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This work investigated a coupled computational fluid dynamics and population balance modeling (CFD-
PBM) approach to predict the hydrodynamic behavior of the complex gas–solid two-phase flow in a
three-dimensional (3-D) polydisperse propylene polymerization fluidized bed reactors (FBRs). Four dif-
ferent drag models, namely Syamlal–O’Brien, Gidaspow, McKeen and EMMS, were incorporated into
the CFD-PBM model for evaluating the different effect of drag force between the gas and solid phases.
Simulation results revealed a significant effect of the drag model on gas–solid flow in polydisperse
polymerization FBRs. It was found that (1) compared to Syamlal–O’Brien and Gidaspow drag models,
McKeen and EMMS drag models could predict a lower bed height, a higher temperature and an obvious
core-annulus structure in polymerization FBRs; (2) EMMS drag model outperforms the other three drag
models with respect to pressure drop prediction; and (3) the drag coefficient had little influence on the
evolution of Sauter number and particle-size distribution.
� 2014 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder

Technology Japan. All rights reserved.
1. Introduction

FBR is one of the most widespread commercial reactors to
produce polyolefin due to its simple construction and excellent
transfer capabilities [1]. In polyolefin FBRs, continuous-feed small
catalyst particles react with the incoming gaseous monomer to
produce polydisperse polyolefin particles. It has been recognized
that polymerization kinetics, particle growth, aggregation and
breakage dynamics could enlarge the polydispersity of particles,
which requires the population balance method (PBM) to describe
these evolutionary processes for particle size distribution (PSD)
modeling [2,3]. Recently, a coupled CFD-PBM model has been
developed to simultaneously predict the particle kinetics and the
gas–solid flow hydrodynamics in the polyolefin FBRs [4,5].

In the pioneering paper of Fan et al. [6], a two-dimensional
(2-D) coupled CFD-PBM approach was developed to model a cold
polydisperse polyolefin FBR. Fan et al. [7] also incorporated the
chemical reaction engineering (CRE) model into the 2-D CFD-
PBM model to investigate roles of intrinsic kinetics and catalyst
PSD in the gas–solid polyolefin FBR. Recently, based on Fan
et al.’s works [6,7], Luo’s group at Xiamen University and Shanghai
Jiao Tong University developed a 3-D CFD-PBM model to describe
the gas–solid flow in a polypropylene FBR [4]. More recently, this
group further incorporated a single particle model into the CFD-
PBM model for investigating the effect of intraparticle transfer lim-
itation on the gas–solid flow behavior in the polypropylene FBR [5].
The previous works proved that the CFD-PBM approach is effective
for describing the gas–solid flow behavior in polydisperse polyole-
fin FBRs. Note that these previous developed CFD-PBM models are
based on the Euler-Euler approach [4–7].

In the Euler–Euler approach, both the gas and the solid phases
are treated mathematically as interpenetrating continua, and mass
and momentum conservation equations for each phase are derived
[8]. Coupling is achieved via the inter-phase forces including drag
force, lift force and virtual mass force. In FBRs, the drag model
plays an important role in gas–solid two-phase flow modeling
[9,10]. The available drag models can be broadly classified into
two categories: (i) the conventional drag models [11–13] and (ii)
the structure-based drag models [14–20]. The conventional drag
models are derived using the terminal velocity data for a single
particle and pressure drop data from a dense packed bed [9]. Since
the gas–solid flows in FBRs are inherently unstable and manifest
fluctuations, which results from gas–solid interactions, some
structure-based drag models linking to the fluctuations were sug-
gested, such as McKeen drag model [14] and EMMS drag model
[15–20]. To date, there are many published papers relating to the
applications of these drag models [9,10,14–16,21–23]. Comparative
of drag
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Nomenclature

C drag equation scale factor in McKeen drag model
CD drag coefficient
Cp,g heat capacity coefficient of gas phase (kJ kg�1 K�1)
Cp,s heat capacity coefficient of solid phase (kJ kg�1 K�1)
[C�] active catalyst site concentration (kmol kg�1

cat)
ds particle diameter (m)
g gravitational acceleration (m s�2)
H bed height (m)
hi specific enthalpy of the ith phase (kJ kg�1 K�1)
I identity matrix
kk specified number of moments
KK an aggregation rate constant (m�6 s�1)
Li, Lj particle diameter (m)
[M] monomer concentration (mol m�3)
_msp mass transfer between the gas and solid phase

Nus Nusselt number of solid phase, dimensionless
N the number of quadrature nodes
DPs pressure drop described by the buoyant weight of the

suspension (K Pa)
DPg the effect of gas phase weight on the pressure weight

(K Pa)
Pr Prandtl number of liquid phase
Qgs intensity of heat exchange between gas and solid phases

(W s�1 m�3)
qi the heat flux (W m�2)
Res Reynolds number
T time (s)
Ts solid temperature (K)
Tsf the average polymer melting temperature (K)

T solid temperature (�C)
v!g gas velocity (m/s)
v!s particle velocity (m/s)
v!p velocity of phase p (m/s)
x spatial coordinate (m)

Greek symbols
ag volume fraction of gas phase
as volume fraction of solid phase
aq volume fraction of phase q
a(Li, Lj) aggregation kernel
b inter-phase momentum transfer coefficient (kg/(m3 s))
lg viscosity of gas phase (Pa s)
ls solid shear viscosity (Pa s)
qg density of gas mixture (kg/m3)
qs density of solid (kg/m3)
qq density of phase q (kg/m3)
��sg shear stress for gas phase (N/m2)
��ss shear stress for solid phase (N/m2)
ks solid bulk viscosity (Pa s)
/ medium porosity
ji thermal conductivity for phase i (W m�1 K�1)
x the correction factor in EMMS drag model
DQrsa heat produced from polymerization reaction (kJ kmol�1)

Subscripts
g gas phase
s solid phase
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analysis of drag models for FBRs has also been reported [9,10]. For
instance, Li et al. [9] examined the suitability of four drag models,
namely Syamlal–O’Brien, Gidaspow, modified Syamlal–O’Brien
and McKeen for predicting the hydrodynamics of the turbulent flu-
idization of FCC particles. Loha et al. [10] assessed four drag force
models, namely Syamlal–O’Brien, Gidaspow, EMMS, and McKeen
in simulating bubbling fluidized bed hydrodynamics. However, in
these works [9,10], the polydispersity of the solid phase was
ignored and the examination was performed in a CFD model instead
of a CFD-PBM model. In addition, although Fan et al. [6,7] and Luo’s
group [4,5,24] simulated polydisperse polyolefin FBR hydronamics
using the CFD-PBM models, only the conventional Gidaspow drag
model was applied. The effect of different drag models was not
investigated numerically in their works [4,5,24]. To the best of
our knowledge, there is so far no open literature on assessment of
different drag models in simulating the hydrodynamics of the
gas–solid flow in a polydisperse polymerization fluidized bed.

In this study, a 3-D CFD-PBM modeling approach has been pro-
posed to investigate the gas–solid hydrodynamics in a polydisperse
propylene polymerization FBR. The coupled model is based on the
Eulerian–Eulerian two-fluid model and involves the kinetic theory
of granular flow, the population balance and the heat exchange
equations. Four representative drag models (i.e., Syamlal–O’Brien,
Gidaspow, EMMS and McKeen) are incorporated in the coupled
model to compare their different effects on the bed hydrodynamics.
Some of the results are also validated with classical calculation.
Fig. 1. Geometrical features of the simulated FBR.
2. Mathematical model and numerical simulations

2.1. Simulated reactor

To obtain the effect of the drag force model on the gas–solid
polydisperse polymerization fluidized bed hydrodynamics, an
Please cite this article in press as: Y. Yao et al., 3D CFD-PBM modeling of the ga
model, Advanced Powder Technology (2014), http://dx.doi.org/10.1016/j.apt.20
experiment-scale FBR was studied as in our previous works (see
Fig. 1) [4,5,24,25].
2.2. Material and simulation methods

2.2.1. The CFD-PBM model and the drag force models
The 3-D CFD-PBM model is analogous to that reported in our

previous work [4] with minor difference. The difference is the drag
force model used in the CFD-PBM model. Besides the conventional
Gidaspow drag model [4], Syamlal–O’Brien, EMMS and McKeen
drag models are applied herein. For the detailed description of
s–solid flow field in a polydisperse polymerization FBR: The effect of drag
14.04.001
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the 3-D CFD-PBM model, the readers are encouraged to refer to
Chen et al.’s work [4]. For the convenience, several major equations
are still listed as follows.

2.2.1.1. Eulerian–Eulerian two-fluid equation. The continuity
equation for phase q (q = g for gas, s for solid phase) is:

@

@t
ðaqqqÞ þ r � ðaqqq~vqÞ ¼ _msp ð1Þ

The momentum conservation equations for gas and solid phases
can be written as:

@

@t
ðagqg~vgÞ þ r � ðagqg~vg �~vgÞ ¼ �agrpþr � ��sg þ bð~v s �~vgÞ þ agqgg

ð2Þ

��sg ¼ aglgðr~vg þr~vT
g Þ ð3Þ

@

@t
ðasqs~vsÞ þ r � ðasqs~v s~vsÞ ¼ �asrp�rps þr � ��ss þ bð~vg �~vsÞ

þ asqsg ð4Þ

��ss ¼ aslsðr~vs þr~vT
s Þ þ as ks �

2
3
ls

� �
r �~vsI ð5Þ

The energy balance equation for gas and solid phases are
expressed as:

@

@t
ðagqghgÞ þ r � ðagqgvghgÞ ¼ �ag

@pg

@t
þ ��sg : rvg �r � qg

þ
Xn

p¼1

ðQgs þ _mgshgs � _msghsgÞ ð6Þ

@

@t
ðasqshsÞ þ r � ðasqsv shsÞ ¼ �as

@ps

@t
þ ��ss : rv s �r � qs

þ
Xn

p¼1

ðQsg þ _msghsg � _mgshgsÞ þ DQ rsa ð7Þ

where

hi ¼
Z T

Tref

cp;idT i ¼ g or s ð8Þ

qi ¼ �aijirTi; i ¼ g or s ð9Þ
2.2.1.2. Heat-exchange coefficient. The rate of energy transfer
between phases is described as follow:

Q gs ¼ jgsðTs � TgÞ ð10Þ

jgs ¼
6jgagasNus

d2
s

ð11Þ

We applied the correlation of Ranz–Marshall [37] to determine
the Nusselt number as follow:

Nus ¼ 2:0þ 0:6Re1=2
s Pr1=3 ð12Þ

Pr ¼ cp;sls

js
ð13Þ
2.2.1.3. The Syamlal–O’Brien drag model. According to Eq. (4),
bð! vg� ! v sÞ is the interaction force between the gas and solid
phases, which greatly affects the hydrodynamic behavior in FBRs.
Different drage models propose different equations for computing
inter-phase momentum transfer coefficient (b).
Please cite this article in press as: Y. Yao et al., 3D CFD-PBM modeling of the ga
model, Advanced Powder Technology (2014), http://dx.doi.org/10.1016/j.apt.20
Syamlal and O’Brien [12] proposed a drag model based on mea-
surements of the terminal velocities of particles in fluidized or set-
tling beds expresses as follow:

b ¼ 3
4

asagqg

v2
r;sds

CD ~v s � ~vg

�� �� ð14Þ

where vr,s is the terminal velocity correlation for the solid phase.
Namely,

v r;s ¼ 0:5ðA� 0:06Res þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð0:06ResÞ2 þ 0:12Resð2B� AÞ þ A2

q
Þ
ð15Þ

A ¼ a4:14
g ; B ¼

0:8a1:28
g ag 6 0:85

a2:65
g ag 6 0:85

(
ð16Þ
2.2.1.4. The Gidaspow drag model. Gidaspow et al. [13] combined
the Ergun equation [26] using for dense phase calculation with
the Wen–Yu equation [11] using for dilute phase calculation.

b ¼ 150
a2

s lg

agd2
s

þ 1:75
asqg j~vs � ~vg j

ds
for ag < 0:8 ð17Þ

b ¼ 3
4

CD
asagqg j~v s � ~vg j

ds
a�2:65

g for ag P 0:8 ð18Þ

where

CD ¼
24

ag Res
½1þ 0:15ðagResÞ0:687� Res 6 1000

0:44 Res > 1000

8<
: ð19Þ
2.2.1.5. The McKeen drag model. McKeen et al. [14] modified the
Gibilaro drag model [27] using a scale factor C as follows:

b ¼ C
17:3
Res
þ 0:336

� �qg j~v s �~vg j
ds

asa�1:8
g ð20Þ

When one considers the effect of interparticle cohesive forces,
the drag will decrease. Therefore, the value of C is taken as 0.15
in present work.

2.2.1.6. The EMMS drag model. Yang et al. [15] proposed a new
drag model based on energy minimization multi-scale (EMMS).
To describe the reduction of drag coefficient caused by the
particle aggregation, a correction factor (x) was introduced. The
EMMS model has been widely used in CFD simulations and was
verified by many cases. For instance, Du et al. [28] thought that
the EMMS drag model could be capable of reflecting the real
mechanisms of gas–solid interactions. The main equations are
listed as follows:

b ¼ 3
4

asagqg j~vs � ~vg j
ds

CDx for ag P 0:74 ð21Þ

b ¼ 150
a2

s lg

agd2
s

þ 1:75
asqg j~vs � ~vg j

ds
for ag < 0:74 ð22Þ

The correction factor x is expressed as

xðagÞ ¼

�0:5760þ 0:0214
4ðag�0:7463Þ2þ0:0044

ð0:74 6 ag 6 0:82Þ

�0:0101þ 0:0038
4ðag�0:7789Þ2þ0:0040

ð0:82 < ag 6 0:97Þ

�31:8295þ 32:8295ag ðag > 0:97Þ

8>>><
>>>:

ð23Þ
s–solid flow field in a polydisperse polymerization FBR: The effect of drag
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2.2.1.7. The population balance method. The general form of the PBE
is:

@nðL; x; tÞ
@t

þr � ½~uðL; x; tÞ� ¼ � @

@L
½GðLÞnðL; x; tÞ� þ BagðL; x; tÞ

� DagðL; x; tÞ þ BbrðL; x; tÞ
� DbrðL; x; tÞ ð24Þ

where nðL; x; tÞ, BagðL; x; tÞ, DagðL; x; tÞ, BbrðL; x; tÞ, DbrðL; x; tÞ are the
number density function of particles, the birth and death rate of
particles due to aggregation, the birth and death rate of particles
due to breakage, respectively.

The moments of the PSD are defined as:

mkkðx; tÞ ¼
Z 1

0
nðL; x; tÞLkkdL kk ¼ 0;1; . . . ;N � 1 ð25Þ

Incorporating Eq. (25) into Eq. (24) results in:

@

@t
ðmkkÞ þ r � ð~umkkÞ ¼ �

Z 1

0
kkLkk�1GðLÞnðL; x; tÞdL

þ Bag;kkðL; x; tÞ � Dag;kkðL; x; tÞ
þ Bbr;kkðL; x; tÞ � Dbr;kkðL; x; tÞ ð26Þ

The quadrature method of moments (QMOM) which uses a
quadrature approximation as follow is used to solve the PBE in this
study:

mkk �
XN

i¼1

wiL
kk
i ð27Þ

By introducing the quadrature approximation, Eq. (25) can be
written as:

@

@t
ðmkkÞþr�ð~umkkÞ¼kk

XN

i¼1

Lkk�1GðLiÞwiþ
1
2

XN

i¼1

XN

j¼1

wiwjðL3
i þL3

j Þ
kk=3

bij

�
XN

i¼1

XN

j¼1

wiwjL
kk
i bijþ

XN

i¼1

wia�i
�bðkkÞ

i �
XN

i¼1

wiL
kk
i a�i

ð28Þ
The growth rate G(Li) is related to the polymerization reaction

rate, and is expressed as:

GðLiÞ ¼
RpL3

0

3qsL
2
i

ð29Þ

where Rp is the polymerization reaction rate defined based on Zacca
et al.’s equation [38]. Rp is shown as

Rp ¼ kp0 exp � E
Rð273:15þ tÞ

� �
½M�½C�� ð30Þ
2.3. Simulation conditions and modeling method

The simulated results are dependent on the range of parameter
values presented in the CFD-PBM model. Most of the parameters
linked to the properties of the gas and solid phases in the reactor
were reported in our previous works [4,5,25]. The previous param-
eter values are still used herein [4,5,25]. The parameters used for
the simulations are shown in Tables 1 and 2. The initial PSD with
mean particle size of 0.0002 m is shown in Fig. 2.

The 3-D simulations based on the CFD-PBM model were per-
formed with the commercial CFD package FLUENT 6.3.26 (Ansys
Inc., US) in double precision mode. A commercial grid-generation
tool, GAMBIT 2.3.16 (Ansys Inc., US) was used to generate the 3-
D geometries and the grids. Grid sensitivity was carried out previ-
ously, where indicated that a total amount of 89,010 cells was ade-
quate to conserve the mass of solid phase in the dynamics model
Please cite this article in press as: Y. Yao et al., 3D CFD-PBM modeling of the ga
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[4,5,25]. The phase coupled SIMPLE algorithm [29] was used to
couple pressure and velocity. Equations and source terms of the
reaction kinetics and PBM were defined via external user-defined
scalars (UDS) and functions (UDF). A two-stage calculation was
implemented [4,25]. The time-averaging has been done between
1.5 s and 3 s to obtain the time-averaged value. Furthermore, the
simulations were performed in a platform of 4� Intel Xeon E7 Ser-
ies with 64 GB of RAM.

3. Results and discussion

The effects of different drag models on flow characteristics
under cold-flow condition are first investigated. Then, the polymer-
ization reaction is added, and the temperature distributions and the
evolutions of the PSD are comapred using four drag models.

3.1. The time to reach stable fluidization stage

Fig. 3 shows the fluidization process from 0.1 s to 2.0 s using
Gidaspow drag model. It clearly reveals that the whole bed can
be considered steady-state after 1.5 s. Therefore, it is reasonable
to assume that the related variables basically keep constant after
1.5 s. Similarly, the time-averaged values used in the following sec-
tions are collected from 1.5 to 3.0 s.

3.2. The fluidization process

First, we simulated the fluidization process using four drag
models, respectively. Since it is observed that the predicted flow
structures before 0.3 s are basically the same for all four drag mod-
els, Fig. 4 only shows the flow structures starting from 0.3 s.

It can be seen from Fig. 4 that both Syamlal–O’Brien and Gidas-
pow drag models show a similar fluidization phenomenon in the
whole fluidization period (0–1.5 s). Fig. 4(a) and (b) show that (1)
the whole bed moves up in the initial period (0–0.6 s); (2) the bub-
bles form at 0.6 s and move along the gas flow direction, which will
result in a uniformly mixing of the particles; and (3) the bed
achieves a complete fluidization at 1.5 s, which is the same as
McKeen and EMMS drag models. In addition, a similar behavior
of the bubbles is also observed using EMMS drag model, while
using McKeen drag model, the predicted gas goes upward in the
way of emulsion rather than bubble since 0.6 s. Fig. 4(d) shows that
EMMS drag model exists the most obvious bubble interface and
bed upper surface. It is also observed that the predicted bed
heights using both McKeen and EMMS drag models are lower than
that of using Syamlal–O’Brien and Gidaspow drag models. In prac-
tice, the first two models consider the meso-scale structure exist-
ing in the form of particle clusters or strands in the system,
which leads to a relative stable fluidization process. Indeed, the
clustering nature of the FBR system has been widely corroborated
in other literatures [14,15]. Note that the drag coefficient for a con-
trol volume strongly depends on this heterogeneous structure [15].

Fig. 4 implies that the predicted hydrodynamics by EMMS drag
model is approximate in agreement with the reality. Fig. 4 also
reveals that the fluidization is much asymmetric compared to the
simulated results using only CFD model [25], which implies that
the coupled CFD-PBM approach could be more suitable for simulat-
ing more complicated and ruleless polydispersed flow.

3.3. The pressure drop under cold-flow condition

The pressure drop is one of the most important parameter in
the successful scale up of FBRs, which is always described by the
buoyant weight of the suspension calculated as [31–33]:
DPs ¼ ðqs � qgÞð1� /ÞgH ð31Þ
s–solid flow field in a polydisperse polymerization FBR: The effect of drag
14.04.001
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Table 1
Physical property of gas and solid phases and operation conditions.

ds (m) qs (kg m�3) qg (kg m�3) lg (Pa s) Cp,g (J kg�1 K�1) Cp,s (J kg�1 K�1) Composition (V/V)

Sauter 910.0 21.56 1.081 � 10�5 1817 2104 C3H6:Air = 6:1

Table 2
Main model parameters.

Descriptions Values

Turbulence model k–e (RNG, dispersed)
Granular viscosity Gidaspow et al. [13]
Granular bulk viscosity Lun et al. [30]
Frictional viscosity Schaeffer
Angle of internal friction 30�
Granular temperature Algebraic
Inlet boundary condition Velocity inlet
Outlet boundary condition Pressure outlet
Wall boundary condition No slip for air, free slip for solid

phase, the adiabatic heat-
transfer equation

Initial bed height 0.2 m
Initial volume fraction of solid phase 0.63
Operating pressure 1.40 � 106 Pa
Inlet gas velocity 0.3 m s�1

Inlet gas temperature 313 K
Restitution coefficient 0.9
Turbulent kinetic energy 0.00036 m2/s2

Turbulent dissipation rate 8.2 � 10�5 m2/s3

Maximum iterations 50
Convergence criteria 1 � 10�4

Time step 1 � 10�3 s

Fig. 2. The initial PSD profile.
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As the gas phase density is up to 21.56 kg m�3 in this study. It is
necessary to consider the effect of gas phase weight on the pres-
sure drop:

DPg ¼ /qggH ð32Þ

Fig. 5 shows the values of pressure drop obtained by both the-
oretical equation and numerical simulation. The calculated value
by classical Eqs. (31) and (32) is 1246 Pa, which is approximately
in agreement with that obtained by simulation results. However,
the pressure drop exist fluctuations caused by the violent motions
of particles in the actual bed.

According to Fig. 5, the fluctuation around a mean value using
the EMMS drag model can fit the calculated data best. The time-
averaged pressure drop between 1.5 s and 3 s using Syamlal–
O’Brien, Gidaspow, McKeen and EMMS models are 1254, 1260,
1250 and 1245 Pa, respectively. Obviously, the mean value
Please cite this article in press as: Y. Yao et al., 3D CFD-PBM modeling of the ga
model, Advanced Powder Technology (2014), http://dx.doi.org/10.1016/j.apt.20
obtained under EMMS model is the closest to the calculated value.
It means that using the EMMS drag model, the predicted pressure
drop is the most accurately.

3.4. The time-averaged solid volume fraction distribution

In order to perform a complete comparison, we chose five typical
bed heights evenly across the whole FBR, i.e., H = 0.05, 0.15, 0.25,
0.35 and 0.45 m. Fig. 6 illustrates the comparison of the simulated
time-averaged solid volume fraction coutour for four drag models.
Both the solid volume fraction distributions predicted using Syam-
lal–O’Brien and Gidaspow drag models are very homogeneous. It is
obvious that this phenomenon is not in agreement with the actual
results in FBRs [34]. However, the obvious existence of core-annular
structure of the flow in the FBR is predicted using McKeen and EMMS
drag models, which is in qualitative agreement with the simulated
results obtained by other researchers [10,14,15]. Indeed, in actual
fluidization, the particles have a tendency to attach to the wall,
which leads to a core-annular structure of the flow in the FBR.
Because of the consideration of the meso-scale structure, McKeen
and EMMS drag models can reflect this fluidization structure well.

3.5. The time-averaged vertical solid velocity distribution

Fig. 7 shows the comparison of the simulated time-averaged
vertical solid velocity distributions in five typical bed height using
different drag models. In general, due to the existence of the core-
annular structure in FBRs, the particles move up in the central
region and fall down along the wall in the annular region. It leads
to backmixing in FBRs [35]. The backmixing phenomenon can’t be
predicted well by McKeen drag model. When using Syamlal–
O’Brien and Gidaspow drag models, the solid velocity upward is
large at the height of 0.45 m. However, using the EMMS drag model,
a less value of vertical solid velocity can be obtained at the same bed
height. The above results obtained from Fig. 7 also match the phe-
nomenon observed from Fig. 4. As described earlier, using Gidas-
pow and Syamlal–O’Brien drag models, the simulated particle
flow is more violent than that obtained using the EMMS drag
model. In conclusion, the solid velocity distribution predicted by
Syamlal–O’Brien, Gidaspow and EMMS drag models are all rational,
and only the McKeen model deviates from the actual situation.

3.6. The sold phase temperature distribution

Due to the addition of the highly exothermic polymerization in
FBRs, the temperature distribution should be recorded. Herein, the
predicted solid phase temperature distributions using the four drag
models are shown in Fig. 8. It is seen from Fig. 8 that the total tem-
perature data for McKeen and EMMS drag models are higher than
those for the other two models. This is due to the fact that the fluid-
ization is more violent by using Syamlal–O’Brien and Gidaspow drag
models, which would cause a higher bed height. Accordingly, it
would lead to a larger porosity and less local released heat.

Furthermore, Fig. 8 shows that the rise in temperature with the
bed height predicted by Syamlal–O’Brien and Gidaspow drag mod-
els are comparative smaller. This is due to the fact that larger
porosity would lead to faster heat transfer. In the actual polymer-
ization process, the particle temperature in the bottom of FBRs is
lower caused by the feeding of the cold fresh gaseous monomers
s–solid flow field in a polydisperse polymerization FBR: The effect of drag
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Fig. 3. The fluidization process using Gidaspow model.

Fig. 4. The fluidization process in the FBR.
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(313.15 K). Since the olefin polymerization is a highly exothermic
reaction, the temperature will increase along the axial direction
from the bottom to the top in the FBRs. Note that the excellent heat
transfer capability of the FBRs would avoid hot spot in the bed.
Please cite this article in press as: Y. Yao et al., 3D CFD-PBM modeling of the ga
model, Advanced Powder Technology (2014), http://dx.doi.org/10.1016/j.apt.20
However, an uneven temperature distribution is still observed
due to the presence of PSD and polymerization kinetics. Moreover,
the particles are easy to aggregate near the wall, which conse-
quently leads to the highest temperature near the wall in FBRs.
s–solid flow field in a polydisperse polymerization FBR: The effect of drag
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Fig. 5. The pressure drop with the fluidization proceeding in the FBR.

Fig. 6. The time-averaged solid volume

Fig. 7. The time-averaged vertical solid
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Unfortunately, the experimental data of FBRs with polymeriza-
tion is difficult to obtain. So we have to use this section just as an
assistant analysis.

3.7. The PSD distribution

Since the PBM is coupled with the CFD model, the drag model
will influence the PSD in FBRs [4]. Herein, the effect of the drag
model on the PSD is also predicted. Since our simulation results
illustrated that the effects of the drag model on the PSD at different
fluidization time points (>1.5 s) are basically the same, only one
fluidization time (i.e., t = 14.0 s) is selected for PSD prediction.

Fig. 9(a) shows the effects of the four drag models on the PSD
prediction. It is observed that four PSD curves are almost the same,
which means that the drag model has little influence on the PSD in
this simulation. This is due to the fact that the effect of particle size
on the aggregation rate is not included in our current work. Com-
pared to Luo et al.’s model, the model developed by Hatzantonis
fraction distributions in the FBR.

velocity distributions in the FBR.
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Fig. 8. The solid phase temperature distributions in the FBR.

Fig. 9. (a) The PSD (t = 8.5 s), and (b) the evolution of the Sauter diameter with the fluidization proceeding in the FBR.
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et al. [36] and Yiannoulakis et al. [2] is much more accurate (the
simulated result using Hatzantonis model can be obtained from
Fig. 4 in Chen et al.’s work [4]). The model is expressed as

aðLi; LjÞ ¼ KKðL2
i þ L2

j Þ
1

LiLj

� �4

ð33Þ
KK ¼ kk1 expðkk2Ts=Tsf Þ ð34Þ

The above model can exactly reflect the influence of the parti-
cle-size on the aggregation rate and the exponentially increasing
of the aggregation rate with the particle surface temperature
[4,5,24,25]. However, the parameters in Hatzantonis et al.’s model
are difficult to determine. Since the value of KK being difficult to
determine through the experiment shows a great influence on
the aggregation rate, we still choose Luo et al.’s model in this work.
4. Conclusion

In this study, a 3D CFD-PBM coupled model was applied to pre-
dict the effect of the drag model on the gas–solid two-phase flow in
polydisperse polymerization FBRs. Four representative drag mod-
Please cite this article in press as: Y. Yao et al., 3D CFD-PBM modeling of the ga
model, Advanced Powder Technology (2014), http://dx.doi.org/10.1016/j.apt.20
els, i.e., Syamlal–O’Brien, Gidaspow, EMMS, and McKeen, were
thoroughly compared.

The results show that the drag model has a significant effect on
the hydrodynamic behavoir of gas–solid flow in polydisperse poly-
merization FBRs. It is found that (1) compared to Syamlal–O’Brien
and Gidaspow drag models,McKeen and EMMS drag models show
a lower bed height, a higher temperature and an obvious core-
annulus structure in polymerization FBRs, while both Syamlal–
O’Brien and Gidaspow drag models cannot predict core-annulus
structure; (2) the predicted pressure drop using EMMS drag model
give the best fit to that calculated by the classical Eq. (3) the back-
mixing phenomenon cannot be predicted well by McKeen drag
model; (4) Syamlal–O’Brien and Gidaspow drag models show lar-
ger upward solid velocity than that by EMMS drag model, and
the total temperature for McKeen and EMMS drag models are
higher than those for the other two models; and (5) the drag coef-
ficient has little influence on the evolution of Sauter number and
PSD.

Based on the above discussion, the more complex hydrodynam-
ics for the EMMS drag model can be obtained, which may be really
in reality.

Further studies on the CFD-PBM coupled model for the gas–
solid two-phase flow in FBR are in progress in our group.
s–solid flow field in a polydisperse polymerization FBR: The effect of drag
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