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Abstract: 
developed based on computational particle fluid dynamics (CPFD). The model was used to simulate 
the gas-solid flow behavior inside a circulating fluidized bed riser operating at various superficial gas 
velocities and solids mass fluxes in two fluidization regimes, a dilute phase transport (DPT) regime 
and a fast fluidization (FF) regime. The simulation results were evaluated based on comparison with 
experimental data of solids velocity and holdup, obtained from non-invasive automated radioactive 

solids velocity and holdup with experimental data validated the CPFD model for the CFB riser. The model 

regime, and the coexistence of the dilute phase in the upper region and the dense phase in the lower region 
in the FF regime. The clustering and solids back mixing in the FF regime were stronger than those in the 
DPT regime.
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1 Introduction

in affecting contact between gas and particles, excellent heat 
and mass transfer and flexibility in handing particles with 
different densities and sizes (Grace et al, 2003). Therefore, 
CFBs are widely used in the petroleum industry, and the 
major commercial applications include fluid catalytic 
cracking (FCC) and combustion of petroleum coke. The 
increasing applications of CFBs call for more efficient 
technical processes. As the behavior of gas-solid flow in 

a thorough understanding of the complex hydrodynamics. 
The design of current CFBs relies mainly on experience and 
empiricism. The design, scale-up and performance prediction 
of CFBs are still challenging tasks. 

Currently, the numerical simulation approach provides a 

of CFBs. In general, two different approaches are used for 
simulation of gas-solid flow, namely Eulerian-Eulerian and 
Eulerian-Lagrangian methods. In the Eulerian-Eulerian 

particles are both considered as continuous phases which are 
fully inter-penetrating. Both phases are described in terms of 

representing the coupling between phases. Nowadays, the 
Eulerian–Eulerian approach is the most applicable method for 

Neri and Gidaspow, 2000; Zheng et al, 2001; Almuttahar 
and Taghipour, 2008; Lu et al, 2008; Jin et al, 2010). Though 
the physical characteristics of particles, such as the size 
and shear stress, are included in the empirical relationship, 
this approach cannot recognize the discrete characteristics 
of solids phase. The Eulerian–Eulerian approach has some 

be solved for each size and type (Gidaspow, 1994).
The Eulerian-Lagrangian approach (also referred as 

the discrete particle method, DPM) treats the particles 
individually and directly calculates the motion of each 
particle through the forces acting on it. This method allows 
the solution for flows with a wide range of particle types, 
sizes, shapes, and velocities (Wu et al, 2010). This approach 

beds (Zhu et al, 2008; Sakai et al, 2010; Kafui et al, 2011). 
Chiesa et al (2005) compared the results obtained from 
the discrete particle method and the two-fluid approach, 
and concluded that the results obtained from the Eulerian-
Lagrangian approach showed a much better agreement with 
the experimental results than that obtained by the Eulerian-
Eulerian approach. However, numerical simulation by the 
Eulerian-Lagrangian approach is very computationally 
complex. The DPM calculations have been limited to the 
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order of 2×105 particles and are often restricted to two-
dimensional solutions (Godlieb et al, 2007). The DPM cannot 
be yet used for the simulation of large scale CFBs with more 
than 1012 particles.

method proposed by Snider (2001) has been applied to model 
fluidized beds and achieves reasonable predictions of gas-

et al, 2011). The CPFD method treats the gas as a continuous 
phase and models the particles as discrete particles. The 
method is a form of discrete element method (DEM), where 
each particle has three-dimensional forces from fluid drag, 
gravity, static dynamic friction, particle collision and other 
possible forces. In the CPFD method, particles are grouped 
into numerical-particles. Each numerical-particle is composed 
of a number of real particles with same properties, such as 
density, size, position and velocity. A numerical-particle is 
smaller than the grid cell, and thus each cell contains multiple 
numerical-particles. These numerical-particles move freely 
within the whole computational domain and are tracked in the 
Lagrangian approach. Using numerical-particles, large scale 
systems including billions of particles can be simulated using 
only millions of numerical-particles. Furthermore, unlike the 
DEM model which calculates the collision force between 
particles by a spring-damper model directly, the CPFD 
method models the collision force on each particle using a 
spatial gradient model. The effect of particle collisions is 
accounted in an average manner using a continuum model of 
particle phase stress (Snider, 2007).

In the present work, the new developed CPFD method 

approach was evaluated using experimental results obtained 
by computer automated radioactive particle tracking (CARPT) 
and gamma ray Computed Tomography (CT).

2 Experimental setup
The validation of simulation is generally implemented 

by comparing the simulated results with experimental 
data. Thus, the present simulation work is based on a ‘cold 
flow’ circulating fluidized bed facility (Fig. 1) installed at 
the Chemical Reaction Engineering Laboratory (CREL) at 
Washington University (Bhusarapu et al, 2006). The riser 
has an internal diameter of 0.152 m and a total height of 7.9 
m. Approximately spherical glass beads are fluidized with 
air. The density of particles is 2,550 kg·m-3, and the mean 

measure the solids velocity distribution. All the CARPT 
results were in the fully developed section between the 
height of Z

between Z=5.0 m and 5.47 m. Further details of experimental 

2005; 2007). 
The CPFD approach is evaluated by comparing the 

predictions with the experimental results at three sets of 
operating conditions. We studied three cases with different 

Ug Gs). The 
three operating conditions are listed in Table 1. According to 

literature (Bhusarapu et al, 2006), cases 1 and 2 belong to the 
dilute phase transport (DPT) regime, and case 3 is in the fast 
fluidization (FF) regime. All of them are considered as the 
low-density CFBs (Zhu and Bi, 1995).

Table 1 Summary of operating conditions

Operating condition DPT regime
Case 1

DPT regime
Case 2

FF regime
Case 3

Ug, m·s-1 4.5 3.9 3.2 

Gs, kg·m-2·s 36.8 33.7 26.6

3 CPFD model 

3.1 Governing equations
In the computational particle fluid dynamic (CPFD) 

method, the gas phase is treated as fluid and calculated 
using Eulerian computational grids, while the particle 
phase is modeled as discrete particles using Lagrangian 

the particle phase, whereas the particle phase is represented 
by the particle probability distribution function.
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7.9 m tall

15.2 cm I.D.
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Air inlet

Mechanical valve

Downcomer
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0.1 m3 Feed hopper
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To air filter

Fig. 1 Schematic diagram of the CREL riser
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The continuity equation for gas phase is 
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where ug is the gas velocity, g is the gas density and g is the 
gas volume fraction.

The momentum equation for gas phase is
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where P is the gas pressure, g is the gas viscosity, g is the 
gravitational acceleration and F is the rate of momentum 
exchange per volume between gas and particle phases. The 
gas phase is compressible, and the gas and particle phases are 
isothermal.

For the particle phase, the dynamics are described using 
the probability distribution function f (x, up, p, Vp, t), where 
x is the particle position, up is the particle velocity, p is the 
particle density, Vp is the particle volume and t is the time. 
The time evolution of f is obtained by solving a Liouville 
equation, which is the mathematical statement of conservation 
of the particle numbers in volumes moving along dynamic 
trajectories in the particle phase space.

The Liouville equation for particle positions is

�� �u
f fu fA
t

where A is the particle acceleration and pu  is the divergence 
operator with respect to the velocity. By solving the Liouville 
equation the future coordinates of the particle positions can 
be obtained based on its present coordinates and the particle 
properties. It is assumed that the mass of each particle is 
constant through time (no mass transfer between particles or 

a distribution. The particle probability distribution function 
integrated over velocity, density and volume of all particles 
gives the probable number of particles per unit volume at 
position x and time t that have the velocity, density and 
volume in the interval of (up, up+dup), ( p, p+d p) and (Vp, 
Vp+dVp). 

The particle acceleration equation is


 � �
� � � �

� � �A D u u p g
�

where D is the interphase drag force, p is the particle volume 
fraction and p is the particle normal stress.

The particle volume fraction in each cell is

� � � � �� � �fV V u

The momentum exchange between fluid and particle 
phases is

� � 
 � � � �
�

� � � �F fV D u u p V u

Generally, the main difference between the CPFD 
approach and the commonly used two-fluid model is the 
method to describe interphase momentum exchange. In the 
CPFD method, the interphase momentum transfer function 
is more detailed than in the two-fluid model. In the two-
fluid model, the momentum exchange rate is presented to 
be proportional to the difference of the average velocities of 
the two phases. However, in the CPFD method, the particle 
distribution function is first solved, and then the detailed 
interphase momentum exchange is obtained by summing up 
the contributions from particles with different velocities and 

3.2 Gas-particle drag model 
The drag model, representing the interaction between gas 

and particle phases, is a key factor in successful simulation. 
The drag model used here is the combination of the works of 
Ergun (1952) and Wen and Yu (1966). The Ergun correlation 
was developed for systems with particle volume fractions 
ranging from 0.47 to 0.7, whereas Wen and Yu carried out the 
investigation for the systems with the solids volume fractions 
between 0.01 and 0.61. Therefore, in the drag model of Wen-
Yu model combined with Ergun model, Wen-Yu correlation 
is used for solid volume fractions smaller than 0.75 CP, while 
Ergun equation is used for solid volume fractions greater 
than 0.85 CP, where CP represents the solid volume fraction 
at close packing. In order to prevent possible problems in 
numerical simulation due to the discontinuity and sharp 
transition in the drag model, a transition function is used for 
the solid volume fractions between 0.75 CP and 0.85 CP. In 
this study, the particle-phase volume fraction at close packing 
is 0.64, so the transition between the two correlations is in the 
range of solid volume fraction between 0.48 and 0.54.

The drag model of Wen-Yu correlation combined with 
Ergun correlation is shown in Table 2. D is the drag force, 
D1 is the drag force in the Wen and Yu model, D2 is the drag 
force in the Ergun model, Cd Re is 
the Reynolds number.

3.3 Particle normal stress model 
The particle-particle collisions are modeled by a particle 

normal stress. The particle stress derives from the particle 
volume fraction, which is calculated from particle volume 
mapped to the grid. The particle normal stress model used in 
this study is an extension of the model by Harris and Crighton 
(1994). 

The equation of the particle normal stress model is 

s p
p

cp p pmax 1

�

�

where Ps is a constant with units of pressure,  is a constant 
recommended between 2 and 5, and  is a small number on 
the order of 10-7.

3.4 Solution procedure
The particle properties are mapped to and from the 

Eulerian grid using the interpolation operators. The three-
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dimensional interpolation operator is the product of 
directional operators in the three orthogonal directions (x, 
y, z). For one particle located at xp (x, y, z), the x-directional 
component of interpolation operator (Si

x) to grid cell i is 
an even function, which has nothing to do with the y and z 
coordinates.
Table 2 Equations of drag model (Wen-Yu correlation combined with 

Ergun correlation)
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The interpolation operators in y and z directions have the 
similar form. By mapping the particle volumes to the grid, the 
particle volume fraction i , j ,k  at grid cell (i, j, k) is 

   �

� �
�

� N

i , j ,k i , j ,k
i , j ,k

n V S
V

where Vi,j,k is the grid cell volume, Vp is particle volume,  Np is 
the total number of numerical-particles and each numerical-
particle contains np real particles, Si,j,k is the interpolation 
operator. The new gas volume fraction can be updated by the 
total solids volume fraction. The gas volume fraction will be 
used for solving gas continuity and momentum equations in 
the next time step.

The particle velocity is updated from the numerical 
integration of the particle velocity equation.

1 1 1
p g, p p p

p p p1
p

1 1

1

n n n n

n

u t Du p g
u

tD

where 1
p
nu  is the interpolated implicit particle velocity at the 

particle location, 1
g, p
nu

at the particle location, 1npp  stands for the interpolated 
implicit pressure gradient at the particle location, 1�

p  means 
the interpolated solid stress gradient at the particle location 
and D represents the drag force. Following the particle 
velocity calculation, the particle positions are updated.

The following implicit equation is used to calculate the 
new-time particle positions.

� �
� � �
n n nx x u t

4 Results and discussion

simulated by using the commercial CPFD software Barracuda 

regime and a dilute phase transport regime. The gas phase 
inlet is at the base of the riser, and the inlet velocity of the 

inlet of the particle phase is a small side entrance near the 

as the out flow condition at atmosphere pressure. The main 
parameters used in the simulation are listed in Table 3.

Table 3 Simulation parameters 

Parameter Value

Particle diameter 

Particle density 2550 kg·m-3

Gas viscosity 1.84×10-5 kg·m-1·s-1

Particle-phase volume fraction at close
 packing 0.64

Tangent-to-wall momentum retention 0.99

Normal-to-wall momentum retention 0.1

Diffuse bounce 2

Turbulence model Algebraic

1.17×1.17×2.63 cm

Time step 0.001 s

Simulation time 100-600 s

4.1 Comparison between simulation results and 
experimental data

A compar i son  be tween  s imula t ion  resu l t s  and 
experimental data was carried out between bed heights (z) 
of 5.1 m and 5.6 m. Fig. 2 and Fig. 3 display the simulation 
and experimental results of the time-averaged solids volume 
fraction and axial particle velocity, respectively. It can be seen 
that the simulations successfully reproduce the general trend 
of the experimental results. For the dilute phase transport 
(DPT) regime, the solids volume fractions in Fig. 2(a) and 
Fig. 2(b) show good agreement with experimental data close 
to the wall, but are over predicted in the center. For the fast 
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shown in Fig. 2(c) are a little higher than the experimental 
data both in the center and close to the wall. The simulation 
results and experimental data of axial particle velocities are 
shown in Fig. 3. The predicted particle velocities agree well 
with experimental data in the DPT regime, while the particle 
velocity in the center is over predicted in the FF regime. 

The discrepancy may come from some simplifications 

and Sun, 1991; Chew et al, 2010), thus it is important to 
take the PSD effects into account in the simulation. Using an 

and Almuttaharn and Taghipour (2008) predicted the flow 
characteristics in CFBs with an overall solids volume fraction 
less than 10% without adopting the turbulence model. In the 
investigation of Almuttaharn and Taghipoour (2008), the 
predicted solids holdup was considerably higher than the 
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experimental data in the center, and in the work of Neri and 
Gidaspow (2000) most of the core solids holdup was higher 
than the experimental data. However, Chan et al (2005) 
obtained an acceptable agreement of modeling results with 
the turbulence model in a low density riser. In the work by 
Chan et al (2005), in order to calculate the turbulent kinetic 

turbulence model (k- -kp- p) was developed for calculating the 

distribution in the core region and solids volume fraction 
distribution in the annulus region. Therefore, the predicted 
results of CFPD modeling can be further improved by taking 

suitable turbulence model.

4.2 Solids volume fraction
Fig. 4 and Fig. 5 illustrate the time-averaged solids 

concentration contours under three operating conditions in 
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solids volume fraction. In the DPT regime, the solid volume 
fraction is very low in the whole riser and it declines 
gradually with bed height, showing a little variation between 

however, it can be seen in Fig. 4(c) that the solids volume 
fraction decreases sharply with bed height. A relative dense 
phase in the lower region of the riser and a dilute phase in 
the upper region coexist. The solids volume fraction in the 
lower region below the height of 3.2 m is higher than 0.1, 
as shown in Fig. 6. The time-averaged solids concentration 

Z=5.46 m is shown in 
Fig. 5. The distribution of solids concentration seems to be 

riser is axis-symmetric. For all the three conditions, the solids 
concentrations close to the wall are higher than that in the 
center. Therefore, the phenomenon of particle clustering is 
more likely to occur close to the wall than in the center. In the 
DPT regime, the solids volume fraction is relatively low and 
shows little variation. However, in the FF regime, the solids 

sections (0-180º and 90-270º) are presented in Fig. 7 and 
Fig. 8. Fig. 7 shows the velocity vectors in the DPT regime 
at Ug=4.5 m·s-1 and Gs=36.8 kg·m-2·s-1, and Fig. 8 shows 
the velocity vectors in the FF regime at Ug=3.2 m·s-1 and 
Gs=26.6 kg·m-2·s-1. It can be seen from Fig. 7 and Fig. 8 that 
the solids flow pattern is also axis-symmetric in the time-
averaged sense. In the DPT regime, it can be seen in Fig. 7 
that all the particles move upwards, regardless of position. 
While in the FF regime, except for the particles close to the 
wall, the solid particles also move upwards. The particles 
move upward in the center and downward close to the wall, 

Fig. 5
section of Z=5.46 m, (a) Ug=4.5 m·s-1, Gs=36.8 kg·m-2·s-1 (DPT regime); (b) 
Ug=3.9 m·s-1, Gs=33.7 kg·m-2·s-1 (DPT regime); (c) Ug=3.2 m·s-1, Gs=26.6 
kg·m-2·s-1 (FF regime)
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volume fraction is distinctly higher and also its gradient is 
higher than in the DPT regime.

4.3 Particle velocity
The time-averaged particle velocity vectors at two vertical 

Fig. 7 Time-averaged particle velocity vectors in the DPT regime with 
Ug=4.5 m·s-1 and Gs=36.8 kg·m-2·s-1, (a) cross-section 0-180º (b) cross-
section 90-270º
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Fig. 4 Time-averaged solids volume fraction, (a) Ug=4.5 m·s-1, Gs=36.8 
kg·m-2·s-1 (DPT regime); (b) Ug=3.9 m·s-1, Gs=33.7 kg·m-2·s-1 (DPT 
regime); (c) Ug=3.2 m·s-1, Gs=26.6 kg·m-2·s-1 (FF regime)
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leading to a core-annulus flow structure. This difference 
in the flow pattern between the DPT and FF regimes is 
attributed to the difference of their particle concentration. The 
increase of the solids holdup in FF regime can increase the 
formation of particle clusters, which tend to fall down, so in 

FF regime particles close to the wall move downwards. Such 

measurement under the same conditions.
To quant i ta t ively  invest igate  the  par t ic le  f low 

characteristics, the probability distribution functions (PDFs) 
of the particle velocities were introduced. Fig. 9 and Fig. 10 
show the PDFs of the axial particle velocities at three radial 
positions (r/R=0, 0.461, 0.922) and the bed height of Z=5.46 
m.

Fig. 9 shows the PDFs of axial solids velocity in the 
DPT regime, with the superficial gas velocity of 4.5 m·s-1

and the solids mass flux of 36.8 kg·m-2·s-1. It can be seen 
that the radial variation of the axial particle velocity is large, 
and the mean velocity decreases from the center to the wall. 
In the region close to the wall, the velocity of most of the 
particles is positive and only 14% of particles have a negative 
instantaneous velocity, resulting in a positive mean solids 
velocity. Therefore, in the DPT regime the phenomena of 

Similar conclusions are drawn from the PDFs of particles 
velocity under the other operating conditions in the DPT 
regime.

In the FF regime, Fig. 10 shows that the radial variation 
of the axial solids velocity is also significant and the mean 
velocity also decreases from the center to the wall. Compared 
to the DPT regime, the mean axial velocity in the center 
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0.24

0.18

0.12

0.06

0.00

-10 -5 0 5 10 -10 -5 0 5 10 -6 -3 0 3 6

0.20

0.15

0.10

0.05

0.00

0.20

0.15

0.10

0.05

0.00

0.25

P
ro

ba
bi

lit
y

Mean velocity 

= 5.0 ms-1

Mean velocity 

= 3.8 ms-1

Mean velocity 

= 0.8 ms-1

r/R = 0.461r/R = 0 r/R = 0.922

Particle axial velocity, ms-1 Particle axial velocity, ms-1 Particle axial velocity, ms-1

5.5

5.4

5.3

5.2

5.1

5.0
-1.0 -0.5 0.0 0.5 1.0

5.5

5.4

5.3

5.2

5.1

5.0
-1.0 -0.5 0.0 0.5 1.0

H
ei

gh
t

H
ei

gh
t

(a) (b)

Radial positoin (r/R) Radial positoin (r/R)

4.7

4.23

3.78

3.29

2.82

2.35

1.88

1.41

0.94

0.47

0
ms-1
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section 90-270º

Pet.Sci.(2012)9:535-543



542

region is much higher than that close to the wall, and the 
mean axial velocity close to the wall is negative. Of the 
particles close to the wall, 64% have a negative velocity 
and the remained have positive velocity, and this leads to 
a negative mean velocity. The proportion of particles close 
to the wall moving downwards is much higher than in the 
DPT regime, indicating that in the FF regime the clustering 
effect increases, and the back mixing of the particles is more 
considerable.

5 Conclusions
The CPFD approach has been used to investigate the 

operating conditions. The agreement between the simulated 
results with the experimental data from the literature showed 
that the CPFD model could predict the main features of the 
gas-solids flow in the DPT and FF regimes. The developed 

and the phenomenon of solid phase clustering. The model 
also predicted the uniform dilute phase for the DPT regime, 
as well as the coexistence of the dilute phase in the upper 
region and the relative dense phase in the lower region for 
the FF regime. The average velocity of particles close to the 
wall was positive in the DPT regime, but negative in the FF 
regime. The formation of clusters and the back mixing of 
solids in the riser were stronger in the FF regime than in the 
DPT regime. However, there was a little disparity between the 
solids fraction and axial velocity with the experimental data 
in the FF regime. To obtain better predictions, the particle 

consideration in the further investigation.

Nomenclatures
A Particle acceleration, m·s-2

Cd

D Drag force, kg·m-3·s-1

D1 Drag force in the Wen and Yu model, kg·m-3·s-1

D2 Drag force in the Ergun model, kg·m-3·s-1

dp Particle diameter, m
f Particle probability distribution function 
F
         N·m-3·s-1

g Gravitational acceleration, m·s-2

Gs
-2·s

np Number of particles in a parcel
Np Total number of parcels or clouds
P Gas pressure, Pa
Ps Constant, Pa
r
R
Re
S Interpolation operator
t Time, s
ug Gas velocity, m·s-1

Ug 
-1

up Particle velocity, m·s-1

Vi,j,k Grid cell volume, m3

Vp  Particle volume, m3

xp Particle position, m
Z Axial distance, m
Greek Letters

g Gas viscosity, kg·m-1·s-1

g Gas density, kg·m-3

p Particle density, kg·m-3

p Particle normal stress, N·m-2

g Gas volume fraction
p Particle volume fraction
CP particle-phase volume fraction at close packing
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