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Abstract—A multi-fluid Eulerian computational fluid dynamics (CFD) model is used to simulate the entrainment
of fluid catalytic cracking (FCC) particles in gas-solid fluidized beds. Entrainment of Geldart A group particles was
studied because of their wide range of industrial use. The model was based on the kinetic theory of granular flow. The
CFD model was used to investigate the effect of column diameter on the entrainment flux of particles in a binary mix-
ture. Two different sizes of particles were used because many engineering applications deal with binary mixture of
particles in fluidized beds. Various column diameters, including 38 mm, 76 mm, 114 mm, 152 mm, and 190 mm, were
investigated. The entrainment flux of particles was increased with decreasing column diameter. The effect of column
diameter was not significant for column diameters larger than 114 mm. Furthermore, increasing the superficial gas vel-
ocity increased the entrainment flux of particles. Model predictions were also compared with experimental findings.
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INTRODUCTION

Entrainment is a process which might occur in fluidized beds to
carry particles over the bed by means of fluid flow. Entrainment
flux of particles has to be known for the design of an appropriate
gas-solid separator such as cyclone or filter. Furthermore, the entrain-
ment of particles out of the bed is a disadvantage in fluidized bed
reactors in many industrial applications. Entrainment can occur in
fluidized bed reactors for Geldart A group particles, like fluid cata-
lytic cracking (FCC), which are widely used in chemical industries.

With the recent development of mathematical modeling, numer-
ical simulation becomes a new tool to study and predict the hydro-
dynamics of multiphase flows [1-3]. In this regard, computational
fluid dynamics (CFD) modeling has proved to be a promising tool
in the analysis of gas and particulate systems. CFD is specially effi-
cient for multi-particle modeling of fluidized beds.

In recent years, considerable researches have been carried out to
utilize computational fluid dynamics for modeling of gas-solid flu-
idized beds [4-6]. Two different classes of computational fluid dy-
namic models are used for modeling of fluidized beds: Eulerian-
Lagrangian model and Eulerian-Eulerian model [7].

In Lagrangian models, the equation of motion is solved for each
individual particle, taking into account interactions with other parti-
cles and continuous phase. In Eulerian models, all phases are mod-
eled as fully interpenetrating continua. The Eulerian-Eulerian model
is an appropriate model to simulate gas-solid fluidized beds [8,9].
The Eulerian model’s application to describe the fluid dynamics of
fluidized beds was reported by Refs. [10-14].

Eulerian-Eulerian models need further closure laws to describe
the rheology of solid phase [15]. Most of the recent models use the
kinetic theory of granular flow to obtain constitutive equations [16-
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20]. The kinetic theory of granular flow is based on the analogy be-
tween the thermal motion of the gas molecules in the kinetic theory
of gases and the random motion of solid particles [21]. Champan
and Cowling [21] established the development of kinetic theory of
granular flow. It was then extended by Jenkins and Savage [16],
Lun et al. [17] and Johansen and Jackson [22]. The kinetic theory
of granular flow was used by Sinclair and Jackson [23] for mul-
tiphase modeling for the first. However, it has become a very prom-
ising tool for modeling of gas-particulate fluidized beds.

In this research, a multi-fluid Eulerian model based on the kinetic
theory of granular flow is established to investigate the effect of
column diameter on the entrainment of Geldart A group particles
from a binary mixture in a gas-solid fluidized bed. Column diame-
ters of 38 mm, 76 mm, 114 mm, 152 mm, and 190 mm were com-
pared with the model. The effect of superficial gas velocity was also
studied with the model. The numerical predictions were compared
with the experimental data of Tasirin and Geldart [24] to evaluate
the performance of the model.

FLUID DYNAMIC MULTI-FLUID MODEL

An Eulerian-Eulerian modeling method is used to study the entrain-
ment of Geldart A group particles in gas-solid fluidized bed in the
current research. The model involves the kinetic theory of granular
flow to obtain constitutive equations. Viscous forces and solid pres-
sure of the solid phases can be described as a function of granular
temperature, by taking advantage of the kinetic theory of granular
flow [4,23]. No mass transfer was allowed between phases. The
model used in this study is described as follows.

Continuity equations

Gas phase

L(ap)+V (a7 =0 m
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Solid phase

0 >

a—t(apA)W(&pA v)=0 @
where & pand v are volume fraction, density and velocity respec-
tively.

Momentum equations

The momentum equation for gas and solid phases
Gas phase:
(%(gg g‘_/;)"'v'(gg g‘_/;‘?g):_vp"'v' ?g"' 2 g§+i:,kgs( ‘_/>s_ ‘?g) (3)
where p and _g) are gas pressure and gravity, respectively.

k., is gas-solid momentum exchange coefficient of gas and solid

phase, V - 7, is gas phase tensor.
Solid phase (s=1, 2, ..., N)

gt(m V)+V-(6p00)=V - T+ep8
.
(V=) + Y k(B 1) @)
n=1,s#n

where k,,, is solid-solid exchange coefficient and z, is solid phase
stress tensor.
Gas phase stress tensor

= > > 2 >
T, =& [V - vg+V-vg]—§gg/ng~ Vy ®)

Solid phase stress tensor of phase s

T=-PI+eu(V-V+V- )+ es(/t— %@V V1 ©6)
where £, and A, are solid shear viscosity and bulk viscosity, respec-
tively.

Solid shear viscosity

I cort s it 1 @]
Collisional viscosity

4 ) 12

Hren=58pd g1+ eﬂ)(;‘) ®
where g, ,, is radial distribution, e is restitution coefficient, and &,
is granular temperature.

Kinetic viscosity [25]

o= 2B 14 AL, B, D )

Frictional viscosity [26]

P Psing
S /V
2JLp

where P, is the solid pressure, ¢ is the angle of the internal friction
and I, is the second invariant of the deviatoric stress tensor
Solid bulk viscosity [17]

(10)

12
h=2dpdg.(re)(2) (n

Solid pressure
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A general model for the solids pressure in the presence of several
solid phases by Gidaspow [5]

P.=5p0+3 Tadinn,(1+e,)fm,m, 6, 0) (12)
n=1
where d,=((d,+d,)/2) is the average diameter, n, and n, are the num-
ber of particles, m, and m, are the masses of particles in the phase
phases n and s, and f'is a function of the masses of the particles and
their granular temperatures.
However, this equation can be simplified to give the following
form [8]:
N3
ps= sps@s+22“1§(1+ens)go.m5§y%p§@ (13)

p=l n

Radial distribution for n solid phases [8]

go,f[l_(g% )1 } _dzjlj" (14)

'S, ma.

where (n are solids phases)

av:ZALISn (15)
The Syamlal-O’Brien drag model [25]

K, = 3&6&p0, ECD(Re)
4 ,Td Vi

where according to Dalla Valle [27], C,, is defined as

-V (16)

4.8 )2
~Re/v,

And v, is a correlation for the terminal velocity of the solid phase

Cp= (0.63 + 17)

v,,=0.5(A—0.06Re, +4/(0.06Re,)*+0.12Re,(2B—A)+A%) (18)
With

A=&" & B=0.8£ for £<0.85
And

A=&" & B=¢" for £<0.85

For the particle-particle momentum exchange coefficient the Syam-
lal-O’Brien-symmetric model [28] was used, which may be written
as

3(1+em)(ﬁ/2+c,,,,v7r/8)svpv &,0.(d,+d.)’ g0 s |
2m(p.da+ pd)

where e, is the restitution coefficient, C;., is the friction coefficient
between phases n & s, d, is the diameter of the particles of the phase
nand g, is the radial distribution coefficient.

The kinetic fluctuation energy, which is derived from kinetic the-
ory of granular flow, can be described as the following expression
[29]:

>
Vi—V,

(19)

rm

3o 5
2[ at(ﬂ:& O)+V-(p,&V, @:)}
=(-pJ+7): VYAV (ko VO) o + i (20)

where (—pJ+7): Vv, is the energy generation by solid stress ten-
so, ko V @, is the energy diffusion, y,, is the collision dissipation of
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energy, and ¢, is the transfer of kinetic energy.
The diffusion coefficient of granular energy, k,, can be described
by the Syamlal et al. model [30]

., = 15dpeNOrn
o7 441-337)

16
+TEa41-33 g e

T2
1+ —5-772(477—3)&;%0,3

Where

n=3(1+e,)

The dissipation energy of particles by collisions, 7, which presents
the rate of energy dissipation of the s” solid phase because of particle-
particle collisions, is described with the following expression by
Lunetal. [17]:

12(1—ei)go s 2 P2

=225 56 2
Yem alr P 22)
The kinetic energy transfer of random fluctuations in particle veloc-
ity is represented by ¢, [31]

¢,=3K, 0, 23)

1. Simulation Procedure

The numerical solution for govermning equations was provided
with a CFD based code (Fluent 6.3.26). The second-order upwind
differencing scheme was used as the discretization method. Dis-
cretization is a process which changes the partial differential equa-
tions of the model to algebraic equations for numerical solution.
The phase coupled SIMPLE (PCSIMPLE) algorithm by Vasquez
and Ivanov [32], which is an extension of SIMPLE algorithm by
Patankar [33], was used for pressure-velocity coupling.

A schematic drawing of the simulated gas-solid fluidized bed is

Table 1. Simulation settings for the CFD model

Gas & Solid Outlet

I

Uniform gas inlet

Fig. 1. A schematic drawing of the 2-D gas-solid fluidized bed.

shown in Fig. 1. The multi-fluid model consisted of three phases:
air as the primary phase (gas phase), small and large FCC particles
as the secondary phases (solid phases). Two-dimensional computa-
tional grids were generated in radial and axial directions to study

Description Value/Settings Additional comments
Column height 24m Fixed
Column diameter 38,76, 114, 152, 190 mm Compared diameters
Static bed height 0.15m Fixed
Large particles
Diameter 140 um Uniform
Density 1,180 kg/m’ FCC (Geldart A group)
Volume fraction 0.44 Fixed
Small particles
Diameter 45 um Uniform
Density 1,350 kg/m’ FCC (Geldart A group)
Volume fraction 0.11 Fixed
Superficial gas velocity 0.4,0.5,0.6,0.7, 0.8 m/s Compared velocities
Gas viscosity 1.85x107° kg/ms Fixed
Gas density 1.225 kg/m® Air
Gravity acceleration 9.81 m/s? Fixed
Time step size 0.001 s Fixed
Maximum iterations per time step 100 Fixed
Inlet boundary condition Velocity inlet Superficial gas velocity
Outlet boundary condition Pressure outlet Fully developed flow
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the entrainment of particles. A cell growth factor was applied to
meshes in radial direction to generate a higher density of grids ap-
proaching to the bed side walls to consider a higher restriction for
computations in this important region. The computational meshes
consisted of approximately 30,000 to 35,000 cells. Using higher
grid resolutions did not affect the results, which confirms the grid
independency of the simulations. A convergence criterion of 0.0001
was considered for the relative error between two successive itera-
tions. The simulation durations varied from 10 to 40 s for the super-
ficial gas velocities of 0.4 to 0.8 m/s. The computations were per-
formed on a 2.8 GHz CPU and 4 GB of RAM workstation. A sum-
mary of the simulation settings is presented in Table 1.

RESULTS AND DISCUSSION

1. Model Validation

The simulation results were compared with the experimental data
achieved by Tasirin and Geldart [24] to evaluate the applicability
of the model. The fluidized beds’ properties, reported by Tasirin and
Geldart [24], which are used in this study, are presented in Table 2.
Fig. 2 compares the model predictions with the experimental data
for the column diameter of 76 mm. The modeling results show good
agreement with experimental findings for the entrainment flux of
particles at different superficial velocities. Fig. 3 offers a comparison
of the simulation results with the experimental data for the column
diameter of 152 mm. Comparison of the entrainment rate of parti-
cles at different gas velocities for simulated and experimental achieve-
ments is presented in this figure, which confirms the validation of

Table 2. Fluidized beds’ properties by Tasirin and Geldart [24]

Property Value

Bed diameter (mm) 76, 152

Bed height (m) 24

Particle size (um) 45, 140

Particle type FCC (Geldart A group)
1.2

0.8

0.6

04
m  Tasirin & Geldart [24]

02 —— CFD model

Total entrainment flux, Ez (kg/m2s)

0.4 0.5 0.6 0.7 0.8
Superficial velocity (m/s)

Fig. 2. Comparison of the model predictions with experimental data
for the column diameter of 76 mm.
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0.012

0.008

0.006

0.004

m  Tasirin & Geldart[24]
0.002

Total entrainment rate, Rt (kg/s)

—— CFD model

0.4 0.5 0.6 0.7 0.8
Superficial velocity (m/s)

Fig. 3. Comparison of the simulation results with experimental data
for the column diameter of 152 mm.

the model.
2. Effect of Bed Diameter

Entrainment flux of Geldart A group particles was calculated for
different column diameters of 38 mm, 76 mm, 114 mm, 152 mm,
and 190 mm at various superficial velocities to evaluate the effect
of bed diameter. Fig. 4 compares the calculated entrainment fluxes
for different bed diameters at various superficial gas velocities. It
was observed that the entrainment flux of particles decreased with
increasing the bed diameter. However, minor changes of entrain-
ment flux were observed for higher column diameters. As shown
in Fig. 4, the changes in the entrainment flux of particles were more
significant between column diameters of 38 mm, 76 mm, and 114
mm, whereas, increasing the column diameter to 152 mm and 190
mm did not change the entrainment flux as significantly as the previ-
ous changes for smaller bed diameters. This fact is caused by the
wall effect, which affects the gas velocity regime in the cross-section

1.2

0.8

06

0.4

Total entrainment flux, Ez (kg/m2s)

0.2

—%— 190 mm

04 0.5 06 07 0.8
Superficial velocity (m/s)

Fig. 4. Comparison of the calculated entrainment fluxes for dif-
ferent bed diameters at various superficial gas velocities.
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Fig. 5. Volume fraction distribution of small FCC particles for column diameter of 38 mm at (a) different superficial velocities, (b) the first

5 seconds of the process for the superficial velocity of 0.7 m/s.
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Fig. 6. Volume fraction distribution of small FCC particles for column diameter of 76 mm at (a) different superficial velocities, (b) the first
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5 seconds of the process for the superficial velocity of 0.7 m/s.
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of fluidized bed. This finding is in agreement with those of other Figs. 5, 6, 7, 8, and 9 show the calculated volume fraction dis-
authors [34-36,24] that there was little change of entrainment flux tribution of small FCC particles for different column diameters of
for column diameters above 0.1 m. 38 mm, 76 mm, 114 mm, 152 mm, and 190 mm, respectively. The

I|| (b)

0dms  OSmE Q6ms  QTmbs  0&ms R

(a)
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2.20e-0
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1.10e-0
5.50e-0
0.00e+0

g .

Fig. 7. Volume fraction distribution of small FCC particles for column diameter of 114 mm at (a) different superficial velocities, (b) the

first 5 seconds of the process for the superficial velocity of 0.7 m/s.
| | | | (b) | |
F 2s
Fig. 8. Volume fraction distribution of small FCC particles for column diameter of 152 mm at (a) different superficial velocities, (b) the
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Fig. 9. Volume fraction distribution of small FCC particles for column diameter of 190 mm at (a) different superficial velocities, (b) the
first S seconds of the process for the superficial velocity of 0.7 m/s.

distribution of particles for different column diameters at different
superficial gas velocities is presented in these figures. Superficial
gas velocity is considered as a determining factor for the entrain-
ment of particles. As shown in Figs. 5(a)-9(a), the entrainment of
particles increased with increasing the superficial gas velocities. Kato
et al. [37] and Nakagawa et al. [38] reported that superficial gas
velocity significantly affected the entrainment of particles.
3. Hydrodynamic Behavior

The hydrodynamics of the first five seconds of the process for

0.08

0.07

0.06

0.05

0.04

0.03

Solid volume fraction

0.02

0.01

0

00 01 02 03 04 05 06 07 08 09 10
rlR
Fig. 10. Radial profile of small FCC particles’ volume fraction for

the column diameter of 76 mm and superficial gas veloc-
ity of 0.7 m/s at z=1.75 m.

the gas velocity of 0.7 m/s can be studied with Figs. 5(b)-9(b). To
improve our understanding of the complicated hydrodynamic behav-
ior of the particles, the radial distribution of small FCC particles
was calculated. Fig. 10 presents the radial profile of small particles’
volume fraction for the column diameter of 76 mm and superficial
gas velocity of 0.7 m/s at z=1.75 m. It shows that the solid concen-
tration has the highest value near the wall region and decreases along
the radial direction to the center of the bed. The velocity profile of
the particles is a term which changes with respect to the column
diameter and is related to the particle entrainment flux. Fig. 11 com-
pares the velocity profiles of small particles for 76 mm and 152 mm
diameter columns at z=1.75 m with inlet superficial velocity of 0.7
my/s. It was revealed that the maximum velocities were higher in

o ==
© - R D

o o
RIS

Axial particle velocity (m/s)
(=]
= [=2]

S o
P

0.0 01 02 0.3 04 05 06 0.7 08 09 1.0
R

Fig. 11. Comparison of the velocity profiles of small FCC particles
for 76 mm and 152 mm diameter columns at z=1.75 m.
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smaller bed diameters, which results in the higher entrainment flux
of particles for smaller column diameters.

CONCLUSIONS

An Eulerian-Eulerian computational fluid dynamics model, based
on the kinetic theory of granular flow, was developed to simulate
the complex hydrodynamics of gas-particulate flow in fluidized beds.
The model was used to investigate the effect of column diameter
on entrainment of Geldart A group particles from a binary mixture
in a gas-solid fluidized bed. Furthermore, the CFD model was used
to study the effect of superficial gas velocity and the hydrodynamic
behavior of a gas-solid fluidized bed. The model showed that the
entrainment flux of particles was reduced with increasing the col-
umn diameter, although the effect of bed diameter was found to be
more significant for smaller column diameters. The superficial veloc-
ity showed to have a major effect on the process, as the entrain-
ment flux of particles increased with increasing the gas velocity.
The modeling predictions were in good agreement with experimen-
tal data, which confirms the applicability of the model.

NOMENCLATURE

C, :drag coefficient, dimensionless

C,., :friction coefficient

d;  :diameter [m]

e, :restitution coefficient, dimensionless

g gravity [m/s?]

g, - radial distribution coefficient

1 : stress tensor

I, :second invariant of the deviatoric stress tensor
K, :gas-solid momentum exchange coefficient

ke  :diffusion coefficient of granular energy [kg/s m]
m; :mass of particles [kg]

: number of particles

p : fluid pressure [pa]

: solid pressure [pa]

Re :Reynolds number

t : time [s]

v,  :velocity [m/s]

Greek Letters

&  :volume fracion

©  : granular temprature [m*/s’]

A, :bulk viscosity [kg/s m]

4 :shear viscosity [kg/s m]

o, density [kg/m’]

T : stress tensor [pa]

Yan : collision dissipation of energy [kg/s’m]
¢,  :transfer rate of kinetic energy [kg/s’m]
¢  :angle of the integral friction

n  :effectiveness factor
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