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a b s t r a c t

In this paper, the cluster flow behavior in the riser of circulating fluidized beds (CFBs) was predicted by
means of the Euler–Lagrange approach. Gas turbulence was modeled by means of Large Eddy Simulation
(LES). Particle collision was modeled by means of the direct simulation Monte Carlo (DSMC) method.
An extended cluster identification method was used to obtain the solid concentration and velocities of
eywords:
FBs
luster
SMC method
ES
ow-pressure zone

clusters. The flow behavior of falling clusters in the near wall region and the up-flowing and down-flowing
clusters in the core of riser were analyzed respectively. At the same time, some cluster transient flow
characteristics observed in the CFBs experimental studies were obtained in present simulation. Simulated
results showed that there exists a low-pressure zone between the tails of a down-flowing cluster in the
core of riser and a new cluster can be formed in the near wall region and transferred from the near wall
region to the core of riser under the effect of upgoing gas. Simulated results have a reasonable agreement

enta
with the previous experim

. Introduction

One important feature of hydrodynamic behavior in circula-
ion fluidized beds (CFBs) is the existence of clusters. A cluster is
group of particles held together as a result of hydrodynamic. They
ill affect the macro gas–solid flow behaviors in the reactor [1].

he study of clusters has received a great deal of attention during
he last decades. For example, Van Den Moortel et al. [2] investi-
ated the hydrodynamic characteristics of solid phase in the riser
f CFBs using a phase Doppler particle analyzer (PDPA). Sharma et
l. [3] investigated the effect of particle size and superficial veloc-
ty on the duration time, occurrence frequency, time-fraction of
xistence and solid concentration of clusters using capacitance-
robe measurements in a fast-fluidized bed. Manyele et al. [4]
tudy the cluster behavior in a high-density and high-flux CFB
iser. At the same time, significant research efforts have been made
o develop detailed physical models to study the complex hydro-
ynamics of CFBs. Many investigators have used these numerical
odels to study the flow behavior of cluster in the riser of CFBs

nd obtained some valuable findings. Broadly speaking, the simula-

ion approaches of two-phase flow in circulating fluidized beds can
e classified into Euler–Euler two-fluid model and Euler–Lagrange
iscrete particle trajectory model. In two-fluid model, gas and solid
hases are both considered as continuous mediums, and balance
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equations of each phase are established to investigate the flow
behavior of gas and solid phases. Tsuo and Gidaspow [5] success-
fully simulated the flow pattern of clusters in the CFBs by means of
two-fluid model. Lu et al. [6] predicted the flow behavior of clus-
ters in CFBs by means of a proposed cluster-based approach (CBA).
In the Euler–Lagrange particle trajectory model, gas is considered
as the continuous medium and the motions of particles are treated
in the Lagrange coordinate by solving the motion equations. Tsuji et
al. [7] verified the ability of discrete particle modeling on the sim-
ulation of the formation of clusters in CFBs and found that there
exist clusters in the core region of riser of CFBs. Ouyang and Li
[8] studied the effects of gas velocity, solid flow rate, and inelastic
collisions on cluster formation using Euler–Lagrange simulations.
Helland et al. [9,10] studied the cluster structures and the fluc-
tuating gas–solid motion in the CFBs. Yonemura and Tanaka [11]
investigated the formation of clusters in the circulating fluidized
bed by means of DSMC method. Effects of physical properties of par-
ticles on the structure of particle clusters were studied numerically
in a rectangular domain with periodic boundaries [12]. A numer-
ical simulation was performed for a dispersed gas–solid flow in
a vertical channel by DSMC method [13]. It is found that the flow
becomes unstable and inhomogeneous as the gas velocity decreases
and the solid loading increase. Although a great deal of research

on particle cluster characteristics has been performed in the last
decades, some flow properties of clusters are still not understood
very well.

In this study the locally averaged Navier–Stokes equations of gas
phase and Lagrangian type particle motion equations are simul-

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:liuhuanpeng@hit.edu.cn
dx.doi.org/10.1016/j.cej.2009.01.015
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Nomenclature

Cd drag coefficient
d particle diameter
e restitution coefficient of particles
ew restitution of wall
g gravity
g0 redial distribution function
H bed height
n normal direction
N the number of cluster occurrence
P pressure
Re Reynolds number
r radial direction
t tangential direction
�g gas velocity
vs particle velocity
vcl cluster velocity
W bed width

Greek letters
�g gas stress tensor
�s particle stress tensor
�g gas viscosity
εg void fraction
εcl solid concentration of cluster
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�g gas density
�s particle density

aneously solved. The mutual interaction between gas phase and
articles is taken into account. Particle collision is modeled by
eans of the DSMC method. The variations of the mean velocity

nd solid concentration of clusters near the wall region and in the
ore of riser along the height of riser are analyzed respectively.
he shape, occurrence frequency and existence time fraction of
p-flowing and down-flowing clusters in the core of riser are com-
ared. Some micro-scale transient flow characteristics of clusters
re investigated in this study.

. Eulerian–Lagrangian gas–solid flow model

.1. Continuity and momentum equations for gas phase

The Euler–Lagrangian method computes the Navier–Stokes
quation for the gas phase and the motion of individual particles
y the Newtonian equations of motion. For the gas phase, we write
he equations of conservation of mass and momentum [14]:

∂

∂t
(�gεg) + ∇ · (�gεgug) = 0 (1)

∂

∂t
(εg�gug)+∇ · (εg�gugug)=−εg∇P−Sp−g−εg(∇ · �g)+εg�gg (2)

g = �g[∇ug + ∇uT
g ] − 2

3
�g∇ · ugI (3)

= � + � (4)
g lam,g t

here ug and �g are gas velocity and density, respectively. εg is the
oid fraction. The interaction forces between the two phases should
e equal and have reserve directions. The value can be determined
Fig. 1. Cluster identification method.

by:

Sp−g =
∑N

i=1fd,i

S
(5)

where fd,i is the interaction drag force acting on a particle.
Yuu et al. [15] has modeled turbulent viscosity coefficient

of subgrid-scale turbulence caused by subgrid-scale fluctuations
using LES in which the effect of particle oscillations on gas turbu-
lence has been taken into account. The turbulent viscosity of gases
is as follows:

�t = CV ��gk1/2
g (6)

where � = (xyz)1/2,and kg = (1/2)(ū′
gxū′

gy) is gas turbulent energy.

2.2. Particle motion equation

The particle motion is subjected to Newton’s equation of motion.
Magnus force, Saffman force, Basset, and the unsteady force are
neglected due to the high ratio of particle density to gas density.
The equation of translational motion of a particle can be written as
follows [16]:

m
dvi

dt
= −�

6
d3

i ∇P + fd + mig (7)

fd =
(

1
16

)
Cd0,i�g�d2

i |ugi − vi|(ugi − vi)ε
−ı
g (8)

where the drag force coefficient Cd0,i is written as

Cd0,i =
(

0.63 + 4.8

Re0.5
p,i

)2

(9)

Rep,i = �gdi

∣∣ugi − vi

∣∣
�g

(10)

ı = 3.7 − 0.65 exp

[
− (1.5 − log10Rep,i)

2

2

]
(11)

The equation of rotational motion of a particle is written as

mid
2
i

10
dωi

dt
= �sd2

i

64

(
6.45
Reω

+ 32.1
Reω

)
|ωi|ωi (12)

where Reω = d2
i
�g |ω|/(4�g).

2.3. Particle collision dynamics
The changes of velocity after a collision between two particles
are subject to the equations [9,15,16]:

mi(vi,1 − vi,0) = J (13)
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velocities of particle i and particle j, respectively. n is the normal unit
vector between particles i and j. The relative velocity between the
two colliding particles is defined as
Fig. 3. Motions of clusters in the riser (first two im

j(vj,1 − vj,0) = J (14)

mid
2
i

4
(ωi,1 − ωi,0) = n × J (15)
mjd
2
j

4
(ωj,1 − ωj,0) = −n × J (16)

here vi,0 and vj,0 represent the pre-collisional velocities of particle i
nd particle j, respectively. vi,1 and vj,1 represent the post-collisional

Fig. 2. Grid arrangement for simulation in the two-dimensional riser.
: y = 20–67 cm, last three images: y = 55–102 cm).
vij = (vi,c − vj,c) (17)

Table 1
Parameters used in the simulation.

Particle shape Sphere Solid flux 59 kg/m2 s
Particle diameter 0.126 (mm) Height of riser 1 (m)
Particle density 2400 (kg/m3) Width of riser 0.08 (m)
Particle inlet velocity 0.0 (m/s) Superficial gas velocity 1.5 (m/s)
Restitution coefficient 0.9 Gas viscosity 1.5 × 10−5(Pa s)
Coefficient of

restitution between
particle and wall

0.8 Gas density 1.2 (kg/m3)

Tangential restitution
coefficient

0.3 Grid number 20 × 25

Friction coefficient 0.1 Subgrid number 40 × 200

Fig. 4. Distribution of mean solid concentration of clusters.
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Fig. 5. Distribution of mean axial velocities of clusters.

The normal and tangential components of the impulse vector
alculated by coefficient of restitution e and friction coefficient �f
re written as

n = − (1 + e)mimj

(mi + mj)
(vij,0 · n) (18)

t = −�f Jn (19)

The total impulse vector is defined as

= Jnn + Jt t (20)

= vij,0 − n(vij,0 × n)∣∣vij,0 − n(vij,0 × n)
∣∣ (21)

.4. DSMC method

The DSMC method is widely used in the simulation of rarefied

as for handling collisions between gas molecules [17]. In the DSMC
ethod, Colliding pair is found through the theory of collision prob-

bility instead of using particle trajectories. So significant saving in
omputation time and memory can be made and the number of

ig. 6. Mean solid concentration of near wall clusters vs. cross-sectional averaged
olid concentration.
Fig. 7. Distribution of mean solid concentration of near wall clusters along the height
of riser.

simulated particles almost has not limitation. Detailed introduction
of DSMC method is shown in our previous paper [18].

3. The extended method of identification of clusters

In order to obtain quantitative characteristics of cluster flow in
a riser, one first needs a systematic criterion for identification of
clusters. Soong et al. [19] proposed the following three necessary
guidelines. (1) The solid concentration in a cluster must be signif-
icantly above the time-averaged solid concentration at the given
local position and operating condition. (2) This perturbation in solid
concentration due to clusters must be greater than random back-
ground fluctuations of solid concentration. (3) This concentration
perturbation should be sensed for sampling volume with character-
istic length scale greater than one to two orders of particle diameter.
Being consistent with these guidelines, Sharma et al. [3] proposed
a criterion that the local instantaneous solid concentration for a

cluster must be greater than the time-averaged concentration by at
least two times the standard deviation 2
. In this study, we extend
this method to investigate the velocity and the solid concentration
of clusters. Principle is shown in Fig. 1. The starting time ti1 and end-

Fig. 8. Distribution of mean descent velocities of near wall clusters along the height
of riser.
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Fig. 9. Mean cluster descent velocities vs. mean solid concentration.

ng time ti2 of cluster i can be determined by criteria proposed by
harma et al. The cluster duration time is defended as �i = ti1 − ti2.
he instantaneous velocity vi and solid concentration εi of cluster i
re

i =
∑m

j=1Xs,j

m
(22)

here m = �cl,i/�t, �t is the time step. X represents either velocity
or solid concentration ε.

The time-averaged cluster solid concentration εcl and velocity
cl in a computational cell P can be calculated as

cl,p =
∑N

i=1(Xi × �i)∑N
i=1�i

(23)

here N is the number of cluster occurrence in the computational
ell during the simulation.

The time-averaged cluster frequency and existence time fraction
n a computational cell P, �cl,p and Fcl,p, can be calculated as

= N
(24)
cl,p T

cl,p =
∑N

i=1�i

T
(25)

here T is the total simulation time.

Fig. 10. Motion of a cluster near at the wall of riser ((a) y = 47.9–48.8 cm, x = 0.5–1.5
Journal 150 (2009) 374–384

The mean (cross-sectional averaged) values can be calculated as

Ȳcl =
∑M

p=1Ycl,p

M
(26)

where M is the number of cells (near wall or in the core of riser) in
certain cross-section. Y can represent �, v, � and F.

4. Initial and boundary conditions

In order to the calculation of the force acting on a suspended
particle, local averaged values of pressure, porosity and velocity of
gas at the position of the particle are obtained by the area weighted
averaging technique. The details are described in the paper by Wang
et al. [18]. For each cell of the computational domain, porosity can
be calculated on the basis of the area occupied by the particles in
the cell. However, the 2D porosity is inconsistent with the applied
empiricism in the calculation of the drag force exerted on a particle
and of the interfacial friction, since the relevant correlations are
from 3D systems. In order to be more consistent, we used a 3D
porosity εg,3D as [16]

εg,3D = 1 − 2√
�

√
3

(1 − εg,2D)3/2 (27)

Fig. 2 shows the two-dimensional riser section used in the sim-
ulation. The computational parameters and particle features are
listed in Table 1. Initially, the bed is assumed to be empty. The
velocities of gas and particles were set at zero in the riser. Inlet
gas pressure, gas velocity and particle velocity are given. Uniform
bottom-inlet conditions are assumed. A no-slip condition is used
for gas phase at the walls. The rotational velocity of particle is zero
at the walls.

5. Results and discussion

Fig. 3 shows the snapshots of particle and clusters in the riser.
Firstly, the core-annulus flow structure can be observed with a
denser zone close to the walls and a dilute zone in the core of riser.
The solid concentration at the lower part of riser is higher than that
of upper part. Secondly, the clusters with a local high solid concen-
tration are observed not only at the wall region but also in the core

of riser. The snapshots show the representative cluster structure in
the riser. In the core of riser, the V-shaped and inverse V-shaped
clusters can be observed and the clusters travel upward or down-
ward. The clusters near the wall flow downward all the time. The
formation, motion and breaking of clusters appear continuously.

cm; (b) y = 48.35–48.8 cm, x = 0.5–0.8 cm; (c) y = 48–48.46 cm, x = 0.5–0.8 cm).
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ig. 11. The process of a cluster formation and traveling near the wall of riser (a) left:
ight: velocity; x = 2.6–3.4 cm, y = 34–34.8 cm; (c) t = 13.5 s; left: concentration, right
he size, shape, solid concentration and velocities of clusters vary
ontinuously during their flow process.

Fig. 4 shows the distribution of mean solid concentration of clus-
er at the different height of riser. From the Fig. 4, we can see that the
ntration, right: velocity, x = 0.5–5 cm, y = 29–51 cm; (b) (t = 13.4 s; left: concentration,
ity; x = 3.2–4 cm, y = 30.6–31.4 cm.
mean solid concentration of cluster near the wall is higher than that
in the core. At the same time, the mean solid concentration of clus-
ter decreases along the height of riser. Fig. 5 shows the distribution
of mean axial velocities of clusters at the different height of riser.
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ig. 12. Cross-sectional averaged cluster solid concentration along the height of
iser.

he mean axial velocities of clusters near the wall are negative. This
eans that most of the clusters near the wall flow downward. And

he cluster descent velocities lie within a small range from −55 cm/s
o −40 cm/s. The mean axial velocities of clusters in the core are
ositive. This means that the main flow tendency of clusters in the
ore of riser is upward, although the up-flowing and down-flowing
lusters coexist there. At the same time, the mean axial velocities
f clusters in the core increase along the height of riser.

In this paper, the near wall cluster is defined as the cluster flow-
ng in the near wall region, as shown in Fig. 2. Many experiments
ave been performed to study the mean solid concentration of clus-
ers near the wall of riser. Their experimental data have confirmed
hat there exists a relationship between the solid concentration of
ear wall clusters and the cross-sectional averaged solid concentra-
ion of riser. The experimental data are correlated by the equation
roposed by Harris et al. [20]. The equation is defined as:

¯ = 0.58ε̄1.48
s (28)
cl

0.013 + ε̄1.48
s

here ε̄s is the cross-sectional averaged solid concentration.
Fig. 6 shows the distribution of mean solid concentration of near

all clusters as a function of cross-sectional solid concentration.

ig. 13. Cross-sectional averaged cluster axial velocity along the height of riser.
Fig. 14. Cross-sectional average cluster frequency along the height of riser.

The data calculated by the Eq. (28) are shown in the figure too. From
the Fig. 6, we see that the mean solid concentration of near wall
clusters increase with the increase of cross-sectional averaged solid
concentration. The tendency of simulated results is in agreement
with the calculated data by the Eq. (28), although the simulated
results are little smaller. This discrepancy between the simulated
results and experimental data is most likely due to the criterion
used to identify the cluster. Fig. 7 shows the distribution of mean
solid concentration of near wall clusters along the height of riser.
The mean solid concentration of near wall clusters has no obvious
change in the lower part of riser. But in the middle and upper parts
of riser, the mean solid concentration of near wall clusters decreases
along the height of riser.

The descent velocities of clusters near the wall have been stud-
ied and reported by many investigators. Fig. 8 shows the variation
of the mean axial velocities of near wall clusters along the height of
riser. From Fig. 8, we can see that the mean axial velocities of near
wall clusters are negative. This means the near wall clusters always
travel downward. The mean descent velocities of near wall clusters
increase at the lower part of riser (y/H < 0.2) and appear to keep a

constant of −48 cm/s in the middle part of riser (y/H = 0.2–0.8) and
decrease again at the upper part (y/H > 0.8) of riser. A lot of exper-
imental data have confirmed that the axial velocity of near wall
cluster appears to be relative constant and insensitive to changes in

Fig. 15. Cross-sectional averaged cluster existence time fraction along the height of
riser.
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ig. 16. Motions of up-flowing cluster in the core of riser. (a) x = 0.5–6.5, y = 79–8
= 2.5–3.7 cm, y = 86.6–87.3 cm.

olid concentration and other operating conditions and the velocity
sually lies within the range −0.5 m/s to 2 m/s [21]. The measure
ositions in these experiments are usually located in the middle
art of riser. At the lower part, on the one hand, the mean solid con-
entration is so high that the clusters have no enough free space to
ove, on the other hand, the gas phase prevents the clusters falling.

o the cluster descent velocity decreases. At the upper part, the solid
oncentration and the thickness of near wall falling particle film
ecrease along the height of riser, so the positive velocities of some
p-flowing particles and clusters in the computational cell will be
dded in the calculation of cluster decent velocity base on the clus-
er identification method used in this paper which will averaging

ll the particles’ velocities in the cell. So the cluster descent veloc-
ty decreases. Fig. 9 shows the variation of mean descent velocity of
ear wall clusters as a function of the cross-sectional averaged solid
oncentration. The reported relative experimental data [22–24] are
lso showed in the figure. From Fig. 9, we can see that the descent
/y = 87–97.5 cm; (b) t = 10.15 s, x = 0.5–6.5 cm, y = 79–89.5 cm; (c and d) t = 10.15 s,

velocity of near wall clusters increase with the increase of cross-
sectional solid concentration and the simulated results are close to
the experimental data.

Cluster near the wall of riser have been observed to form,
descend, break-up, travel laterally from the annulus to the core and
then be re-entrained in the upward flowing core in the experimen-
tal study by Horio et al. [25]. In this study, we study this micro-scale
flow characteristic by means of discrete particle method. Fig. 10b
shows a snapshot of a down-flowing cluster at the wall. Fig. 10a and
c show the velocities of particles in the upper and lower sections
of this cluster. We can see that in this case the thickness of solid
film formed by the falling clusters and discrete particles is smaller

than the criterion proposed by Davision et al. who think the mean
thickness of falling film is 0.05 times the radius of riser [26]. The
particles in it fall with the same descent velocities and almost have
no radial velocities. So the particles can only flow vertically toward
the bottom. Comparing the Fig. 10a with Fig. 10c, we can see that a
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ig. 17. The down-flowing cluster behavior (from left to right: particle concent
= 8.54–8.96 cm, y = 36.8–37.3 cm).

ear wall falling cluster consist of an upper dense section in which
he particles have smaller descent velocities and a lower little dilute
ection in which the particles have relatively larger descent veloc-
ties. This velocity distribution characteristic may be attributed to
he drag force model used in present study. Fig. 11a shows the pro-
ess of a near wall cluster formation and traveling from the wall
o the core region under the effect of upgoing gas. Fig. 11b and c
how the solid concentration and particle velocities in the cluster
t 13.4 s and 13.5 s, respectively. From Fig. 11a, we can see that if
he local falling solid film is thick enough the upgoing gas will have
significant effect on the particles in it, especially on the particles
n the edge of the solid film. At 13.3 s, the descending particles are
indered by the upgoing air and their descent velocities decrease.
articles begin to aggregate at this local position, which will result
n the local solid concentration increase and a dense cluster begin
o form. From Fig. 11b and c, we can see that during the cluster
ormation process particles in it can get radial velocities gradually
nd the developing cluster starts to travel toward the core of riser.
he simulated zones shown in the Fig. 11b and c are in the same
ize, so we can compare the solid concentration between them. It
s obvious that the solid concentration of cluster at 13.5 s is much
igher than that at 13.4 s. This means that the solid concentration
f cluster increase during its formation process. At the same time,
rom the Fig. 11c, we see that the cluster grows up by capturing the
escending particles above it continuously. The lateral velocities of
articles in cluster increase, on the contrary their axial velocities

ecrease.

It is well known that the up-flowing and down-flowing clus-
ers coexist in the core of riser. Fig. 12 shows the distribution of
ross-sectional averaged solid concentration of clusters in the core
egion along the height of riser. From Fig. 12, we can see that at the
, x = 6.5–9.5 cm, y = 36.5–39.5 cm; local particle concentration; particle velocity,

lower part of riser the cross-sectional averaged solid concentration
of down-flowing cluster is slightly larger than that of up-flowing
cluster. In the middle and upper parts of riser they are almost equal
to each other. Along the height of riser the cross-sectional aver-
aged solid concentration of both kind clusters decrease. Fig. 13
shows the distribution of cross-sectional averaged axial veloci-
ties of up-flowing and down-flowing clusters in the core region
along the height of riser. From Fig. 13, we can see that the cross-
sectional averaged axial velocity of up-flowing cluster fluctuate
around the cross-sectional averaged solid velocity, and there always
exists a difference between them at an arbitrary height. This means
that the up-flowing cluster does not flow with discrete particles
isochronously and should flow in the decelerated and accelerated
states continuously in the vertical direction. The cross-sectional
averaged axial velocities of down-flowing clusters lie within a wide
range from −50 cm/s to −20 cm/s. The mean value is −33.3 cm/s and
smaller than that of cluster near the walls. The cross-sectional aver-
aged axial velocities of down-flowing clusters in the core decrease
along the height of middle and upper parts of riser. So the velocity
distribution of cluster is different with that near the wall. This is
because that the gas phase has a great effect on the flow behav-
ior of cluster in the core of riser. The cluster frequency is the
cluster occurrence number per second at a local position and the
mean cluster frequency is defended as the cross-sectional aver-
aged cluster frequency at certain height. Cluster existence time
fraction is the ratio of the cluster occurrence time to total simu-

lation time at a local position and the mean cluster existence time
fraction is defended as the cross-sectional averaged cluster time
fraction at certain height. The mean cluster frequency and exis-
tence time fraction can be calculated from Eqs. (24)–(26). Fig. 14
shows the distributions of the cross-sectional averaged occurrence
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between their tails and the particles near it may be dragged into
ig. 18. Pressure profile of a down-flowing cluster (t = 14.35 s, unit is Pascal).

requencies of up-flowing and down-flowing clusters in the core
long the height of riser. The ratio of up-flowing cluster frequency to
own-flowing cluster frequency is also shown in the figure. We see
hat the up-flowing cluster frequency increase along the height of
iser, while that of down-flowing cluster decrease. The ratio of clus-
er frequency increases along the height of riser. In the upper part
f riser (y/H > 0.8), the ratio increases sharply, which means that
lusters tend to flow upward. Simulated results by Wang and Li et
l. [27] confirmed this flow tendency. Fig. 15 shows the distribution
f cross-sectional averaged existence time fraction of up-flowing
nd down-flowing clusters in the core along the height of riser. We
an see that the up-flowing cluster existence time fraction increase
long the height of riser, while the down-flowing cluster decrease.
he mean cluster existence time fraction defined as the sum of both
ind clusters’ existence time fraction is also shown in the figure. In
he middle part of riser the cluster existence time fraction appears
o keep constant and the mean value is 0.22. Experimental result
y Sharma et al. [3] showed that the bed-averaged cluster existence
ime fraction always lies within the range of 0.16–0.18 and have
o relationship with the operating condition. From above analy-
is, we see that in the core up-flowing and down-flowing clusters’
requencies and existence time fractions are different and exhibit
elationships shown in Figs. 14 and 15. The most likely explana-
ion for this distribution is that when clusters flow upward in the
ore and their solid concentration and velocities vary continuously,
hich will lead to the variation of the interaction force between

he two phases. So under some conditions, in some periods of time,
ome clusters may turn downward temporarily and then recover
ow upward. From Figs. 14 and 15, we know that this downward
ow frequency and duration decrease along the height of riser.

Fig. 16a shows snapshots of a typical up-flowing cluster in the
pper part of riser. We can see that the up-flowing cluster exhibits a
orseshoe shape ahead upwards leaving two roughly symmetrical
ails. This is in good agreement with the experimental findings by
an Den Moortel et al. [2]. From the figures, we see that the solid
oncentration in the head zone of the up-flowing cluster is higher
han that in the tails. The cluster is accelerated from 10.1 s to 10.2 s.

he structure of cluster is damaged by the gas and colliding with
nother down-flowing cluster at 10.15 s. The duration time of this
luster is about 0.15 s. Fig. 16b shows the velocity of particles at
0.15 s. Fig. 16c and d show the particle concentration and velocity
Fig. 19. Velocities of particles near the tails of a down-flowing cluster (t = 14.35 s).

in the head of cluster at 10.15 s, respectively. From these figures, we
see that the velocity of particle in the head is higher than that of
particle in the tails and than that of isolated particle in front of the
cluster. So from the above analysis we can see that on the one hand
the up-flowing cluster capture isolated particles in front of it, on
the other hand it reject old particles from its tails during its motion
process continuously.

Fig. 17 shows snapshots of a down-flowing cluster in the core of
riser at 14.3 s and 14.35 s, respectively. At 14.3 s, the axial velocity
of cluster is smaller, and the cluster exhibits a strand shape. From
14.3 s to 14.35 s, the cluster is accelerated in the axial direction and
the V-shaped cluster instead of the strand-shaped cluster. Although
not shown in the paper, the down-flowing clusters in present sim-
ulation almost exhibit this structure. So we can see that the cluster
shape is closely related with the cluster velocity and flow direction.
Fig. 18 shows the pressure profile near this down-flowing clus-
ter at 14.35 s. The pressure shown in the figure is gage pressure.
From Fig. 18, we can see that there exists an obvious low-pressure
zone between the tails of this down-flowing cluster. Fig. 19 shows
the particle velocities at 14.35 s. Form Fig. 19, we can see that the
discrete particles near the tails of cluster can be dragged into the
low-pressure zone and flow downward. This phenomenon has also
been reported by some investigators who perform the circulating
fluidized bed experiment.

6. Conclusion

The Euler–Lagrangian approach is used to model hydrodynam-
ics of gas and particles phases in the CFBs. The LES is used to model
gas turbulence. Particle collision is modeled by means of the DSMC
method. An extended cluster identification method is used to inves-
tigate the distributions of solid concentration and velocity of cluster
near the wall and in the core of riser. Simulated results show that in
the core region, the up-flowing cluster exhibits a horseshoe shape
with a dense head and both dilute tails and flow in the deceler-
ated and accelerated states continuously. The down-flowing cluster
exhibits an inversed-V shape. There exists a low-pressure zone
it. The ratio of up-flowing cluster frequency to down-flowing clus-
ter frequency increases along the height of riser. In the near wall
region, the clusters descend velocity seems to keep constant. The
descent particles and clusters form a falling particle film. If the local
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olid film is thick enough, the particles in it can be hindered by the
pgoing gas and form a new cluster that will be entrained into the
ore of rise under the effect of gas phase. Simulation results show
reasonable agreement with previous experimental findings.
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