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A computational fluid dynamics (CFD) model based on the Eulerian–Eulerian approach, coupled with
polymerization kinetics, has been implemented to describe the gas–solid flow behaviors in a gas phase
polyethylene fluidized bed reactor (FBR). The model is firstly validated by the classic equations and ref-
erence data, and then extended to simulate the gas-phase polyethylene FBR under super-condensed
mode for the first time. The influence of three important operating conditions (i.e., inlet gas velocity, inlet
gas temperature, and condensable component isopentane concentration) on gas–solid flow hydrodynam-
ics is investigated to give qualitative and quantitative insights on how these factors affecting FBR perfor-
mances (like bed expansion, bed temperature and productivity) under super-condensed mode through
CFD approach. The simulation results demonstrate that with the increase of inlet gas velocity, the bed
expansion increases rapidly and the number of particles at the lower portion of the bed reduces while
raises at the higher position. The rise of the bed temperature is mainly contributed by the increased
exothermic reaction rate as the inlet gas temperature increasing, which is also influenced by the concen-
tration of condensable component isopentane. The simulation results show that bed temperature
decreases with the increase of condensable isopentane concentration in gas stream. It is found that the
method of heat removal through the latent heat of vaporization is extremely significant and can effec-
tively increases reactor productivity without enlarging the size of the reactor under super-condensed
mode.
� 2016 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder

Technology Japan. All rights reserved.
1. Introduction

Gas–solid two-phase flows involving in most modern indus-
tries, like chemical, petrochemical, materials, pharmaceutical,
etc., are widely studied using experiment or/and modeling
approaches. At present, there are mainly two different CFD
approaches applied to simulate the gas–solid flows: Eulerian–
Lagrangian model and Eulerian–Eulerian model. Some previous
works focused on simulating gas–solid systems using the Eule-
rian–Lagrangian method [1–6]. However, the computational mem-
ory requirement and calculation time increase obviously with the
increase of particle bulk density, which significantly limits the
application of Eulerian–Lagrangian method. For the Eulerian–Eule-
rian method, particles are treated as the continuous phase instead
of discrete phase, whereas gas and solid phases are fully interpen-
etrating and have same form conservation equations. Compared
with the Lagrangian approach, the Eulerian–Eulerian method
requires much less numerical resources and is preferable to study
dense gas–solid flows, which has been extensively applied in many
multiphase flow systems [7–14]. Polyethylene has been used in a
wide range of areas due to its excellent mechanical property, pro-
cess ability and chemical resistance, etc. Currently, the main pro-
ductive technology for polyethylene is the gas phase ethylene
polymerization FBR technology developed by Union Carbide Cor-
poration (UCC) Company in 1986, which takes up 80% of the pro-
duction in the world [15,16]. A few open reports about CFD
models for the gas-phase polyethylene FBRs have been published
[17–22]. Rokkam et al. [17] developed a first-principles electro-
static model coupled with the Eulerian–Eulerian two-fluid model
for ethylene polymerization FBRs to understand the impacts of
electrostatics on particle dynamics and 9.5–10 s of flow time spent
about 24 h CPU simulation time on a high performance parallel
computing machine. They revealed that electrostatics effects parti-
cle segregation and entrainment of fines and proposed that future
effort should be put to incorporate charge generation and dissipa-
tion mechanisms into the electrostatic model. Kaneko et al. [18]
combined a CFD model with the discrete element method (DEM)
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Notation
Cu, C1e, C2e coefficients in turbulent 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 (mol m�3)
ds particle diameter (m)
es particle–particle restitution coefficient
g gravitational acceleration (m s�2)
g0 radial distribution function
Gk,m production of turbulent kinetic energy
H bed height (m)
DH heat of polymerization (kJ mol�1)
DHV latent heat of vaporization of isopentane (J kg�1)
hg specific enthalpy of the gas (kJ kg�1 K�1)
hs specific enthalpy of the solid (kJ kg�1 K�1)
I identity matrix
Dag the second invariant of the deviator stress tensor
Kgs interphase exchange coefficient (kg m2 s�1)
kp0 propagation rate constant(including k11, k12, k21, k22)

(m3 kmol�1 s�1)
k11 propagation rate constant with terminal monomer

ethylene reacting with monomer ethylene
(m3 kmol�1 s�1)

k12 propagation rate constant with terminal monomer
ethylene reacting with monomer butene
(m3 kmol�1 s�1)

k21 propagation rate constant with terminal monomer bu-
tene reacting with monomer ethylene (m3 kmol�1 s�1)

k22 propagation rate constant with terminal monomer
butene reacting with monomer butene (m3 kmol�1 s�1)

[M] monomer concentration (mol m�3)
_msp mass transfer rate between the gas and solid phase
misopentane mass of condensable component isopentane

(kg m3 s�1)
Nus Nusselt number of solid phase (dimensionless)
Nc Courant number
ps solid phase pressure (Pa)
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 (dimensionless)
qg heat flux of gas phase (Wm�2)
qs heat flux of solid phase (Wm�2)
Qgs of heat exchange between gas and solid phases

(W s�1 m�3)

RP polymerization rate (mol m�3 s�1)
T temperature (K)
Tg gas temperature (K)
Ts solid temperature (K)
~vg gas velocity (m s�1)
~vs particle velocity (m s�1)
~vm velocity vector of system m (m s�1)

Greek symbols
ag volume fraction of gas phase
as volume fraction of solid phase
ai volume fraction of phase i
as,m maximum volume fraction of solid phase
b inter-phase momentum transfer coefficient

(kg m�3 s�1)
e dissipation rate (m2 s�3)
/ voidage
ugs the dissipation of granular energy resulting from the

fluctuation forcer (m2 s�3)
lg viscosity of gas phase (Pa s)
ls solid shear viscosity (Pa s)
ls,col solid collisional viscosity (Pa s)
ls,kin kinetic viscosity (Pa s)
ls,fr frictional viscosity (Pa s)
re granular kinetic theory parameter (kinetic viscosity)

(Pa s)
h angle of internal friction (deg)
Hs granular temperature (m2 s�2)
cHs

the collisional dissipation of energy (m2 s�2)
sg shear stress of gas phase (N m�2)
ss shear stress of solid phase (N m�2)
qg density of gas mixture (kg m�3)
qs density of solid (kg m�3)
qm density of system m (kg m�3)
qi density of phase i (kg m�3)
ks solid bulk viscosity (Pa s)
j turbulence kinetic energy tensor
kg thermal conductivity of gas phase of interphase

(Wm�1 K�1)
ks thermal conductivity of solid phase of interphase

(Wm�1 K�1)
DQrsa heat produced from polymerization reaction (kJ kmol�1)

Subscripts
g gas phase
s solid phase
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to study the temperature profiles of gas–solid two-phase flow in a
polyolefin production FBR. Compared with the Eulerian method
applied in Rokkam et al.’s work [17], the Lagrangian method used
in Kaneko et al.’s research required higher computational resource
that 1 s simulation time takes around 12 h of computer time. The
hot spot formation at the bottom corner above the perforated plate
distributor was observed in this work, whose formation is affected
greatly by the revolution flow of a large stable particle and the
degree of mixing. Gobin et al. [19] predicted the flow behaviors
of gas-phase ethylene polymerization in experimental and indus-
trial FBRs through two and three dimensional simulations based
on the Eulerian–Eulerian two-fluid method. The numerical predic-
tion agreed well with the observed behaviors in terms of bed
height, pressure drop and mean flow organization qualitatively.
In addition, they concluded that two-dimensional (2D) simulations
can predict three-dimensional (3D) reactor behaviors well with a
much lower computing effort, especially for the industrial scale
reactor. An Eulerian–Eulerian method without considering species
transport and chemical reactions was applied to simulate the pro-
duction of polyethylene in a gas–solid FBR in Hulme et al.’s work
[20]. Firstly, the numerical validation study was investigated by
discussing the effect of various parameters (like time step, differ-
encing scheme, frictional stress, and closing equations) on numer-
ical accuracy, and then the results obtained from the simulation
were compared with experimental results using glass bead as the
solid phase. Compared with experimental results, larger axial bub-
ble velocities were predicted in numerical modeling. Dehnavi et al.
[21] applied the multi-fluid CFD model to investigate the temper-
ature profiles of the flows in polyethylene FBRs. They found that
the temperature gradient of the primary section in the bed was
much larger than that of other sections and the effects of all drag
models on temperature gradient along the bed was approximately
similar. Karimi et al. [22] investigated the hydrodynamic behaviors
of gas–solid two flows in a gas-phase polyethylene FBR using the
Eulerian–Lagrangian approach. The simulation results illustrated
that the increase of gas velocity decreased the particle temperature
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because of the improvement of the heat transfer rate. Specifically,
more efficient contact between reactants and catalyst occurs in the
bed, and thus particle temperature decreases, Furthermore, higher
homogeneity in the FBR can be found with higher pressure. A more
realistic model was developed in the simulations because the influ-
ence of temperature and concentration on reaction rates was taken
into consideration. It was possible to predict flow patterns more
accurately. However, the Eulerian–Lagrangian approach is limited
to a relatively small numbers of particles due to computational
cost and calculation time. Therefore, the application of this model
in the literature was significantly limited.

On the other hand, ethylene polymerization is a highly exother-
mic reaction, and it has long been believed that liquid present in the
FBR of a gas process could disrupt the fluidization process as to
result in a collapse of the bed and complete reactor shutdown
[23–25]. The reaction heat in the conventional gas-phase ethylene
FBR is removed as sensible heat by the gas stream. In 1985 and
1986, the UCC Company [23,24] presented the ‘‘Condensing Mode
Technology” in which the gas stream could be cooled below its
dew point to produce liquid. When gas–liquid feed was introduced
in the reactor, where the liquid of feed vaporized immediately and
absorbed large amount of reaction heat. They recommended that
the level of liquid in the stream be in the range between 2 and
12 wt.% and not exceed 20 wt.%. In 1994, the Exxon Company [25]
proposed ‘‘Super Condensing Mode Technology” that the high con-
centration inert condensable component was introduced to the gas
stream and the condensation liquid could be more than 20 wt.%,
even to about 50 wt.%. As a result, more reaction heat was removed
and the production rate of polyethylene for super-condensed mode
operation was greater than that of condensing mode.

In this work, an Eulerian–Eulerian two-fluid CFD model that
incorporated the kinetic theory of granular flow (KTGF) [26–28],
drag model [29] and polymerization kinetics [30] was applied in
the gas-phase ethylene polymerization FBR and validated by com-
paring the simulation results with the classic equations and the
results reported by Karimi et al. [22]. And then this combined
CFD model was extended to firstly model flow hydrodynamics of
gas-phase ethylene polymerization in an experimental FBR under
super-condensed mode. As mentioned above, it can be seen that
no open literature has been published on CFD research for gas-
phase polyethylene FBRs under super-condensed mode although
there are a few studies about CFD simulations for conventional
gas-phase polyethylene FBRs (under non-condensed mode) [17–
22]. The main objective of this article is to use the developed com-
bined CFD model to investigate the effects of changing the operat-
ing conditions on reactor performance for gas-phase polyethylene
FBRs under super-condensed mode and provide a new and direct
insight on how these factors affecting reactor performances in
super-condensed operation, hence, help to understand the funda-
mentals of super-condensed technology better.
2. Model development

2.1. Eulerian–Eulerian two-fluid equations

Unlike Karimi et al.’s research [22], the Eulerian–Eulerian
approach that owns wide applications was used to describe the
gas–solid two flows in this work. The detailed equations are shown
in the following [31–34].

The continuity equations for gas and solid phases are given as:

@

@t
ðagqgÞ þ r � ðagqg~vgÞ ¼ � _msp ð1Þ

@

@t
ðasqsÞ þ r � ðasqs~v sÞ ¼ _msp ð2Þ
In addition, the volume fraction of gas and solid phases meet:

ag þ as ¼ 1 ð3Þ
The momentum balance equation for the gas phase is described

as:

@

@t
ðagqg~vgÞ þ r � ðagqg~vg~vgÞ ¼ �agrpþr � sg � _msp~vg

þ Kgsð~v s �~vgÞ þ agqg~g ð4Þ

sg ¼ aglgðr~vg þr~vT
gÞ ð5Þ

The momentum balance equation for the solid phase is
described as:

@

@t
ðasqs~v sÞ þ r � ðasqs~v s~v sÞ ¼ �asrp�rps þ _msp~v s þr � ss

þ Kgsð~vg �~v sÞ þ asqs~g ð6Þ

ss ¼ aslsðr~v s þr~vT
s Þ þ as

�
ks � 2

3
ls

�
r �~v sI ð7Þ

The energy balance equation for the gas phase is written as:

@

@t
ðagqghgÞ þ r � ðagqg~vghgÞ ¼ �ag

@pg

@t
�r �~qg þ sg : r~vg

þ
Xn

p¼1

ðQgs þ _mgshgs � _msghsgÞ ð8Þ

The energy balance equation for the solid phase is written as:

@

@t
ðasqshsÞ þ r � ðasqs~v shsÞ ¼ �as

@ps

@t
�r �~qs þ ss : r~vs

þ
Xn
p¼1

ðQsg þ _msghsg � _mgshgsÞ þ DQrsa

ð9Þ
(for traditional operation)

@

@t
ðasqshsÞ þ r � ðasqs~v shsÞ ¼ �as

@ps

@t
�r �~qs þ ss : r~vs

þ
Xn
p¼1

ðQsg þ _msghsg � _mgshgsÞ

þ DQrsa � DQvap ð10Þ
(under super-condensed mode)where

hg ¼
Z

Cp;gdTg ð11Þ

hs ¼
Z

Cp;sdTs ð12Þ

~qg ¼ �agjgrTg ð13Þ

~qs ¼ �asjsrTs ð14Þ

DQrsa ¼ RpDH ð15Þ

DQvap ¼ misopentaneDHV ð16Þ
The rate of energy transfer between gas and solid phases are

expressed as follows:

Qgs ¼ hgsðTs � TgÞ ð17Þ

hgs ¼ 6jgagasNus

d2
s

ð18Þ

And Gunn [35] is applied to describe Nus:
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Nus ¼ ð7� 10as þ 5a2
s Þð1þ 0:7Re0:2s Pr1=3Þ þ ð1:33� 2:4as

þ 1:2a2
s ÞRe0:7s Pr1=3 ð19Þ

Pr ¼ cp;sls

js
ð20Þ
2.2. KTGF

In order to express the rheological properties of fluidized solid
phase (e.g., the viscosity of the solid phase, the pressure gradient
of the solid phase), closure relations are required in Eulerian–Eule-
rian two-fluid model. As collision interaction dominates the parti-
cle motion, the effective stresses caused by particle streaming
collision in the solid phase can be described with the concepts
from the fluid kinetic theory [26–28]. In this present work, consti-
tutive equations that have been applied widely for the solids stress
tensor based on the fluid kinetic theory concepts are indicated as
follows [27]:

Ps ¼ asqsHs 1þ 2g0asð1þ esÞ½ � ð21Þ

ks ¼ 4
3
a2
sqsdsg0ð1þ esÞ

ffiffiffiffiffiffi
Hs

p

r
ð22Þ

where

g0 ¼ 1

1� ðas=as;maxÞ1=3
ð23Þ

Hs ¼ 1
3
v 0

sv 0
s ð24Þ

The transport equation for granular temperature is derived as
follows [7]:

3
2

@

@t
ðqsasHsÞ þ r � ðqsas v s

*
HsÞ

� �
¼ ð�psI þ ssÞ

: rv s
* þr � ðkHsrHsÞ � cHs þugs ð25Þ

where kHs is described as [36]:

kHs ¼
150qsds

ffiffiffiffiffiffiffiffiffiffi
pHs

p
384ð1þ esÞg0

1þ 6
5
asg0ð1þ esÞ

� �2
þ 2qsa

2
s ð1þ esÞg0

�
ffiffiffiffiffiffi
Hs

p

r
ð26Þ

where cHs
is shown as [27]:

cHs
¼ 12ð1� e2s Þg0

ds
ffiffiffiffi
p

p qsa
2
sH

1:5
s ð27Þ

ugs ¼ �3KgsHs ð28Þ
Herein, the same equations as the previous works [37–39] were

used to express the solid phase dynamic viscosity [27,29,40]:

ls ¼ ls;col þ ls;kin þ ls;fr ð29Þ
where

ls;col ¼
4
5
asqsdsgoð1þ eÞ Hs

p

� �0:5

ð30Þ

ls;kin ¼ 10dsqs

ffiffiffiffiffiffiffiffiffiffi
Hsp

p
96asð1þ eÞg0

1þ 4
5
ð1þ eÞasg0

� �2
ð31Þ

ls;fr ¼
ps sinu
2

ffiffiffiffiffiffi
I2D

p ð32Þ
2.3. Turbulence model

A standard j–e model [41,42] was employed in this paper
because of its economic calculation and good robustness, which
has been applied widely in engineering fluid simulations.

@

@t
ðqmjÞ þ r � ðqmj~vmÞ ¼ r � lþ lt;m

rk
rj

� �
þ Gj;m � qme ð33Þ

@

@t
ðqmeÞ þ r � ðqme~vmÞ ¼ r � lþ lt;m

re
re

� �
þ e
j
ðC1eGj;m � C2eqmeÞ

ð34Þ
where

qm ¼
XN
i¼1

aiqi ð35Þ

~mm ¼
PN

i¼1aiqi~vmPN
i¼1aiqi

ð36Þ

lt:m ¼ qmCl
j2

e
ð37Þ

Gj;m ¼ lt;m r~vm þ ðr~vmÞT
� �

: r~vm ð38Þ
2.4. Drag force model

Herein, the momentum transfer between the gas and solid
phases is based on an empirical drag law which was proposed by
Gidaspow [29]. The equations are listed as follows:

b ¼ 3
4
CD

asagqg j~v s �~vg j
ds

a�2:65
g for ag P 0:8 ð39Þ

b ¼ 150
a2
slg

agd
2
s

þ 1:75
asqg j~vs �~vg j

ds
for ag < 0:8 ð40Þ

where CD is described as:

CD ¼
24

agRes
1þ 0:15 agRes

	 
0:687h i
ðRes 6 1000Þ

0:44ðRes > 1000Þ

(
ð41Þ
2.5. Polymerization kinetic model

The polymerization mechanism comprises a series of elemen-
tary reactions, like site activation, propagation, site deactivation,
chain transformation, and chain transfer reactions. A simple kinet-
ics of ethylene polymerization based on Ziegler–Natta catalysts
[30] was adopted in this article, which mainly consider propaga-
tion reactions. The kinetic equation is described below:

Propagation rate : Rp ¼ kp½M�½C�� ð42Þ
where kp is expressed as:

kp ¼ kp0 expð�EA=RTÞ ð43Þ
3. Simulation conditions and modeling method

3.1. Simulated FBR and model parameters

To describe the gas–solid two-fluid flow for traditional gas-
phase polymerization of ethylene in FBRs, we chose a same simple
2D experimental FBR used in Karimi’s work [22]. The geometry of



Table 1
Model parameters.

Description Values

Inlet boundary condition Velocity inlet
Outlet boundary condition Pressure outlet
Wall boundary condition No slip for gas, free slip for solid
Wall thermal condition Adiabatic
Particle–particle restitution coefficient 0.9
Granular viscosity Gidaspow et al. [29]
Granular bulk viscosity Lun et al. [27]
Frictional viscosity Schaeffer et al. [40]
Angle of internal friction 30�
Granular temperature Algebraic
Solid phase packing limit 0.63
Maximum iterations 50
Convergence criteria 10�3

Time step (s) 10�3
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simulated reactor is shown in Fig. 1, and it is with the height of
0.4 m, the inner diameter of 0.1 m and an initial bed height of
0.1 m for 0.5 volume fractions of particles. The model detailed
parameters for simulations are listed in Table 1.

3.2. Modeling method

As described earlier, the CFD model is based on the Eulerian–
Eulerian approach. Furthermore, the polymerization kinetics and
the modified energy source terms were incorporated into the
CFD model by the user defined functions (UDF). The 2D geometry
of simulated reactor and the grids were generated by a commercial
grid-generation tool, GAMBIT 2.3.16 (Ansys Inc., US). All the equa-
tions were calculated by the commercial CFD code FLUENT 6.3.26
(Ansys Inc., US) in double precision method. The phase-coupled
SIMPLE algorithm was applied to couple pressure and velocity. In
addition, the simulations were performed in a platform of 4�Intel
Xeon E7 Series with 64 GB of RAM.

4. Results and discussion

4.1. Grid sensitivity and model validation

In order to select the adequate minimum cells to predict
gas–solid two-phase hydrodynamics for this model, simple grid
Fig. 1. Schematic diagram of the simulated fluidized bed reactor.
sensitivity was analyzed through three cases. Simple grid sensitiv-
ity was conducted to determine the minimum number of cells that
is adequate to predict the hydrodynamics in the FBR. Three cases
were designed for the grid sensitivity analysis where the domain
of the fluidized bed reactor in the simulation was divided into
8250, 12,500 and 16,320 cells, respectively. The effect of cell num-
ber on the time-averaged solid volume fraction and gas velocity
along dimensionless radial position is shown in Fig. 2, which illus-
trates that a total amount of 12,500 cells could provide grid-
independent results. Due to the importance of the numerical
choices that affect the numerical accuracy, convergence and stabil-
ity strongly, it is crucial to identify appropriate numerical settings
for the solution of the model equations. A dimensionless number
always used to guide numerical settings is the Courant number
Nc which is defined as [43–48]:

Nc ¼ ~vg
Dt
Dy

ð44Þ

where ~vg is the gas velocity; Dy is the cell size parallel to the advec-
tion flow term and Dt is the time step, reflecting the part of a cell
that the fluid traverses by advection in a time step. Low Courant
number decreases oscillations and numerical dispersion, and
improves accuracy. For a given convergence criterion, however, a
smaller time step increases the relative error and thus low Courant
numbers also give inaccurate results [43,44]. Researchers suggested
that the Courant number was best in the range 0.03–0.3, which
leads to convergence in reasonable amount of iterations and also
sufficiently accurate and also gives simulation results independent
of mesh, time step, and convergence criterion [43–48]. Considering
specific conditions in our work (inlet gas velocity: 0.2 m/s and Dy:
1.6 mm), a time step of 1.00 � 10�3 s with 50 iterations per time
step was used, which makes Courant number is 0.125 in the work.

Compared with the CFD-DEM model used to simulate the same
gas-phase ethylene polymerization FBR [22], herein, the CFDmodel
is based on Eulerian–Eulerian approach and the detail physical
properties and operation parameters for simulation are shown in
Table 2. The pressure drop is one of the most vital parameters for
the gas phase polyethylene in FBRs, which can be illustrated by
the buoyant weight of the suspension [49,50]:

DPs ¼ ðqs � qgÞð1� /ÞgH ð45Þ
Because the gas phase density is up to 23.089 kg m�3 in this

work, the effect of gas phase weight on the pressure drop should
be considered:

DPg ¼ /qggH ð46Þ
Fig. 3 illustrates the comparison of the values of pressure drop

obtained by both the theoretical equations and numerical simula-
tion. The calculated pressure drop value by the classical Eqs (45)



Fig. 2. Grid sensitivity analysis: (a) solid volume fraction along dimensionless radial position at h = 0.1 m and (b) gas velocity along dimensionless radial position at h = 0.1 m.

Table 2
Main physical properties and operation conditions [22,30].

Descriptions Values

Physical properties
Gas mixture(ethylene, 1-butene, nitrogen and hydrogen)
Cp,g(J kg�1 K�1) 1.8 � 103

qg (kg m�3) 23.089
lg (kg m�1 s�1) 1 � 10�5

kg (Wm�1 K�1) 2.91 � 10�2

Diffusivity coefficient (m2 s�1) 4 � 10�7

Solid phase
Diameter(m) 0.001
qs (kg m�3) 900
Cp,s (J kg�1 K�1) 2.3 � 103

Operation conditions
Inlet particle temperature (�C) 76
Inlet gas temperature (�C) 20
Inlet molar fraction of ethylene 0.4
Inlet molar fraction of 1-butene 0.16
Inlet molar fraction of hydrogen 0.09
Inlet molar fraction of nitrogen 0.35
Inlet gas velocity (m s�1) 0.2
Pressure (MPa) 2
Kinetic parameters
Activation energy, EA (J mol�1) 7000
Chemical heat release, DH (kJ mol�1) 100
Pre-exponential factor (m3 mol�1 s�1), k11 4.49 � 107

k12 1.50 � 106

k21 4.49 � 106

k22 5.96�105

Fig. 3. Pressure drop vs. t.

Fig. 4. Gas and solid temperature profiles vs. bed height.
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and (46) is 441. 45 Pa and the simulated mean value is 432.55 Pa,
which reveals that the simulated bed pressure drop results agree
well with the classical calculated data. In addition, herein, the com-
parison of the temperature profiles between this work and Karimi’s
paper [22] is also listed (see Fig. 4). The temperatures of solid and
gas reach the same at the bed height of about 12 cm for our work
and Karimi’s work in Fig. 4. Furthermore, from Fig. 4, it can be
observed that the simulation results are in good agreement with
the data in the reference [22], which proves that the CFD model
based on Eulerian–Eulerian approach can be used to simulate the
gas–solid flow in polyethylene FBR.
4.2. Two-phase flow behaviors under super-condensed mode

The above CFD model was extended to simulate the gas–solid
hydrodynamics in gas phase ethylene polymerization FBR under
super-condensed mode. In the super-condensed mode, the gas
stream containing entrained fine liquid droplets is introduced into
the reactor at a point, preferably at the very bottom of the reactor
to ensure uniformity of the fluid stream passing upwardly through
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the FBR [23–25]. Researches reveal that liquid droplets rapidly
evaporate near the bottom of the reactor [23–25,51–53]. For
instance, Utikar et al. [53] illustrated that the liquid evaporation
time scales are quite small in olefin polymerization FBRs, about
0.023–0.438 s for evaporating the droplets in the range of 10–
150 lm. Hence, we assume that the liquid of feed under super-
condensed mode is vaporized instantly at the feed inlet and then
the system can be considered as gas–solid two-phase issues. Same
treatments could also be seen in fluid catalytic cracking (FCC) pro-
cess, where the feed liquid oil vaporizes almost instantaneously to
form vacuum gas oil (VGO) as contacting with the hot catalysts and
the FCC system is always handled as gas–solid system [54–57].
Because of the vaporization of the liquid, the energy balance equa-
tion for solid phase under super-condensed mode has changed to
Eq. (10) (for traditional operation, the energy balance equation
for solid phase is Eq. (9)).

The main operation conditions are listed on Table 3. We discuss
the fluidization process for the FBR under super-condensed mode
and the impacts of various factors on gas–solid flow behaviors,
so as to give qualitative and quantitative insights on how these
factors (such as gas inlet velocity, gas inlet temperature and
isopentane concentration) affecting FBR performances under
super-condensed mode to help designing and optimizing reactors,
which also provide guidelines on future CFD simulations for
gas-phase polyethylene FBRs under super-condensed mode.

4.2.1. The fluidization process
Firstly, the fluidization process was simulated. Figs. 5 and 6

indicate the contour plots of solid phase volume fraction at differ-
ent times. Fig. 5 describes that in the initial fluidization period the
bed becomes loose with the uniform inlet of gas flow, and then the
voidage of solid phase in the bottom bed improves quickly. Hence,
at 0.3 s the bubbles are formed and move along with the gas flow
direction, resulting in the expansion of the whole bed. With the gas
inflowing continually, the small bubbles begin to rise and aggre-
gate to big bubbles, which results in the further expansion of the
whole bed and a uniform mixing of the particles. Fig. 6 indicates
that after the duration of about 3.6 s, the flow hydrodynamics
can be considered a steady-state and the whole bed achieves a
complete fluidization. In this study, the time-averaged variables
were collected from 3.7 s to 9.0 s.

4.2.2. The effect of inlet gas velocity
The inlet gas velocity plays a significant role in the flow hydro-

dynamics of FBRs. To investigate the effect of the inlet gas velocity
on gas–solid two-phase flow behaviors in the FBR, three inlet gas
velocities are studied: i.e., 0.20 m/s, 0.24 m/s and 0.28 m/s. Fig. 7
shows the bed expansion, which significantly changes the interac-
tion of the gas phase and the solid phase, as a function of various
time at three various inlet gas velocities. Obviously, the bed expan-
sion increases rapidly with the increment of the inlet gas velocity.
Furthermore, the increasing trend of bed expansion becomes
slowly as simulation time increases, because the fluidization is
Table 3
Operation conditions under super-condensed mode [25].

Descriptions Values

Operation conditions
Inlet gas temperature (�C) 53
Inlet molar fraction of ethylene 0.521
Inlet molar fraction of 1-butene 0.197
Inlet molar fraction of hydrogen 0.099
Inlet molar fraction of isopentane 0.12
Inlet molar fraction of nitrogen 0.063
Pressure (MPa) 2.17
close to the full developed fluidization. Fig. 8 indicates different
solid volume fraction in varied bed height at different inlet gas
velocities. As observed in Fig. 8, it is much easier for particles to
accumulate at the bottom of the bed at slower inlet gas velocity.
With the increase of the inlet gas velocity, the number of particles
at the lower position of the bed reduces while raises at the higher
portion of the bed.
4.2.3. The effect of inlet gas temperature
To investigate the influence of the inlet gas temperature on

temperature distribution of the gas-phase polymerization FBR
under super-condensed mode, three inlet gas temperatures, i.e.,
316.15 K, 326.15 K, and 336.15 K, were selected herein. The simu-
lation results shown in Fig. 9 describe that the temperature distri-
bution of the bed is uniform except a temperature gradient in the
bottom of the fluidized bed and the hot spot in the top. That is
because the condensable feeding liquid vaporizes inside the bed
bottom immediately and removes heat from the bed, which leads
to the temperature gradient in the bottom of the bed. For the hot
spot close to the wall in the top of the bed, it is known that at
the free slip condition the particles are easier to move along with
the wall in the bed while the heat transfer between gas and solid
phase is smaller in the top of the fluidized. Therefore, the particles
aggregate and more reaction heat release and accumulate, which
results in the formation of the hot spot close to the wall in the
top of bed. In addition, the lower temperature region can be
observed at areas close to the hot spot region because less particles
aggregate and less reaction heat release herein. Fig. 9 also illus-
trates that the improvement of the inlet gas temperature increases
the bed temperature, which can be obviously observed at the inlet
gas temperature of 336.15 K. The increase of the bed temperature
is mainly dominated by the reaction rate and the heat carried in by
the inlet gas temperature. The mean value of bed temperature at
different inlet gas temperature regardless of reaction heat is also
simulated and compared with considering reaction heat in
Fig. 10. The results show that the bed temperature is almost the
same with the inlet gas temperature, without taking into account
the reaction heat. However, the bed temperature gets higher than
the inlet gas temperature with considering reaction heat, further-
more, with the increase of the inlet gas temperature, the impact
of reaction heat on the increase of the bed temperature becomes
more obvious. The increment of the inlet gas temperature
enhances polymerization reaction rate that make more heat
released in the reactor since the polymerization is an exothermic
and irreversible reaction [23–25,58–62], which results in the
increase of the bed temperature. Furthermore, the rise of the bed
temperature is mainly contributed by the increased exothermic
reaction rate as the inlet gas temperature increasing. For the actual
operation of the fluidized bed, too high inlet gas temperature will
also increase the possibility of the formation or agglomeration of
chunks of polymer. As a consequence, at a lower inlet gas temper-
ature, more heat from the bed can be removed and the operation
for the bed will be more stable.
4.2.4. The effect of isopentane concentration
For super-condensed mode, the dew point increasing condens-

able component isopentane is added to the gas stream that is
cooled below the dew point in the gas-phase fluidized bed poly-
merization process, resulting in the generation of the condensable
liquid in the gases stream [23–25]. Obviously, the amount of the
generated condensable liquid is affected by the concentration of
the condensable component in the gases stream. Hence, in order
to study the impact of the condensable component isopentane con-
centration on reactor’s temperature and solid volume fraction, four
various molar fractions of isopentane in the gas stream (0, 0.07,



Fig. 5. The contours of solid phase volume fraction.

Fig. 6. The contours of solid phase volume fraction.
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0.12 and 0.17) are investigated in this work. The modeling results
are described in Figs. 11–13.

Fig. 11 describes the mean value of the bed temperature and
solid volume fraction at four condensable component isopentane
molar fractions. As observed in Fig. 11, the mean bed temperature
under non-condensed mode that isopentane molar fraction is 0 is
higher than that under super-condensed mode. Furthermore, as
isopentane concentration increasing under super-condensed
mode, the mean bed temperature decreases. Nevertheless, the
improvement of isopentane concentration results in an increase
in solid volume fraction. The bed temperature distributions with
four different condensable isopentane concentrations are shown
in Fig. 12. The decrease in bed temperature is also observed with
the rise of condensable isopentane concentration in gas stream. It
is obvious that the concentration of condensable component in
the gas stream is directly related to the amount of heat that can
be removed from the bed. The increased condensable component
results in generating more liquid and then significantly enhances
the cooling capacity of the gas stream. Specifically, more exother-
mic reaction heat removal can be achieved by introducing more



Fig. 7. Bed expansion in the initial time of 2.5 s.

Fig. 8. Distribution of volume fraction of solid phase.

Fig. 9. Temperature distribution in the bed with different inlet gas temperatures
(condensable component isopentane molar fraction = 0.12).

Fig. 10. Mean bed temperature vs. inlet gas temperature.

Fig. 11. Mean bed temperature and solid volume fraction vs. isopentane molar
fraction.
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liquid to the reactor where liquid will vaporize quickly at the
entrance and absorb more amount of reaction heat from the reac-
tor. Hence, the improvement of the condensable isopentane con-
centration decreases the bed temperature of the gas-phase
polyethylene FBR under super-condensed mode. Likewise, the
temperature gradient in the bottom and the hot spot in the top
of the bed can be observed as well.

In a gas-phase ethylene FBR, catalyst particles are introduced
into the reactor. When these catalyst particles are exposed to the
gas stream containing monomers, polymerization reaction takes
place on the catalyst surface. Monomers polymerize causing poly-
mer to encapsulate the catalyst, which expands and grows into the
resultant polymer particle [59,63–66]. Apparently, the polymer
particles that encapsulate catalyst are the final products in FBRs,
therefore, we compared mean solid volume fraction in various
isopentane concentrations to investigate their influence on pro-
ductivity. Fig. 13 gives mean solid volume fraction contours at var-
ious isopentane concentrations, which also reveal the increase in
solid volume fraction at higher isopentane concentration as illus-
trated in Fig. 11. Polymerization is highly exothermic [23–25,58–
62], thus, it will be understood that the rate of polymer production
in a FBR of a given size in a specified time period is directly limited
by the rate at which heat can be removed from the adiabatically
operated gas-phase reactor. In the super-condensed operation,
the heat of polymerization is not only removed as sensible heat
of the gas stream that is the exact heat removal method used in
non-condensed mode. Further heat removal can be achieved
through the latent heat of liquid vaporization in the stream. Higher
condensable isopentane concentration under super-condensed
mode will increase the amount of liquid generated in the stream
and therefore improves the heat removal rate, which further



Fig. 12. Temperature distribution in the bed with different concentrations of isopentane (inlet gas temperature = 326.15 K).

Fig. 13. Contours of mean solid volume fraction in the bed with different concentrations of isopentane.
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results in the improvement of the polymer production rate. Obvi-
ously, the reactor productivity is determined by the amount of heat
removed in a given size gas-phase polyethylene FBR. Consequently,
the increased isopentane concentration in the gas stream that
enhances the amount of heat will improve the reactor productivity.
As shown in Figs. 11 and 13, an increase in the reactor productivity
described through mean solid volume fraction is obtained as a
result of increased isopentane concentration in the gas stream
without resizing the reactor.
5. Conclusions

In this work, a CFD model was applied to describe the gas–solid
two phase flow behaviors in ethylene polymerization FBR. This
model combined Gidaspow drag model, KTGF, and polymerization
kinetics into the Eulerian–Eulerian method. Firstly, this model was
validated by empirical equations and typical data from literature.
And then the model was extended to simulate the gas–solid flow
behaviors in the polyethylene FBR under super-condensed mode.
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The effects of inlet gas velocity, inlet gas temperature and the con-
centration of condensable isopentane component on gas–solid
flow hydrodynamics were analyzed.

The simulation results demonstrate that with the increase of
inlet gas velocity, the bed expansion increases rapidly and the
number of particles at the lower portion of the bed reduces while
raises at the higher position. In the practical operation of polyethy-
lene FBR, the velocity of the gas stream should be high enough to
support and mix the fluidized bed within the reactor. In addition,
an increase of the inlet gas temperature results in the improve-
ment of polymerization reaction rate. Polymerization is highly
exothermic [23–25,58–62], so the enhanced reaction rate will
release more heat in the reactor, resulting in the rise of bed tem-
perature. Furthermore, the influence of inlet gas temperature on
bed temperature becomes stronger at higher inlet gas temperature.
The temperature gradient in the bottom of the fluidized bed could
be observed due to the quick vaporization of the condensable liq-
uid as entering the bed. The bed temperature is also affected signif-
icantly by the concentration of condensable component
isopentane, especially for the gas-phase polyethylene polymeriza-
tion process in super-condensed operation. The modeling results
reveal that mean bed temperature decrease as a result of the
increasing of isopentane concentration. Because more exothermic
reaction heat removal can be achieved by introducing more liquid
to the reactor where liquid will vaporize quickly at the entrance
and absorb more amount of reaction heat from the reactor. Due
to the high exothermic polymerization occurring in an adiabatic
operated gas-phase FBR, the amount of heat removed from the
reactor determines the productivity of a given size reactor. For
the super-condensed mode, the reaction heat is removed as not
only sensible heat but also the latent heat of the gas stream,
because of the liquid vaporization at the entrance of the reactor.
The simulation results illustrate that the method of heat removal
through the latent heat of vaporization is extremely significant
and can effectively increases reactor productivity without enlarg-
ing the size of the reactor under super-condensed mode.

The multi-phase CFD model in this work qualitatively and
quantitatively described the trends of fluidized bed reactor perfor-
mance (like bed expansion, bed temperature and productivity)
under super-condensed mode due to the introduction of liquid into
the gas-phase ethylene polymerization system and provided the
direct insights on how the operation factors affecting reactor per-
formance. Based on this first trial in this work that studying the
experimental gas-phase polyethylene reactor under super-
condensed mode through CFD approach, researchers could go fur-
ther and carry out more in-depth studying on gas-phase ethylene
polymerization system under super-condensed mode, such as
incorporating complicated polymerization kinetics by the method
of moments, simulating micro-scale properties (like polydispersity
index, melt index of polymer, etc.), modeling industrial-scale reac-
tors, relaxing the assumption that the liquid was vaporized
instantly, etc., which are definite beneficial to polyethylene indus-
trial productions.
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