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Abstract—The information of particle cluster dynamics is necessary for improving the performance of a circulating
fluidized bed system. The main objective of this study is to compare the particle cluster diameters and concentrations
from computational fluid dynamics simulation results between circulating fluidized bed riser and downer. The calculation
methodologies are based on the concept of kinetic theory of granular flow and statistics. The mathematical model was
verified by using the experimental dataset from literature and used for computing the particle cluster dynamics. In the
circulating fluidized bed riser and downer, a dense and dilute core-annulus flow structures were obtained, respec-
tively. The particle cluster in the circulating fluidized bed riser possessed more heterogeneity movements than that in
the circulating fluidized bed downer. This can be explained by the system flow direction. About the particle cluster
dynamics, the particle cluster diameters and concentrations in the circulating fluidized bed riser were higher than the
ones in the downer. The calculated values were comparable to the empirical correlations. This confirms the validity
of the calculation methodologies. Particle cluster dynamics and its example application inside circulating fluidized bed

riser and downer were also discussed.
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INTRODUCTION

The design of a circulating fluidized bed (CFB) reactor for use
in various industrial scale applications, such as combustor and gas-
ifier, requires knowledge of system hydrodynamics. Typically, the
CFB consists of two major reaction components, riser and downer.
For both risers and downers, a core-annulus system flow pattern
was observed [1,2]. The solid particles are dense and dilute near
the wall and center regions, respectively. At the annulus or wall region,
the solid particles then agglomerate and form as particle clusters.
One key feature of the system hydrodynamics behavior in CFB is
the existence of particle clusters. The particle cluster flow structure
is significantly different from the individual solid particles [3]. When
particle clusters form in a CFB, they affect the overall gas-solid system
flow behaviors. Therefore, information about the particle cluster
characteristics is necessary. In the experiment, it is known that the
particle cluster prohibits a good multiphase mixing inside the sys-
tem [4]. This then has negative effect on the system chemical reac-
tion conversion. By the computational fluid dynamics (CFD) sim-
ulation, the particle cluster information can be obtained and used
for the calculation of drag or interphase exchange coefficient mod-
els. The particle cluster size was substituted in the correlations instead
of the solid particle size until the correct system hydrodynamics
were obtained [5-7]. In addition, it can be employed in computing
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the mass transfer coefficient, which is then used as an input parame-
ter for the conventional shrinking core chemical reaction model [8,9].
The mass transfer coefficient is one of the three resistances along
with diffusion and chemical reaction. In the literature, the mass trans-
fer coefficient is recognized to be much lower for small particles
than that given by conventional correlations for large particles [10,11].
Chalermsinsuwan et al. [12] explained this situation by the formation
of particle cluster inside their CFB riser. Still, no data is reported on
the CFB downer.

The particle cluster or aggregate is a group of solid particles de-
fined as regions with high solid particle concentration in relation to
the mean concentration [13]. These groups of particles move as a
single body with little intemal relative movement [14]. These aggre-
gates play a major role in all flow development length, axial and
radial dispersions near the wall, heat and mass transfers near the
wall, and thus affect the overall performance of a CFB reactor [15].
Nevertheless, the way to identify and characterize two important
parameters of particle cluster for use in the CFD simulation aspects,
which are diameter and concentration, is still in a development stage.
Most of the previous literature studies are focused on the calculation
of the other particle cluster dynamics, such as mean duration time,
frequency of occurrence, existence time fraction and particle clus-
ter number, which are the necessary parameters for use in the experi-
ment aspects [16-18].

The study about the particle cluster was initiated by Yerushalmi
et al. [19], who proposed a hypothesis on particle cluster formation.
Gidaspow et al. [20] conducted both the experiment and simulation
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to visualize the trajectories of particle clusters near wall region of
their CFB riser. Horio and Kuroki [21], Tartan and Gidaspow [22],
Jung et al. [23] and Xu and Zhu [24] found the existence of particle
clusters in the fluidized bed (FB) and CFB riser system operations.
They observed the heterogeneity movements of particle clusters
(downward, stagnant and upward). Zhang et al. [25] simulated the
particle cluster behaviors in a CFB riser and downer. They stated
that there were two types of particle cluster, one in the near wall
region and the other one in the center region. As the formation of
particle clusters is widely recognized, the information on how to
identify and characterize them is mostly limited. For the parameters
used in the experimental aspect, Soong et al. [26] developed criteria
using a statistical methodology to identify particle cluster dynam-
ics based on their experimental data in a CFB riser. As mentioned
above, those dynamics were the mean duration time, frequency of
occurrence and existence time fraction. Sharma et al. [27] used the
same methodology as Soong et al. [26] to obtain the effects of operat-
ing conditions on those dynamics. In addition, the methodology
was validated for use in the CFD simulation results as shown in
Gomez et al. [28]. For the parameters used in the CFD simulation
aspect, Chalermsinsuwan et al. [12] successfully calculated the parti-
cle cluster diameter and concentration in a CFB riser using the kinetic
theory of granular flow [29] and statistical concepts [26]. Breault
[30] analyzed the clustering flows in a CFB riser using Gibbs free
energy. Their Gibbs free energy was related to the particle cluster
size. The computed values of their particle cluster dynamics were
in agreement with their previous experimental results [31]. Besides
the above studies, only the empirical correlations of particle cluster
diameter and concentration from the experimental data were pro-
posed [32-35].

We used the kinetic theory of granular flow and statistical con-
cepts to calculate the particle cluster diameters and concentrations

from CFD simulation results. This is the information still lacking
in the literature. The methodology was applied to both the CFB riser
and downer as experimented by Knowlton et al. [36] and Cao and
Weinstein [37]. This is because the experimental validation was used
as a method for verifying the results. Then, the obtained values were
compared with each other and with the estimated values from the
empirical correlations. In addition, the particle cluster dynamics and
example application were discussed.

COMPUTATIONAL FLUID DYNAMICS
SIMULATIONS

1. Mathematical Models

In this study, the CFD simulation was solved by using the com-
mercial ANSYS FLUENT 6.3.26 program. There are two main math-
ematical models for multiphase flow available in the program: the
Lagrangian model and the Eulerian model. In these CFB riser and
downer systems, the Eulerian model was selected because the solid
phase quantity cannot be occupied by the gas phase one [38]. With
this model, conservation equations, mass and momentum, for each
phase were considered to be continuous and fully inter-penetrating.
Both phases were described in terms of separate sets of conserva-
tion equations with their appropriate interaction terms representing
the coupling between the phases. The equations were closed by pro-
viding constitutive equations based on the kinetic theory of granu-
lar flow. The kinetic theory of granular flow is an extension of the
conventional kinetic theory of gases by adding the effects of solid
particle collision and solid fluctuating kinetic energy (or granular tem-
perature). More information about this theory is provided in Gidaspow
[29]. The verification of the employed model was already proved
in our previous studies with the same CFB riser [12] and downer
[39] systems. For the CFB riser, Chalermsinsuwan et al. [12] vali-

Table 1. A summary of the conservation equations and constitutive equations

A. Governing equations;
(a) Conservation of mass;
(a) Gas phase;
0
a_t(ggpg) +V- (gg g3g) =0
(b) Solid phase;
0
a(gsps) +V- (gaps3s) =0

(b) Conservation of momentum,;
(a) Gas phase;

(M

@

0
a_t(gg geﬂ) +V: (gg gggeg) = é‘ng +V- Tgt Eg0.8— /Bg.v(eg - 35) (3)

(b) Solid phase;

agt(sspﬁs)+v~(sspﬁﬁs):— &Vp+V-1-Vp+&pg+ BV~ @

(c) Conservation of solid phase fluctuating energy;

%[a%(&pﬂ)+V~(5¢p567)3x}:(—VpJ+ 2): Vo4 V- (KV ) -1, )

B. Constitutive equations;
(a) Gas phase stress;

2
7= at[ Ve (VN ] - S (V)1
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Table 1. Continued

(b) Solid phase stress;
= [V (V3] - g(;— % @v &

(c) Collisional dissipation of solid phase fluctuating energy;

:3(1—ez)e§psg06(§@

(d) Conductivity of the solid phase fluctuating energy;
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(e) Radial distribution function;
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(f) Solid phase shear viscosity;
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(g) Solid phase bulk viscosity;
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(h) Solid phase pressure;
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(i) Gas and solid phases interphase exchange coefficient;
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when g,>0.97;
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(j) Wall tangential velocity and granular temperature of the solid phase (Jackson and Johnson boundary condition);
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Fig. 1. Schematic drawing and computational domain with their boundary conditions of simplified CFB (a) riser and (b) downer.

dated the mathematical model with the solid mass flux, solid density
and system pressure drop profiles. For the CFB downer, Chalerm-
sinsuwan et al. [39] validated the mathematical model with the solid
volume fraction, solid mass flux and gauge pressure profiles. Also,
the effects of various modeling parameters were explained in their
study, such as the restitution coefficient, specularity coefficient, inter-
phase exchange coefficient model and turbulence model. The chosen
models were the best appropriate ones with the literature experimental
data [36,37]. Therefore, the verification steps were skipped and the
mathematical models were used for further analyzing the particle
cluster dynamics. A summary of the conservation equations and con-
stitutive equations is given in Table 1. The main difference between
the models of CFB riser and downer was the drag coefficient cor-
relations. In case of high solid mass flux system/CFB riser, the energy
minimization multi-scale (EMMS) drag coefficient model was suit-
able to employ, while in case of low solid mass flux system/CFB
downer, the Gidaspow drag coefficient model was used [40-42].
For the CFB riser, the new additional code using VISUAL C++
programming language was added because the EMMS drag coef-
ficient model was not provided in the program.
2. System Descriptions and Computational Domains

To compare the particle cluster diameters and concentrations, the
experimental results by Knowlton et al. (for the CFB riser) [36] and
Cao and Weinstein (for the CFB downer) [37] were chosen as the
two reference cases. In the literature, there is little reported experi-
mental data for both the riser and downer in the same CFB system.
Therefore, two different experimental data with the same Geldart
classification were selected as each CFB section’s representative to
simulate and explain in this study.

For the CFB riser condition, the gas in their system was pure air
with 1.20 kg/m® in density and 2.00x10° kg/m s in viscosity. The
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solid particles in their system were fluid catalytic cracking (FCC)
with 76 mm in diameter and 1,712 kg/m® in density. The diameter
and height of their CFB riser were 0.20 m and 14.20 m, respectively.
Since the three-dimensional model requires long computation time,
we used the two-dimensional model for the simulation. The sche-
matic drawing of the CFB riser is depicted in Fig. 1(a). This sche-
matic drawing is based on Benyahia et al. [43] and Chalermsinsuwan
et al. [12], which was a two inlet-outlet design for the two-dimen-
sional CFB riser. This is because a one inlet-outlet design for two-
dimensional CFB riser cannot capture the system phenomena [12].
The gas was fed to the system at the bottom of the CFB riser. The
solid particles were fed from the two side inlets at 0.30 m above
the bottom of the system with a width of 0.10 m. The gas and solid
particles exited the system through two side outlets at 0.30 m below
the top of the CFB riser (similar width to the side inlets).

For the CFB downer condition, the gas was also air with 1.20
kg/m’ in density and 2.00x107° kg/m s in viscosity. The solid parti-
cles in their system were FCC particles. However, their physical
properties were slightly changed. The solid particle diameter and
density were 82 mm and 1,480 kg/m’. With these properties, the
same group A in Geldart classification was still obtained. The diam-
eter and height of their CFB downer was 0.127 m and 5.00 m, re-
spectively. Similar to the CFB riser, this we used the two-dimen-
sional model for the simulation. The schematic drawing of the CFB
downer, depicted in Fig. 1(b), is based on Chalermsinsuwan et al.
[39], which is a two inlet design for the two-dimensional CFB downer.
The gas was fed to the system at the top of the CFB downer. The
solid particles were fed from the 0.127 m width two side inlets at
0.303 m below the top of the system with the angle of 45° with re-
spect to the system vertical (y) axis. The gas and solid particles exited
through the system outlet at the bottom of the CFB downer.
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The computational domains of the CFB riser and downer in this
study with their corresponding boundary conditions are also illus-
trated in Figs. 1(a) and 1(b), respectively. For both the CFB sys-
tems, the computational domain consisted of 20 non-uniform grids
in radial or horizontal direction and 300 uniform grids in axial or
vertical direction, with a total of 6,000 computational cells. The CFD
models were solved by using a personal computer with Pentium
1.80 GHz CPU 1 GB RAM. It took approximately 5 days of com-
putation time for 50 s of simulation time. The time-averaged quasi-
steady state results were calculated using the results with the simu-
lation time in the range of 30 s to 50 s. For these two CFB systems,
the grid independence study and time-averaged range checking were
already tested [12,39]. The acceptable results should not depend on
the grid size and simulation time. Chalermsinsuwan et al. [12,39]
performed the CFD simulation with the increments of grid size and
the simulation time in CFB riser and downer, respectively. They
obtained satisfactory values for both the parameters, as already sum-
marized above.

3. Initial and Boundary Conditions

Initially, no gas phase and solid phase were packed in the CFB
system. Thus, there was no solid holdup or solid volume fraction
inside the system. At the system inlets, the velocities and volume
fractions for each phase were specified to be consistent with the
solid mass flux in the CFB riser and downer of 489 kg/m* s and
123 kg/m’ s, respectively. Generally, the solid mass flux has a rela-
tionship with the solid density, solid volume fraction and solid veloc-
ity. For the selected CFB riser [36], this system was used for fluid
catalytic cracking application. For the chosen CFB downer [37],
the system was used only as a solid particle transportation part. The
volume fraction and solid mass flux in the CFB downer were then
lower than the CFB riser one. On the other hand, the system pres-
sures were specified at the system outlets as input parameters for
the CFD solving algorithm. At the system wall, no-slip boundary
conditions were applied for all velocities, except the tangential veloc-
ity of solid phase and fluctuating kinetic energy of solid phase, which
were used the boundary conditions of Johnson and Jackson [44].
All the used parameter values for the simulation are listed in Table
2. The employed modeling parameters were selected from the suit-

Table 2. The used parameter values for the CFD simulation

able ones in our previous studies [12,39].
RESULTS AND DISCUSSION

1. Calculation Methodology for Particle Cluster Diameter

As already stated, we used the methodology from Chalermsinsu-
wan et al. [12]. Based on the kinetic theory of granular flow concept
[29], the description of particle cluster diameter is the radial char-
acteristic length of solid particle, which can be obtained by dividing
the radial solid dispersion coefficient at any radial system distance
(D,(r)) with the radial oscillating velocity:

D.(r)
Radial oscillating velocity

Particle cluster diameter= (20)

The radial solid dispersion coefficient can be computed from a
mathematical relation between the radial normal Reynolds stress

(v.vi(r)) and the Lagrangian integral time scale (T,) [12,45]:

D) =VVIOT, @
T,= [ VOV @)
0 v iz

With the radial normal Reynolds stress is the additional stress
due to random velocity fluctuations (v') from its mean values in
radial direction:

Vx,Vx,(r) = I%Z”:(Vx,k(r’ t) - vx(r))(vx,k(r, t) - VA(r)) (23)

D=3V )

The radial oscillating velocity can be obtained from the square
root of the radial normal Reynolds stress:

Radial oscillating velocity =/ v/v)(r) 25)

2. Calculation Methodology for Particle Cluster Concentration
Similar to the particle cluster diameter, we used statistical meth-
odology proposed by Soong et al. [26] and Chalermsinsuwan et al.

Symbol Description CFB riser CFB downer
- System diameter (m) 0.20 0.127
- System height (m) 14.20 5.00
e Gas density (kg/m?) 1.2 1.2
My Gas viscosity (kg /m s) 2x107° 2x107°
0 Solid particle density (kg/m’) 1,712 1,480
d, Solid particle diameter (mm) 76 82
Vv, Gas inlet velocity (m/s) 5.20 3.70
v, Solid inlet velocity (m/s) 0.476 1.11
g, Solid inlet volume fraction (-) 0.60 0.15
G, Solid mass flux (kg/m’ s) 489 123

p System outlet pressure (Pa) 101,325 116,325
e Restitution coefficient between solid particles (-) 0.95 0.999
ey Restitution coefficient between solid particle and wall (-) 0.90 0.70
1/ Specularity coefficient (-) 0.50 0.001

Korean J. Chem. Eng.(Vol. 30, No. 4)
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[12] to identify and characterize the particle clusters. Their particle
cluster definition is:

“The solid particle is accepted to be the particle cluster when the
instantaneous solid volume fraction becomes higher than the time-
averaged solid volume fraction plus two times the standard devia-
tion (20).”

After the particle cluster is identified, the particle cluster concentra-
tion or volume fraction is computed as the sum of the time-averaged
solid volume fractions (&,,;) for all the particle clusters over the total
number of particle clusters (m) detected in the observation period:

m.

(el

Particle cluster concentration= (26)
3. Empirical Correlations for Particle Cluster Diameter and
Concentration

Up to now, only a limited number of research studies have been
reported about the methodology to compute or estimate the parti-
cle cluster diameter and concentration for using in the CFD simu-
lation aspect.

The curve-fitting correlations from the experimental data for the
particle cluster diameter (d,;) with various system parameters are
summarized as shown below. In [33-35] they proposed that their
correlations were in good agreement with the experimental meas-
urements in the CFB riser.

_ 3,025(1_(—(;)—1.5 1.3889
Zou et al. [33]; d,=1 .8543dp[“_—‘m} +d, @0
1- &— gmf) ’
Guand Chen [34]; d,=d,+(0.027~10d,)%,+32% 28)
. = Z
Harris et al. [35]; d.,= m 29

where d, is the solid particle diameter, €, is the solid volume frac-
tion and g, is the solid volume fraction at minimum fluidization
velocity (which in this study was set roughly as 0.40 using theoret-
ical/experimental results by Benyahia et al. [1,43]).

Similar to particle cluster diameter, Lints and Glicksman [32],
Gu and Chen [34] and Harris et al. [35] presented correlations for
predicting the particle cluster concentration/volume fraction. Their
correlations were developed from experimental data published in
CFB riser publication ranging from laboratory to industrial scale.

Lints and Glicksman [32]; &,=2"° (30)
— \34
Guand Chen [34]; &,— gs,m[l— (1 - :5 ) } 31)
0.588*

Harris et al. [35]; €,= (32

0.013+2"
where &, is the solid volume fraction at maximum packing

condition (which in this study was set equals to 0.60 using theoret-

ical/experimental results by Fluent Inc. [38] and Yang [46]).

Figs. 2(a) and 2(b) show the plot of estimated particle cluster diam-
eter and concentration with time-averaged solid particle concentra-
tion/volume fraction, which were calculated from various empirical
literature correlations, respectively. The graph line results were for
the CFB riser condition and the symbol results were for the CFB
downer condition. All the empirical correlations showed similar
trends of estimated values. The particle cluster diameter and con-
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Fig. 2. Particle cluster (a) diameter and (b) concentration estimated
from various empirical literature correlations.

centration were directly increased with the increasing of solid parti-
cle concentration/volume fraction. These tendencies were consistent
with the experimental data observed by many researchers [32-35].
As the higher quantity of solid particle, the probability of agglom-
eration or accumulation of solid particles as particle clusters is in-
creased. This explains the observed trends as shown in the figures.
4. Observation of Particle Cluster Inside CFB Riser and Downer

The CFD model, which was already verified in our previous stud-
ies [12,39], was used as a method for verifying the obtained results.
It is then suitable for analyzing more information on CFB riser and
downer systems. In this section, the system flow structures in both
CFB riser and downer are shown. The calculation methodologies
in the previous sections were then used to compute the particle cluster
diameters and concentrations. Lastly, the computed results between
the CFB riser and downer and with the estimated values from the
literature empirical correlations were compared [32-35].
4-1. Demonstration of Particle Cluster Flow Structure

Fig. 3 illustrates the snapshots of computed instantaneous solid
volume fraction distribution in the CFB riser at six different simu-
lation times (which were 0s, 10s, 20s, 30s, 40 s and 50 s). The
results were captured between the system heights of 3.50 m to 10.50
m. This CFB riser part is the center part in which the system is operated
in the fully developed condition. At the top and bottom regions of
the figure, the results thus were similar. From the contour color scale,
the dense core-annulus flow structure was observed. The red color
means high solid volume fraction condition, while the blue color
means low solid volume fraction condition. More downward flow
of solid particles can be seen near the wall region than at the center
region of the CFB riser. This is similar to the results with this experi-
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Fig. 3. Snapshots of computed instantaneous solid volume frac-
tion distribution in the CFB riser at six different simula-
tion times.

mental system condition [12,36]. About the particle cluster infor-
mation, we observed that some system area had significantly stronger
contour color than the other system area. This implies the occurrence
of the particle cluster inside the system. The particle cluster had hetero-
geneity movements. It can fall down, move up, stagnate, break and
agglomerate inside system, which is consistent with the previous

Fig. 4. Snapshots of computed instantaneous solid volume frac-
tion distribution in the CFB downer at six different simu-
lation times.

literature results [21-24]. However, from the expanded figure, it could
be clearly seen that particle clusters occurred mostly near the wall
region. The particle cluster concentration or volume fraction was
about 0.40 with the particle cluster diameter of approximately 0.01 m.
In the figure, the appropriate time-averaged range was also con-
firmed. The results after 30 s were not changed with the simulation

Table 3. The computed information on particle cluster diameters at various different heights of the CFB riser and downer

CFB riser
Height Dimensionless Radial solid dispersion Radial oscillating Particle cluster

(m) system height (-) coefficient (m%s) velocity (m/s) diameter (m)
1.50 0.11 5.28E-03 2.52E-01 1.73E-02
3.50 0.25 2.47E-03 2.24E-01 1.01E-02
5.50 0.39 2.73E-03 2.80E-01 8.43E-03
7.00 0.49 2.76E-03 2.59E-01 9.52E-03
8.50 0.60 2.25E-03 2.19E-01 8.75E-03
10.50 0.74 2.46E-03 2.43E-01 8.73E-03
12.50 0.88 1.61E-03 1.46E-01 1.01E-02
Averaged 2.79E-03 2.32E-01 1.04E-02

CFB downer
Height Dimensionless Radial solid dispersion Radial oscillating Particle cluster

(m) system height (-) coefficient (m*s) velocity (m/s) diameter (m)
1.00 0.20 9.66E-07 1.07E-03 9.02E-04
2.00 0.40 4.83E-07 7.31E-04 6.60E-04
3.00 0.60 2.68E-07 5.60E-04 4.80E-04
4.00 0.80 3.62E-08 2.48E-04 1.46E-04
5.00 1.00 1.32E-07 5.07E-04 2.60E-04
Averaged 3.77E-07 6.23E-04 4.90E-04
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time. Therefore, the 30 s to 50 s was selected as the time-averaged
range in the following sections.

The snapshots of computed instantaneous solid volume fraction
distribution in the CFB downer at similar six different simulation
times are displayed in Fig. 4. The results are shown throughout the
system heights between 0.00 m to 5.00 m. At the top and bottom
regions of the figure, the results thus were not the same. This is due
to the inlet and outlet system configurations. At the center region,
the fully developed distribution was approximately constant. From
the contour color scale, the dilute core-annulus flow structure was
observed in the CFB downer. This is in agreement with the experi-
mental observation in this system [37,39]. The high downward flow
of solid particles near the wall region was obtained because the system
moved with the same direction as gravitational acceleration. Simi-
lar to the CFB riser results, the formation of particle clusters in the
CFB downer was also observed. However, the particle cluster, formed
as a thin sheet near the wall, had less movement when compared
to the CFB riser. Therefore, it could be implied that the particle cluster
in CFB downer possessed less heterogeneity movements than that
in the CFB riser. No particle cluster was moving upward inside the
system, as can be seen from the expanded figure. For the particle
cluster dynamics, its diameter in the downer was two-times smaller
than the one in CFB riser, around 0.005 m, and its concentration
was about 0.08.

4-2. Computation of Particle Cluster Diameter in CFB Riser and
Downer

After the simulation results were obtained, the radial normal Rey-
nolds stresses, the Lagrangian integral time scale, the radial solid
dispersion coefficient and radial oscillating velocity were computed.
Then, the particle cluster diameters were calculated using the pro-
posed methodology together with the kinetic theory of granular flow
concept. Table 3 summarizes the computed information on particle
cluster diameter at various different heights of the CFB riser and
downer. The results consisted of the time-averaged and area-aver-
aged radial solid dispersion coefficient, radial oscillating velocity and
particle cluster diameter. For the CFB riser, seven system heights
were selected to show, ranging between 1.50 m to 12.50 m above the
system inlet. For the CFB downer, five system heights were cho-
sen to represent the system characteristics which were 1.00 m to
5.00 m below the system inlet. In the table, the averaged values from
all the system heights are also shown. As for the radial dispersion
coefficients, the values for the CFB riser were higher than the ones
for the CFB downer approximately four orders of magnitude. As al-
ready discussed, this is because of more system heterogeneities in
CFB riser or more stable flow structure in CFB downer. For the
radial oscillating velocities, the computed values were consistent
with the obtained radial solid dispersion coefficients. For the parti-
cle cluster diameters, the values from the CFB riser were larger than
the ones from the CFB downer. These are similar to the observed
flow structures in Figs. 3 and 4. Near the system inlet (bottom region
in CFB riser/top region in CFB downer), both the values from CFB
riser and downer were high. This is due to the agglomeration of
the solid particles. At the center region, the particle cluster diame-
ters were varied and decreased with the system heights. At the top
region, the solid particle cluster diameters were slightly increased
due to the solid particle accumulation at the outlet system configu-
ration. However, it could be inferred that the computed values were
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Fig. 5. The axial distributions of computed time-averaged and area-
averaged particle cluster diameter in the CFB (a) riser and
(b) downer.

1.00E-03

approximately constant after the system reached the fully developed
condition. The observed flow structures are clearly seen in Fig. 5,
which displays the axial distributions of computed time-averaged
and area-averaged particle cluster diameter in the CFB (a) riser and
(b) downer.
4-3. Computation of Particle Cluster Concentration in CFB Riser
and Downer

In this section, the particle cluster concentration results are calcu-
lated based on the statistical methodology as already described. Fig.
6 illustrates the radial distributions of computed time-averaged and
area-averaged (a) solid particle and (b) particle cluster concentrations
at the same seven different CFB riser heights. The radial distribu-
tions of computed time-averaged and area-averaged (a) solid parti-
cle and (b) particle cluster concentrations at the same five different
CFB downer heights are shown in Fig. 7. All the computation pro-
files showed a similar behavior to each other, but the particle cluster
concentrations had higher values than the solid particle concentra-
tion. This is because the solid particles are combined together as
the particle clusters. These results confirm the similar core-annulus
flow structure in different system axial or vertical locations. For the
radial distributions, both the solid particle and particle cluster con-
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Fig. 6. The radial distributions of computed time-averaged and
area-averaged (a) solid particle and (b) particle cluster con-
centrations at seven different CFB riser heights.

centrations near the wall region were larger than the ones at the center
region. When comparing between the CFB riser and downer, the
values for the CFB riser were much larger than the CFB downer.
This is because dense and dilute core-annulus flow structures were
obtained in the CFB riser and downer, respectively. For the CFB
riser, the values of particle cluster concentration at the wall region
were approximately 0.32 to 0.45 which matched with the extracted
value from Fig. 3. For the CFB downer, the particle cluster con-
centrations at the wall region were about 0.05 to 0.10, which is also
consistent with the contour color in Fig. 4. These phenomena can
be explained by the direction of system flow structure when com-
paring with the other force inside the system.

Fig. 8 shows the axial distributions of computed time-averaged
and area-averaged solid particle and particle cluster concentrations
in the CFB (a) riser and (b) downer. The selected system heights
were similar to the ones in the previous figures. As already dis-
cussed, the selected CFB riser height were assumed to operate in
the fully developed condition. It can be seen that the obtained solid
particle and particle cluster concentrations were approximately the
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Fig. 7. Radial distributions of computed time-averaged and area-
averaged (a) solid particle and (b) particle cluster concen-
trations at five different CFB downer heights.

same in each system height. Therefore, these verified the proposed
assumption. Due to the selected system heights, the solid particle
and particle cluster concentrations in the CFB downer were varied.
Thus, near the system inlet (top region), the solid particle and particle
cluster concentrations were high. Then, the values were considered as
slightly decreased or approximately constant when the system heights
were increasing. This situation can be explained by the inlet configu-
ration and the force balance inside the CFB downer. As the system
height is increasing, the acceleration force inside the system is in-
creased. In addition, the solid particle concentrations were higher than
the particle cluster ones, similar to the obtained results in Figs. 6 and 7.
4-4. Comparisons of Particle Cluster Dynamics with the Empirical
Correlations

After we identified and characterized the particle cluster dynam-
ics, the comparisons with the literature empirical correlations [32-
35] were shown. Table 4 shows the comparisons between the com-
puted time-averaged particle cluster diameters and the previous em-
pirical correlations [33-35] for the CFB riser and downer. In the
table, the averaged values over system diameter and height are shown.
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averaged solid particle and particle cluster concentrations
in the CFB (a) riser and (b) downer.

From the calculation methodology in this study, the minimum and
maximum values of particle cluster diameter ranged from 0.0001 m

to 0.0173 m, respectively. As already discussed, the previous empir-
ical correlations were only the curve fitting relation between the
solid particle concentration/solid particle diameter and the particle
cluster diameter. To get more precise information, the minimum
and maximum values were computed. The minimum values were
generally calculated based on the solid particle concentrations, while
the maximum values were calculated based on the particle cluster
concentrations. This was done because some previous researchers
did not characterize the solid particle/particle cluster in their experi-
ments. The measured concentrations then can both occur by indi-
vidual solid particles and their agglomerate. Most of the calculated
values in this study are in the range of the empirical correlations.
This result can capture a realistic higher particle cluster diameter.
Comparing between the CFB riser and downer, the values in CFB
downer are more slightly deviated. This is because the experimen-
tal data, which were used to formulate the empirical correlations,
were mostly operated in the CFB riser. However, the values were
consistent with the roughly observed values in CFB downer by Bol-
kan et al. [47]; therefore, they are acceptable.

The comparisons between the computed time-averaged particle
cluster concentrations and the previous empirical correlations [32,34,
35] for the CFB riser and downer are also summarized in Table 4.
The averaged values are shown for both at the wall and at the overall
system. The particle cluster concentrations at the wall are higher
than the ones at the overall system. For the comparison with the
empirical correlations, only the computed values at the wall were
employed. All the values from the previous correlations were both
quantitatively and qualitatively in agreement with the values of this
study. Similar to particle cluster diameter, the values in the CFB
riser were more accurate than in CFB downer due to the available
experimental data. However, all the results in this table confirm the
validity of the calculation methodologies for particle cluster dynamics.
5. Explanation of Particle Cluster Dynamics Inside CFB Riser
and Downer

Fig. 9 displays the snapshots of computed instantaneous solid
velocity vectors in the CFB (a) riser and (b) downer at simulation
time of 40 s. The results are shown both at all the system height
and at the specific center section (fully developed system condi-
tion). After the system reached the fully developed condition, the

Table 4. The comparisons between the computed time-averaged particle cluster diameters and concentrations and the previous empir-

ical correlations for the CFB riser and downer

Method/Correlation Particle cluster diameter (m)

Method/Correlation Particle cluster concentration (-)

Minimum Maximum Averaged Wall Averaged
CFB riser
This study 0.0084 0.0173 0.0104 This study 0.3891 0.2667
Zou et al. [33] 0.0031 0.0097 0.0060 Lints and Glicksman [32] 0.3532 -
Gu and Chen [34] 0.0031 0.0225 0.0106 Gu and Chen [34] 0.3283 -
Harris et al. [35] 0.0039 0.0200 0.0108 Harris et al. [35] 0.4519 -
CFB downer
This study 0.0001 0.0009 0.0005 This study 0.0872 0.0220
Zou et al. [33] 0.0002 0.0002 0.0002 Lints and Glicksman [32] 0.1437 -
Gu and Chen [34] 0.0011 0.0013 0.0012 Gu and Chen [34] 0.0677 -
Harris et al. [35] 0.0005 0.0007 0.0006 Harris et al. [35] 0.1154 -
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Fig. 9. Snapshots of computed instantaneous solid velocity vectors
in the CFB (a) riser and (b) downer at simulation time of
40 s.

profiles were approximately constant. In the CFB riser, the results
confirmed the heterogeneity movement as observed in this study
and in other literature publications [21-24]. The solid velocity mostly
moved up at the center and fell at the wall region. At the wall region,
the solid velocity vectors were longer (higher velocity values) as
the system height decreasing, This implies that accumulation of parti-
cle cluster had occurred. The breakage of particle cluster was also
observed in the expanded figure. At that system point, the solid vel-
ocity vector changed its flow direction. This type of particle cluster
is type I as proposed by Zhang et al. [25]. They proposed that there
are two types of particle clusters in a CFB riser and downer. The
particle cluster type I occurred at the near wall region where the
solid velocities are low, and the particle cluster type II occurred in
the center region where the solid velocities are high. However, the
particle cluster type II can also be observed by the contour color in
Fig. 3. In the CFB downer, the profiles were more stable. The particle
cluster moved downward along with the gravitational acceleration.
Similar to the CFB riser, both particle cluster types were observed
with very low concentrations, though most of them were particle
cluster type I with lower downward solid velocity than at the center
region. About the difference between particle cluster behavior be-
tween CFB riser and downer, the velocities of some type I particle
clusters in the CFB riser were downward and opposite to the main
flow direction, but the velocities of all type I particle clusters in the
CFB downer were downward and the same as the main flow di-
rection. Therefore, back mixing due to particle cluster in the near
wall region of a CFB downer did not occur. In addition, it can be
implied that the duration time for the particle cluster in the CFB
riser is longer than that in the CFB downer, which is qualitatively
consistent with the experimental result by Zhang et al. [48]. About
the explanation why the particle clusters were formed, it could be

clarified by the solid particle force balance inside each system [2,
49]. This phenomenon is probably due to the mixed effect of drag
force, gravity force, wall resistance, solid particle properties and
multiphase turbulence. For an example application of the computed
particle cluster dynamics, the Sherwood numbers or dimensionless
number describing mass transfer were computed using the particle
cluster diameter with the methodology in Chalermsinsuwan et al.
[12]. The obtained results confirmed the low Sherwood numbers,
which were 0.01 in CFB riser and 0.33 in CFB downer. This is due
to the particle cluster formation inside the system. Then, this knowl-
edge can be further used as criteria for designing of CFB reactor
application such as selecting the appropriate chemical reaction sides
for each reaction in chemical looping.

CONCLUSION

The information of particle cluster diameters and concentrations
is useful for improving the performance of a circulating fluidized
bed (CFB) system. These aggregates play a major role in flow de-
velopment length, axial and radial dispersions near the wall and mass
and heat transfers near the wall as well. In the literature, the way to
identify and characterize the important parameters of particle clus-
ter, diameter and concentration, is in a development stage for use
in the computational fluid dynamics simulation (CFD) aspect.

This study calculated the particle cluster diameters and concen-
trations from two-dimensional CFD simulation results by using the
concepts of kinetic theory of granular flow and statistic. The mathe-
matical models were already verified with the CFB riser and downer
experimental data in our previous study and thus used for comput-
ing the particle cluster dynamics. In the CFB riser, a dense core-
annulus flow structure was observed, while in the CFB downer, a
dilute core-annulus flow structure was obtained. The particle clus-
ter in the CFB riser had more heterogeneity movements than that
in the CFB downer, which could be explained by the system flow
direction. About the particle cluster dynamics, the particle cluster
diameters and concentrations in the CFB riser were higher than in
the CFB downer. The particle cluster dynamics were increased with
decreasing system height, due to the accumulation of solid parti-
cles. Then, the obtained values were compared with the predicted
values from the empirical correlations. Most of the values were in the
range of the empirical correlations, which confirmed the validity of the
calculation methodology. Finally, the particle cluster dynamics and
example application inside the CFB riser and downer were discussed.

These simulation results reveal the power of the CFD simula-
tion application. Still, the computer capacity remains the limitation
for simulating a complex system. Although the two-dimensional
model is proven to represent the three-dimensional system in this
study, the three-dimensional model is more realistic than the two-
dimensional model with higher computational effort.

NOMENCLATURE

General Letters

Cp :drag coefficient [-]

d, :particle cluster diameter [m]

d,  :solid particle diameter [m]

D, :radial solid dispersion coefficient [m*/s]
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o

: restitution coefficient between solid particles [-]
: restitution coefficient between solid particle and wall [-]
: gravity force [m/s?]

: radial distribution function [-]

: mass flux [kg/m® s]

: height of system [m]

: overall height of system [m]

: unit tensor [-]

: total number of particle clusters [-]

: unit vector [-]

: pressure [Pa]

: radial direction [-]

: Reynolds number [-]

T, :lagrangian integral time scale [s]

t : time [s]

v : velocity vector [m/s]

v'  :velocity fluctuation [m/s]

Vv, u» - slip velocity of solid particle at the wall [m/s]
v, velocity of solid particle at the wall [m/s]

v, :tangential velocity of solid particle at the wall [m/s]
X : radial or horizontal distance [m]

y : axial or vertical distance [m]

(¢
O‘Q(IC?§

AT TO B8 TIF QY

(¢]
Ry

Greek Letters

: drag or interphase exchange coefficient [kg/m’ s]

: volume fraction [-]

: solid volume fraction of particle cluster [-]

: solid volume fraction at minimum fluidization velocity [-]
: solid volume fraction at maximum packing [-]

: specularity coefficient [-]

: collisional dissipation of solid fluctuating energy [kg/m s’]
: conductivity of the solid fluctuating energy [kg/ m s]

: viscosity [kg/m s]

: granular temperature [m?/s’]

: density [kg/m’]

: standard deviation [-]

: stress tensor [Pa]

: bulk viscosity [kg/m s]

DI =
ol

S

3
=

TN QU DIRARNRSHNH ol

Subscripts
g : gas phase
s : solid phase
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