates
shows that the fluidization pattern of fine particles is similar to
that of nanoparticle agglomerates. While keeping the critical
agglomeration velocity constant, the agglomerates becomemore
cohesive and the bed expansion ratio decreases as the critical

Figure 6. For TiO2 nanoparticle agglomerates: comparison of experimental and simulation results on (a) bed pressure drop and (b) bed expansion
ratio; (c) experimental fluidized bed images and (d) simulation fluidized bed images; (e) collapse curve in the simulation results; (f) collapse curve in
the simulation results.

Figure 7. Variation of bed pressure drop with time at different critical
velocity ratios.
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Figure 8. Variation of volume fraction, volume probability distribution, and diameter of agglomerates for different critical velocity ratios at 15 s. (a)
Contours of agglomerates volume fraction; (b) volume probability distribution of agglomerate in each discrete interval; (c) distribution of agglomerate
volume fraction in the axial direction; (d) distribution of agglomerate diameter in the axial direction.

Figure 9. PSD distribution at the (a) top, (b) middle, and (c) bottom of the bed at different times. (d) Variation of average particle size at the top,
middle, and bottom of the bed over time.

Figure 10. Under condition vb:va = 0.01:1, (a) axial distribution of
agglomerate volume fraction and diameter and (b) solid velocity and
gas velocity at different heights in the fluidized bed at 15 s.

Figure 11. Under condition vb:va = 0.1:1, (a) axial distribution of
agglomerate volume fraction and diameter and (b) solid velocity and
gas velocity at different heights in the fluidized bed at 15 s.
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breakage velocity increases. At the same time, the volume
fraction of agglomerates and the proportion of large
agglomerates increase, and the distribution of agglomerates
becomes more uniform.

The comparison also shows that the volume distribution of
the fine particles is less homogeneous compared to that of
nanoparticle agglomerates at the same critical velocity
conditions. This is due to the fact that fine particles with a
higher density promote a bubbling fluidization state, which is
consistent with the fluidization of fine particles.59 The presence
of bubbles in the fluidized bed would increase the
inhomogeneity of the volume fraction distribution of the
agglomerates in the bed.

5. CONCLUSIONS

1. The continuum theory of Kellogg et al.39 is combined
with a general PBM model and applied to a gas−solid
nanoparticle agglomerate fluidized bed with a high
cohesion and wide agglomerate size distribution. The
ratio of critical breakage velocity to critical agglomeration
velocity is used to characterize the cohesion of nano-
particles.

2. The model is validated with two cases: an unbounded
riser system and extreme conditions in a fluidized bed. In

the riser system, the predictions of the agglomerate
fraction are consistent with the continuum model. In the
fluidized bed, the TFM-PBM model can well predict the
probability distribution of agglomerates under only
agglomeration or only breakage conditions.

3. The fluidization properties of SiO2 and TiO2 nano-
particles are predicted and compared with experiments.
There is good consistency in the simulations and
experiments for the bed pressure drop, fluidization, and
bed collapse curves. The TFM-PBMmodel can effectively
predict the basic characteristics of fluidized nanoparticle
agglomerates.

4. In the model, keeping the critical agglomeration velocity
constant, as the ratio of critical breakage velocity
increases, the bed expansion ratio decreases, the average
agglomerate size increases, and the volume fraction and
diameter of the agglomerates in the lower part of the bed
become larger. Fixing va, crit: vb, crit = 1:2, as the critical
velocity increases, the bed expansion ratio decreases and
the average agglomerate size increases.

5. The ability to simulate the fluidization of fine particles is
also checked. At the same critical velocity conditions, a
more inhomogeneous distribution of fine particles is

Figure 12. Under condition vb:va = 10:1, (a) axial distribution of
agglomerate volume fraction and diameter and (b) solid velocity and
gas velocity at different heights in the fluidized bed at 15 s.

Figure 13. Variation of volume fraction, volume probability distribution, and diameter of agglomerates for different critical velocity at 15 s. (a)
Contours of agglomerate volume fraction; (b) volume probability distribution of agglomerate in each discrete interval; (c) distribution of agglomerate
volume fraction in the axial direction; (d) distribution of agglomerate diameter in the axial direction.

Figure 14. Variation of bed pressure drop with time at different critical
velocity ratios.
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observed compared to that of the nanoparticle agglom-
erates.
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