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Drag models for Simulation Gas-Solid Flow in
the Bubbling Fluidized Bed of FCC Particles
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Conservations equations (momentum, mass, energy

Abstract—In the current work, a numerical parametric stusw balance) are derived to obtain a set of equatibas have

performed in order to model the fluid mechanicsthie riser of a
bubbling fluidized bed (BFB). The gas-solid flow svaimulated by
mean of a multi-fluid Eulerian model incorporatitige kinetic theory
for solid particles. The bubbling fluidized bed wsisnulated two
dimensionally by mean of a Computational Fluid Dyiwa (CFD)

commercial software package, Fluent. The effectasiig different
inter-phase drag function (the drag model of GidasgiSyamlal and
O’'Brien and the EMMS drag model) on the model prédns were
evaluated and compared. The results showed thairéftemodels of
Gidaspow and Syamlal and O’Brien overestimateddtlag force for
the FCC particles and predicted a greater bed eaigranin

comparison to the EMMS drag model.

Keywords—Bubbling fluidized bed, CFD, drag model, EMMS

. INTRODUCTION

similar structure for all phases. To close the ¢éqna’ system
and to describe the rheology of the solid phasestitative
equations are necessary.

The Kinetic Theory of Granular Flow (KTGF) has bew
a very promising tool for modeling gas-particleidized bed.
Numerous studies on the hydrodynamic of gas-stlidized
bed incorporating the KTGF have shown of this thisor
efficiency in modeling bubbling fluidized bed. Th&udies
were conducted by, Sinclair and Jackson [1], Dingl a
Gidaspow [2], Gidaspow [3], Benyahia et al [4],Pat al [5],
Taghipour et al [6], Johansson et al [7], Ehsaal {8], etc

The interphase momentum transfer between the twsqgsh
represented by the drag force, play an importal iro any
multiphase flow approach. Due to its high relevanités

LUIDIZED beds were widely used in industry during the lagthénomenon was frequently investigated in theditee. The

decades. They are characterized by their exce#ielitl
mixing and their ability of higher heat transferawvihg

ultimate goal of these works was to get an optimdirag
model for better fluidized bed hydrodynamics.

achieved success in simulation of single phase ,flow Zimmermann et al [9], reported that the originainis of

Computational Fluid Dynamics (CFD) is considereéagly
promising for modeling multiphase flow. Neverthale€FD
is still at the verification and validation stagies modeling
multiphase flow, and more improvements regardirg ftaw
dynamics and computational models are requiredakenit a
standard tool in designing large scale industeattors.
There are two different classifications of CFD misde the
literature for modeling gas-solid flow: The EULERMA

Gidaspow and Syamlal O’brien are not applicable for
modeling a small fluid catalytic cracking (Gelda#).
F.taghipour et al [6] applied a two dimensional Ciebhnique
to the fluidized bed of glass beads classified atd&t B
particles in order to investigate the momentum arge
between the gas and solids phases. Several draglsnod
included in Fluent are used (the Syamlal and OiBrikkag
model, the model developed by Gidaspow and thaiVeh

LAGRANGIAN approach and the EULERIAN — EULERIAN and Yu). The comparison of_ the model preqictionvae
approach. In the EULERIAN-LAGRANGIAN approach, the€Xperimental measurements in terms of the timea@esbed,

Newtonian equations of motion are solved for eaclividual
particle. This approach also takes into accountollismn
model for commending the energy dissipation causethe
non ideal particle-particle interactions. The setapproach,
namely the Eulerian-Eulerian approach treats thHéerdnt
phases mathematically as continuous and
interpenetrating.
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pressure drop, bed expansion, and qualitative gli-8ow
pattern, gave a satisfying agreement for most oipgra
conditions. Farshid Vejihati et al [10], investigdta two
dimensional multifluid Eulerian CFD model to invigstte the
effect of using different drag models in simulatwibubbling

fungluidized bed. They proposed to adjust the Di Felitrag

model based up on the minimum fluidization condi@f the
experimental data. The results showed that thestajuDi
Felice model reproduces well the experimental messents.
The models of Farshid Vejihati et al [10] were tgued by
Ehsan Esmaili et al [8] to become suitable to thecd
dimensional version of the handled configuratiommifr
results were found. Benjapon et al [11], applietva and
three dimensional CFD technique to the fluidized bé FCC
particles. The EMMS interphase exchange coefficient
pioneered by Yang et al [12], was applied and dped. The
results showed that the modified EMMS interphaseharge
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coefficient can be used to reproduce the experimental
measurement of FCC particles in a bubbling fluidized bed
system with an appropriate scale factor.

In addition to the drag force, the coefficient of restitution
can aso affect the hydrodynamics of a fluidized bed. The
effect of this coefficient was evaluated by F.Taghipour et a
[6] in a 2D multifluid Eulerian CFD mode over the
hydrodynamics of a dense gas-solid fluidized bed. It was
found that to mode efficiently the bed dynamics with
fundamental hydrodynamics models, the energy dissipation
generated by the non ideal particle-particle interaction, has to
be taken into consideration.

Further parameters may affect the smulation results of a
bubbling fluidized bed, such as the wall boundary conditions.
Li et a [13] investigated the impact of this parameter in a 2D
simulation of a bubbling fluidized bed, for gas and solid
phases, over the generated flow hydrodynamics. According to
their investigation, Li et a [13] showed that the wall boundary
conditions need to be specified with great care due to their
high relevance over the hydrodynamics.

In the present work, a multifluid Eulerian Computational
Fluid Dynamics model incorporating the Kinetic Theory of
granular flow is considered in order to simulate the
hydrodynamics of 2D gas-solid fluidized bed. The CFD
simulations were carried out using a commercial software
package, Fluent. These simulations allowed investigating and
comparing the effect of different inter-phase drag functions
(the drag model of Gidaspow [3], Syamlal and O'Brien [14]
and the EMM S drag mode! [12]) over the model predictions.

I1.COMPUTATIONAL FLUID DYNAMICS SIMULATION SET UP

We propose in the current work to solve the governing
equations of mass, momentum and energy, by means of a
multifluid Eulerian model incorporating the Kinetic Theory of
Granular Flow (KTGF) available in the Computational Fluid
Dynamics code, Fluent. A brief summary of the hydrodynamic
model equationsis reported below.

A. Conservation equations
1. Mass conservation equations
The conservation of mass for both phases can be written as:

0(£40,)
$+D,(‘%%%):o (@)
2
%-‘-D'(Espsus) :O ( )
The volume fractions are rel ated as:
Ete, =1
2. Momentum conservation equations
The momentum conservation equations are described by:

% +0(&,0,U,,) = 0.(7,) —£,0P =B (U, —U)) +£,0,9  (3)

FELY e ) =0) -6 PR+ W epg (9
The momentum exchange coefficient who represents the
drag force between the phases is modeled in the current work

as proposed by Gidaspow [3], Syamlal & O'Brien [14], and
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the Energy Minimization Multi-Scale (EMMYS) interphase
exchange coefficient model, pioneered by Yang et al [12] are
provided as follow:

3. Gidaspow drag function

To cover the whole range of void fraction Gidaspow [3]
proposed to combine the Wen-Yu [15] and Ergun [16]
equations. We define the voidage as the volume fraction of the
gas phase. For a voidage greater than 0.8, the Wen-Yu
equation was used. For a voidage less than 0.8 the Ergun
equation was used.

Foress08,  poged™D A aga)i -y ()
& (@) dp
For £5> 0.8, [”:ZCd Eg(t pé‘g) pJu, -l 6)
Where
24 [1 +0.15 (Re ,)°% ] ,Res< 1000 @)
C, =<Rey
0.44 ,Res> 1000 (8)
The particle Reynolds number is given by:
:ggpg‘ug_usdp 9

Re,

Hg

4. Syamlal & O’ Brien drag function
The Syamlal & O'Brien drag function is given by:

_ 3 &£4P, Re, |=— _— (10)
A= 40°d, CD[UFVS ]us ug‘
Where

_ IR
And
U, = 0.5(A— 0.06Re,+./(0.06Re,)? +0.12Re, (2B - A) + A? ) (12)
With
A=gi*, B=08¢;% fores<085 (13)
Or
A=g*, B=g2® forg>0.85 (14)

5. EMMSdrag function

The EMMS interphase exchange coefficient model is
expressed as follows:
For £g< 0.74,

—_ 2 —_ —_
B =150 L gg)zﬂg +1.75 =)oy, -u (19
g-p P
For eg> 0.74,
3(l-¢,)
ﬁ:Z%pg‘ug -u.[Cpw(e) (16)
p
With
Wheno.74<¢, <082,
0.0214 17

ofe,)=-05760+

Ag, ~0.7463 +0.0044
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When0.82< ¢, < 0.97,

wle,)= -0.0101 + 0.0038 (18)
4(e, -0.7789 ) +0.0040
Whene, >~ 0.97,
ale,)=-31.8295+32.8295¢
And
24 [ +0.15(Re ,)°* | Re< 1000 (19)

C DO = Re S

0.44 ,Re>> 1000 (20)

The particle Reynolds number is given by:
_£4pgluy —u,ld
s = /Jg
The EMMS interphase exchange coefficient model was
implemented into Fluent with User Defined Functions (UDF).

P

Re

B. Kinetic Theory of Granular Flow

To close the solid phase momentum equations, the solid
phase stresses should be described. The effective stresses in
the solid phase resulting from direct collision and particle
streaming can be described by the kinetic theory concepts.
These concepts are used when the granular motion is
dominated by collisiona interactions. With analogy to
thermodynamic temperature for gases, the handled model
introduces a granular temperature that describes the solid
velocity fluctuations. The granular temperatureis defined as:
O = lulz (21)

3

The solid phase transport eguation for the granular
temperature so-called granular temperature equation can be
written as: (22)

;(a(‘g}tpsca) + D'(‘E‘spsuse)j = (_ Psl + rs) : Dus - Dq _y_‘]
In words this equation can be explained as:

The net change of fluctuating energy = the generation of
fluctuating energy due to the local acceleration of the particles
+the diffusion of the fluctuating energy + the dissipation of the
fluctuating energy due to inelastic particle-particle collisions+
the exchange of the fluctuating energy between gas and solid
phase

To solve the complete granular temperature equation,
Syamlal et a [17] proposed an agebraic form to this equation.
They assumed that the granular energy is in a steady state and
dissipates locally, thus convection and diffusion terms can be
neglected. Considering only the dissipation and the generation
terms, the algebraic form of the granular temperatureis given
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by:
0=(-PI+7,):0u, -y 23)

C.Constitutive equations

1. The stress tensor
The stress tensor is model ed using the Newtonian stress-strain
for each phase.
The stress tensor for the gas phaseis given as:

2
Ty =& |:(<(g _glug j(lj'ug )I +Hy ((Dug )+ (Dug )T )} (24)
Where & isthe bulk viscosity, is generally set to zero.
The stress tensor for the solid phase the stress tensor is:
(25

T _gs[(‘r : ‘zﬂSJ(D-us)l +,(0u,)+ (00, ) )}

2. Solid pressure

The solid pressure which represents the norma solid phase
forces due to particle-particle interactions is made up of two
terms. a kinetic term and a collisional term as given by Lun et
al [18]. It can be described by:

Poxrer = £,0,0 +29,62p,0(+e)

3. Radial distribution function

The radia distribution function gy is a function that
modifies the probability of collisions between particles.

¥
90:[1_{ E J
€ s max

4. Solid bulk viscosity

The resistance of the particle suspension against expansion
and compression is described by the solid bulk viscosity. That
is generally described by the expression proposed by Lun et al
[18] is often used.

4 )
55 = g‘sspsdpgo(1+e)\/;

5. Solid shear viscosity

The tangentia force which is due to the collisional and
trandational interactions of particles is represented by the
solid shear viscosity. It is written as a sum of collisiona and
Kinetic parst:

lus,KTGF :lus,col +lus,kin (29)
In the current work, we adopted the mode given by
Gidaspow [3] and described as:

(26)

(27)

(28)

4 [0
Hs e :gé‘spsdpgo(l+e) ; (30)
10 p.d 4 2
= JOomr—2P |1+ 1 31
:us.kln 9 T (1+ e)gsgo |: + 5 gOES( + e):| ( )

6. Frictional model
For thefrictional shear viscosity, we used the Schaeffer [19]
model:

_PRsing
21,

The conductivity of the solid fluctuating kinetic energy
describes the diffusion of the granular energy as:

(32)

s, f
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150p.d O 2 c
K, =38§(51f;/);{1+g£sgo(1+ e)} +2ps£§dp(1+e)90\E (33)
The collisional dissipation of the solid fluctuating kinetic
energy represents the rate of energy dissipation within the
solid phase due to collisions between solid particles:

Ve = 3(1—62)6513590@[(1 ?TJ

(34)
I1l. NUMERICAL SIMULATION PROCEDURE AND BOUNDARY
CONDITIONS

A. Bed geometry and simulation parameters

The experimental set up described by Benjapon et al [12] is
used in this study in order to allow a direct comparison with
experimental measurements. In their experiments, Benjapon et
a [12] considered a pseudo 2D bed with 1.28 m in height,
0.3m in width and 0.05 m thickness. The solid bed was the
FCC catalyst at a density of 1654 kg/m® and a mean diameter
of 75 um were fluidized with air at ambient conditions. The
static bed height is 0.24 m with solid volume fraction of 0.5.
The two dimensional 2D geometry was performed and the
eulerian multiphase model was used. The 2D computational
domain was discretized using a uniform quadratic mesh with
4400 cels. Both the shape of the column and the
computational domain are schematically displayed in Fig 1.

Wall

Outflow

1.04m

Wall Wall

p=1654 Kafm®

2=0.5, Hp=0.24m

0.24m

Velocity inlet 0.3m

Fig. 1 (a) Schematic drawing and (b) Computational domain with the
boundary conditions of abubbling fluidized bed

Transient CFD simulations were carried out with a time
step of 10 s and convergence criteria of 10° for each scaled
residual component. The first order upwind scheme was
employed for the spatia discretization of the continuity and
the momentum equations while time was discretized using
first order implicit. To solve the governing equations of mass
and momentum conservation as well as the granular
temperature equation, we used the method of finite volume.
This method uses the phase-coupled SIMPLE called PC-
SIMPLE agorithm, which is an extension of the SIMPLE
agorithm to multiphase flows. The simulation parameters
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used for the CFD simulation of the 2D fluidized bed are
shownin Tablel.

TABLEI
SIMULATION AND MODEL PARAMETERS
Description Value Comment

Bed height H 1.28m Fixed value
Bed width 0.3m Fixed value
Static bed height Ho 0.24m Fixed value
Grid resolution 44x100 Specified
Gas density pg 1.2Kg/m® Air
Particle density ps 1654 Kg/m*  FCC
Particle diameter ds 75um Uniform distribution
Initial solid volum fraction & 0.5 Fixed value
Angle of internal friction 30° Fixed value
Restitution coefficient 0.7 Fixed value
Specularity coefficient 0.0001 Fixed value
Maximum particle packing limit ~~ 0.64 Fixed value

B. Boundary conditions

The computationa geometry used for the simulation
consisted of a bottom gas inlet with a non uniform parabolic
velocity profile, an outflow boundary condition on top with a
fully developed gas flow. At the wall, the no dip boundary
condition was used for the gas phase.

For the solid phase the partia dip boundary condition
developed by Johnson and Jackson (1987) was assumed with a
specularity coefficient of 0.0001.

IV. RESULTSAND DISCUSSION

A.Drag model comparison

To get an optimum drag model for better fluidized bed
hydrodynamics, the classical drag model available in Fluent
6.2 of Gidaspow [3], Syamlal & O’'Brien [14] and the EMMS
drag models were investigated.

The simulations were performed for 15 s of rea flow time
to alow for complete fluidization. The 2D results were time-
averaged over aperiod of 10 s,

Fig 2 depicts the flow structure of the bed simulated by the
Gidaspow drag model. The simulations results show an
overestimation of the fluidization, after 8 s, the conditions are
more characteristic of afast fluidization.
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Fig. 2 Contour plots of the solid volume fraction with Gidaspow drag
mode
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The contour plot of solid fraction for the Syamlahd
O’Brien drag model with the same operating condgiare
shown in Fig 3. The flow pattern is similar to thaitained
with the Gidaspow drag model. Similar overestimagiovere
observed by other researchers (McKeen and Pugg&ely
Zimmermann and Taghipour [9], Peng Li et al [21]).
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45001

43501
t=0s

400001
335601
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3880t
30001
aned
250001
385001
20001
1801
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12501

| 1000t
| 150003
50002
25002
000600

Fig. 3 Contour plots of the solid volume fractioitwSyamlal
&O’Brien drag model

8

t=6s

)

—

t=0.5s t=1.5st=3s t=4s t=8s t=1i

In Fig 4, the axial profile of the solid volume ¢teon versus
the system height for the three models (Gidaspyantal &
O’Brien and EMMS drag model) is displayed. Gidaspavd
Syamlal &O’'Brien show that there is no formation thie
dense bottom zone which characterize the bubbliridiZed
bed. Hence, neither of these models can be appleds
original form to a fluidized bed containing FCC tees of 75
pm diameter.

The axial profile of the solid volume fraction vessthe
system height for the EMMS interphase exchangeficaaft
model shows a consistent increase in the bed heigthtthe
formation of a dense bottom zone. These resultpstphat
to predict the results of FCC particles in a butnplfluidized
bed with 75 um diameter, the EMMS drag model candmsal.

Syamlal and O'Brien drag model
Gidaspow drag model
—— EMMS drag model

0.1 0.15 0.2 0.25
Solid Volume Fraction (-)

Fig. 4 The time-averaged solid volume fraction usrthe system
height with classical drag model
B.Radial solid volume fraction profile

Fig 5, displays the average radial solid volumetfoan at

coefficient model. It can be found that increasihg bed

height reduce the solid volume fraction at the wigtreases.

The solid volume fraction shows higher near thel waililst

accumulating more particles from the core. Thigdue to the
[ wall effect on the gas-solid flow.

0.28 —

-0.2 -0.1 o 0.1 0.2

Radial Position (m)

Fig. 5 Radial Solid Volume Fraction at differentdeeights

C.Particle velocity profile

The radial profile of vertical solid velocities different bed
heights is plotted in Fig 6. It can be seen thatttme mean
solid velocity is downward near the wall region asdipward
in the core region. Such flow patterns are assedi& the
formation, motion and split of bubbles. Bubblesraining
particles with them move up in the center of thidized bed.
When arriving at the fluidized-bed surface, bubbbesakup
and release the particles within them. Particlesn thall
downward along the wall.

Vertical Solid Velogity (m/s)

12
I I I I

-0.2 -0.1 o} 0.1 0.2

Radial Position (m)
Fig. 6 Radial profile of vertical solid velocities different bed
heights

V.CONCLUSION

An Eulerian-Eulerian CFD model incorporating theekic
theory of granular flow was applied using commer€&D

different bed heights for the EMMS interphase ergea Package Fluent v 6.2 in order to study the hydradyics’
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characteristics inside a bubbling fluidized bed BEC
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particles. Three drag models include those of Sghml

&O’Brien, Gidaspow available in Fluent and the EMMS[G]

interphase exchange coefficient implemented inteefl with
User Defined Functions (UDF). Once used, the cpoeding
results where compared. The ultimate goal of thaskwvas to
get an optimum drag model for
hydrodynamics. The simulation results showed thatdrag

models of Gidaspow and Syamlal & O’Brien highlyl®l

overestimate the gas-solid drag force for the F@@iges and
and could not predict the formation of dense phias¢he
fluidized bed. On the other hand, the EMMS integgha
exchange coefficient shows a consistent increasthenbed
height and the formation of a dense bottom zones&mesults
supports that to predict the results of FCC pagticin a
bubbling fluidized bed with 75 um diameter, the EEMrag
model can be used. The solid volume fraction peddil three
heights within the riser shows higher values ndwer wall
whilst accumulating more particles from the core.

TABLE Il

NOMENCLATURE
Symbol Quantity
Coo Drag coefficient ()
dy Particle diameter (m)
e Restitution coefficient between solids or parti¢igs
ey Restitution coefficient between particle and wa)l (
g Gravity force (m/$
oY Radial distribution function (-)
H Height of system (m)
Ho Height of initial solid bed (m)

| Unit tensor (-)

J Granular energy transfer (kg/rfys

Second invariant of the deviator of the rate ddistr
tensor (Pa)

P Pressure (kPa)

q Diffusion of fluctuating energy (kgfs
Re Reynolds number (-)

t Time (s)

u Velocity (m/s)

Greek letters

Interphase exchange coefficient (kg/&h
Volume fraction (-)

Dissipation of fluctuating energy (kg/rs
Granular temperature {nfs)

Shear viscosity (Pa.s)

Bulk viscosity (Pa.s)

Density (kg/m3)

Shear stress tensor (Njm

Angle of internal friction (°)

.GHDJ‘N';:@~< ™m ™
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