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H I G H L I G H T S
� We present a systematic CFD-DEM study of fluidized beds with heat production.

� These models can provide information on the particle temperature distribution.
� The effect of the superficial velocity on the heat transfer coefficient is minor.
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a b s t r a c t

The heat transfer behavior of particles and gas in an olefin polymerization fluidized bed was numerically
analyzed using an in-house developed 3-D computational fluid dynamics discrete element model (CFD-
DEM). First the implementation of the model was verified by comparing simulation results with ana-
lytical results. A constant volumetric heat production rate was implemented in the particle energy
equation to mimic the heat production due to the polymerization reaction. It was found that the
probability density function (PDF) of the particle temperature becomes more homogeneous with
increasing superficial gas velocity. Furthermore, instantaneous snapshots of the thermal driving force
(the difference between the single particle temperature and bed-average gas temperature, Tp�oTg4)
for different heat production rates provide detailed insight in the particle temperature distribution inside
the fluidized bed. The time- and bed-averaged particle convective heat transfer coefficient, which was
calculated by Gunn's correlation, was found to be independent of the superficial gas velocity. This is
explained by the fact that the relative velocity of gas and particles in the emulsion phase, where most of
the particles and gas interact, is hardly influenced when increasing the gas superficial velocity. From the
spatial distribution of Nusselt number, it becomes apparent that the high heat transfer regions are found
in the wake of rising bubbles, whereas low heat transfer rates are found in the clouds of the bubbles.

& 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Polyolefins (PO) are used in a wide variety of applications. A
large number of olefin polymerization processes are operated with
heterogeneous Ziegler–Natta catalysts in gas-solid fluidized bed
reactors. Understanding of the fundamental phenomena encoun-
tered in the gas-phase polymerization reactor is essential for a
proper design and optimal operation. Although the fluidized bed
process for gas-phase olefin polymerization has already been
operated for decades, the complex interplay of hydrodynamics,
up, Department of Chemical
chnology, P.O. Box 513, 5600
81.
and heat and mass transfer is not yet fully understood and this still
remains a challenge due to the difficulties in the description of
granular flows (McKenna et al., 2005). Due to the highly exother-
mic nature of olefin polymerization and especially in gas phase
processes a large amount of heat needs to be removed from the
particles to prevent the formation of temperature gradients inside
the particles and the accumulation of reaction heat that, in
extreme cases, can lead to particle melting, sintering, adherence,
agglomeration, which may ultimately cause defluidization. The
development of catalysts with an increasingly higher activity has
made this even more important. To improve the fluidization effi-
ciency and heat management of these reactors a better under-
standing of the gas-particle heat transfer is required using detailed
particle based computational fluid dynamics (CFD) simulations.
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Several different CFD models have been developed for fluidized
bed reactors for olefin polymerization (Khan et al., 2014). These
models have been used to investigate the hydrodynamic behavior,
such as solids mixing, bubble behavior (Van der Hoef et al., 2008),
pressure effects (Li and Kuipers, 2002; Godlieb et al., 2008), and
heat and mass transfer characteristics (Behjat et al., 2008). Among
all these models, the Discrete Element Model (CFD-DEM) focuses
on the scale of individual particles and track individual particle
trajectories while accounting for particle–particle interactions,
which is key to elucidate the mechanisms governing the complex
bed dynamics and heat transfer behavior. For a more compre-
hensive overview and details of CFD-DEM applications, we refer to
recent reviews (Deen et al., 2007; Zhu et al., 2007; Van der Hoef
et al., 2008).

The first papers that applied CFD-DEM to investigate heat
transfer during gas phase polymerization were mainly focused on
hot spot formation (Kaneko et al., 1999), taking both propylene
and ethylene as monomer gas. Similar work on fluidized beds with
extensive heat production were reported by Behjat et al. (2008),
Chang et al. (2013), Eriksson and McKenna (2004) and Zhou et al.
(2009). According to these studies, hot spot formation strongly
depends on the flow patterns and bed geometry. However, these
results were insufficient to arrive at a general conclusion (Behjat
et al., 2008; Kaneko et al., 1999). Moreover, most of these works
have considered situations where thermal equilibrium in the bed
has not yet been reached. Furthermore, although some results on
particle and gas temperature distributions have been reported,
there is a lack of detailed information on the local distribution of
the heat transfer coefficient, which could elucidate the conditions
for hot spot formation and understanding of local heat transfer
phenomena. More general methods to analyze hot spot formation
and the relation between hydrodynamics and heat transfer
behavior are highly demanded, which are the main purposes of
this work.

This paper is organized as follows. First, details of the govern-
ing equations of CFD-DEM are presented. Subsequently, verifica-
tion of the numerical implementation of the model was carried
out by making a comparison with analytical solutions. A constant
heat source for mimicking the propylene polymerization reaction
heat has been added to the particle model with an estimated value
from literature (Choi and Ray, 1985). In the results and discussion
section, the effect of the superficial velocity on the bubble beha-
vior, temperature probability density function (PDF) of the mono-
dispersed particles, and instantaneous snapshots of the driving
force, Reynolds number (Rep) and Nusselt number (Nup) distribu-
tion are presented and discussed.
2. Governing equations

2.1. Gas phase model

In CFD-DEM, the gas phase is described by the continuity Eq.
(1) and the volume-averaged Navier–Stokes Eq. (2):

∂ðεgρgÞ
∂t

þ∇U ðεgρgugÞ ¼ 0 ð1Þ

∂ðεgρgugÞ
∂t

þ∇U ðεgρgugugÞ ¼ �εg∇pg�∇UðεgτgÞþεgρgg�S ð2Þ

where εg, ρg, and ug are the respectively porosity, density and the
velocity of the gas phase. In this study the gas density is calculated
by the equation of state for ideal gases, whereas is the gas phase
viscous stress tensor τg, which is assumed to obey Newton's law of
viscosity is given by:
τg ¼ �μg ½ð∇ugÞþð∇ugÞ> �2
3
ð∇UugÞ� ð3Þ

μg and I are the gas viscosity of particles and the unit tensor,
respectively. S is the source term and accounts for the momentum
exchange between the gas and the particles:

S¼ 1
V

X
8 iAV

Vp;iβ
1�εg

ðug�vp;iÞDðr�rp;iÞ ð4Þ

Here function D is the distribution function, which is used to
distribute the force exerted by the particles on the gas phase in the
Eulerian grid cell with volume V, whereas β is the inter-phase
momentum exchange coefficient, which can be calculated from
drag force closures (Fdrag). In this work, the Ergun equation (Ergun,
1952) has been used for the dense regime and the Wen & Yu drag
equation (Wen and Yu, 1966) for the dilute regime:

Fdrag ¼
βd2p
μ

¼
1501�εg

εg
þ1:75εgRep if εgo0:8

3
4CDRepð1�εgÞε�2:65

g if εg40:8

8<
: ð5Þ

withRep ¼ εpρg jug�vpjdp=μg .
The thermal energy equation for the gas phase is given by:

Cp;g
∂ðεgρgTgÞ

∂t
þ∇UεgρgugTg

� �
¼ �½∇Uεgq�þQ p ð6Þ

where Qp represents the source term from the interphase
energy transport whereas q is the heat flux due to heat conduction
and given by Fourier's law:

q¼ �kef fg ∇Tg ð7Þ

where kef fg is the effective thermal conductivity of the gas phase,
which can be expressed in terms of the intrinsic fluid thermal
conductivity (kg) as follows:

kef fg ¼ 1� ffiffiffiffiffiffiffiffiffiffiffiffi
1�εf

p
εf

kg ð8Þ

Qp ¼
1
V

X
i8V

hAp;iðTp;i�TgÞDðr�rp;iÞ ð9Þ

where Tg is the temperature of the gas phase at the Eulerian grid
and Tp,i is the temperature of particle i.

2.2. Discrete particle model

The particles are individually tracked by solving the Newtonian
equations of motion for translation and rotation:

ma
d2ra
dt2

¼ �Va∇pþ
βVa

1�εg
ðu�vaÞþmagþ

X
aab

Fcontact;a ð10Þ

Ia
d2Θa

dt2
¼ Ta ð11Þ

The translational motion of each particle is caused by the
combined effect of the pressure gradient, drag force, gravity, and
contact forces ð P

aab
Fcontact;aÞ due to collisions with other particles

and the confining walls. The rotational motion of particles is also
taken into consideration, whereΘa is the angular velocity and Ta is
the torque. The heat transfer from the fluid to the particles is
calculated by interpolation of the gas temperature (Tg) given at the
surrounding Eulerian grid points for a particle with its known
position. The thermal energy equation for every individual particle
temperature (Tp,a) is given by:

ρpVpCp;p
dTp;a

dt
¼ �hAp Tp;a�Tg

� �þ _qVp ð12Þ



Table 2
Geometry of a pseudo-2D fluidized bed.

Free falling Fixed bed Fluidized bed

dp (mm) 1.0 0.995 0.995 0.4975
dcell (mm) 5.0 2.5 2.5 1.25
Cell number x-direction (–) 10 10 32 32
Cell number y-direction. (–) 10 10 4 4
Cell number z-direction. (–) 900 100 80/160 80/160
Size of bed in x-direction. (m) 0.05 0.025 0.08 0.04
Size of bed in y-direction. (m) 0.05 0.025 0.01 0.005
Size of bed in z-direction. (m) 4.5 0.25 0.2/0.4 0.1/0.2
Particle number (–) 1 25�25�190 8�104 8�104
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Where _q is the volumetric heat production due to the chemical
conversion whereas h is the particle interfacial heat transfer
coefficient, in this model calculated from the empirical correlation
by Gunn (1978):

Nup ¼ ð7�10εgþ5ε2g Þð1þ0:7Re0:2p Pr0:33Þþð1:33�2:40εgþ1:20ε2g ÞRe0:7p Pr0:33

ð13Þ

Nup ¼
hdp
kg

;Rep ¼
εgρgdp ug�vp

�� ��
μg

;Pr¼ μgCp;g

kg
ð14Þ

where Rep and Pr are the particle Reynolds number and Prandtl
number, respectively.
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Fig. 1. Comparison of analytical solution and DPM simulation results of the
dimensionless temperature of a free falling particle as a function of time.
3. Model implementation verification

The gas phase momentum and energy equations are solved
numerically with a finite difference method, in which a staggered
grid has been utilized. The details of the numerical method and
integration method have been reported by Patil et al. (2014) and in
earlier literature by Hoomans et al. (1996). Two verification tests
have been conducted to verify correct implementation of the
model. The physical properties of polypropylene (PP) particles and
propylene monomer gas, listed in Table 1, have been applied in the
CFD-DEM for all the verifications and subsequent simulations. The
geometrical characteristics of the bed have been summarized in
Table 2.

A first verification was done with a simple conductive heat
transfer test with a single free falling hot PP particle (340 K), with
a constant volumetric heat production of q¼1.398�107 W/m3.
The particle was placed in a stream of propylene gas (298 K)
passing through with a velocity of 0.01 m/s. The CFD-DEM result
matches well with the analytical solution, as can be observed in
Fig. 1. The analytical solution is given in the graph.

The hydrodynamics and convective heat transfer was verified
by considering heat transfer in in a fixed bed with a similar geo-
metry as used by Van Sint Annaland et al. (2005) and Patil et al.
(2014). In the test, initially cold PP particles with a diameter of
0.995 mm were uniformly packed in the bed leading to a uniform
gas porosity (voidage) equal to 0.496. At t¼0 s, a stream of hot gas
Table 1
Particle and gas phase properties used in the fixed bed verification and fluidization
simulations.

Items Properties Units Value

Particle Density, ρp kg/m3 667
Specific heat, Cp,p J/(kg K) 1.67�103

Particle diameter dp m 9.875�10�4

Particle–particle distance (fixed bed test) m 6.25�10�6

Initial particle temperature Tp,0 (free falling
particle test)

K 340

Initial particle temperature Tp,0 (fixed bed
test)

K 300

Normal direction of coefficient of restitution
(particle–particle)

N/m 0.60

Tangential direction of coefficient of resti-
tution (particle–particle)

N/m 0.33

Normal direction of spring stiffness N/m 1600
Tangential direction of spring stiffness N/m 800

Gas Density, ρg (incompressible for the two test
cases, and compressible for fluidization
simulations)

kg/m3 74.84

Shear viscosity, μg Pa s 1.0�10�5

Thermal conductivity, kg J/(m s K) 2.09�10�2

Specific heat, Cp,g J/(kg K) 1.67�103

Inlet gas temperature Tg,0 (free falling par-
ticle test)

K 298

Inlet gas temperature Tg,0 (fixed bed test) K 400
was injected from the bottom. Because the particles are uniformly
placed in the bed under ideal plug flow conditions, the heat
transfer between the two phases can be described by a one-
dimensional convection equation that can be solved analytically.
The analytical solution can be found in the book of Bird et al.,
2007. Similar results were reported by Patil et al. (2014), using
3.95 mm copper particles and steam. Hence, the details of the test
or results will not be described here. The same conclusion can be
drawn here namely, that the CFD-DEM simulation results match
the analytical solution of the 1-D model very well.

Finally, a case of convective heat transfer with heat production
was tested. In that case, the conduction term of the gas and par-
ticle phase can be ignored due to the fact that the particles are
relatively small and the Péclet number (PeZ70) is relatively high.
The model verification was done by comparing CFD-DEM results
with a very high resolution numerical solution of the 1-D con-
vection equation. The governing equations for the 1-D model are
given by:

∂Tg;z

∂t
¼ �uz

∂Tg;z

∂z
þ has
εgCp;gρg

ðTp�Tg;zÞ ð15Þ

∂Tp

∂t
¼ has
ð1�εgÞCp;pρp

ðTp�TgÞ�
_qp

Cp;pρp
ð16Þ

where as is the specific interfacial area, given by:

as ¼
6ð1�εgÞ

dp
ð17Þ

Eqs. (15) and (16) were solved using a standard PDE solver with
104 grid points. The obtained approximation can safely be
assumed to represent the true solution.
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Fig. 2. Gas and particle dimensionless temperature profile (left and right, respectively).
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The “dimensionless temperature” in Fig. 2 is defined as differ-
ence of the particle and local gas temperature, divided by the
difference of the particle temperature and the inlet gas tempera-
ture, i.e. (Tp�Tg)/(Tp,0�Tg,in).

The 3-D CFD-DEM heat transfer results and the 1-D approx-
imation for both particle phase and gas phase are in close agree-
ment as shown in Fig. 2. From these test cases we draw the con-
clusion that the implementation of the 3-D CFD-DEM has been
verified and can be used for parameter studies of heat transfer in
fluidized beds.
4. Simulation settings

4.1. Fluidized bed geometry and particle properties

To investigate the effect of the gas superficial velocity on the
fluidization behavior, a pseudo-2-D fluidized bed configuration
was used. We note that the hydrodynamics in a full 3D bed will be
different from those in a pseudo-2D bed. However, given the fact
that our bed is quite small, the mixing times in either bed will be
quite short. As a consequence the thermal behavior in pseudo-2D
and 3D beds are expected to be very similar. To limit the compu-
tational time we chose to restrict this work to pseudo-2D beds
only. Details of the geometry are shown in Table 2. At the top
outlet, the pressure is equal to the atmospheric pressure
(101,325 Pa), whereas at the bottom a gas inlet with uniformed
inlet velocity is prescribed. No-slip boundary and free slip
boundary conditions are applied to the side-walls and front and
back wall of the bed, respectively. In total 8�104 PP particles are
initially uniformly packed in the bed. The gas and particle prop-
erties are listed in Table 1.

The simulations were performed by step wise increasing the
superficial velocity from slightly larger than the minimum fluidi-
zation velocity (umf¼0.22 m/s) 0.3 m/s to 1.2 m/s, in steps of
0.1 m/s. Initially, the particles are randomly packed in the bed and
there is a stream of gas uniformly passing from the bottom of the
bed with a temperature of 324 K. These relatively hot or cold
particles will be heated or cooled down by convective heat transfer
with the gas and eventually reach a state of thermal equilibrium.
In order to quickly reach the thermal steady state, a simple CSTR
model has been used to estimate the initial temperature for both
gas and particle phases. More details of the CSTR model are
included in appendix A. After estimating the initial settings for the
particle and gas temperatures, all simulations were performed for
10 s and the spatially averaged temperature of both the gas and
the particles were subsequently calculated. These temperature
profiles stay approximately constant with time while the gas
dynamically fluctuates around constant mean values. Examples of
overall time average temperature profiles can be found in
appendix A (Figs. 14 and 15).
5. Results

5.1. Effect of superficial velocity on bed hydrodynamics

Snapshots showing the voidage pattern of the pseudo-2D
fluidized bed at different superficial velocities (u0) can be used
to analyze bubble behavior. All the snapshots were taken at the
same moment (2 s) after the thermal steady state had been
attainted in the simulations. The overall solids hold-up and the
probability density function (PDF) are also used to quantify the
effect of u0 on the bed hydrodynamics.

5.1.1. Bubble behavior
When the inlet gas velocity is slightly higher than the mini-

mum fluidization velocity, namely 0.3 m/s in the first snapshot in
Fig. 3, one can observe small spherical bubbles that move towards
the bed surface. Increasing the gas velocity u0 leads to increasing
bubble sizes because of increased coalescence rates. The bed
exhibits a chaotic movement. For u040.6 m/s, bubbles in the bed
are hard to be distinguished individually. Due to intensive bubble
breakup and coalescence particles move in the bed without typical
bubble structures. Instead, oddly shaped voids can be identified.

5.1.2. Average voidage distribution
An average voidage (εg) as a function of u0 was calculated by

averaging gas porosity data over 2 s and is shown in Fig. 4. The
overall mean bed voidage increases linearly with increasing u0
from 0.45 to 0.75 m/s.

To quantify the effect of u0 on the bubble behavior, a bed-
averaged probability density function (PDF) of voidage was also
calculated. The voidage data were collected in 50 equal size bins
ranging from 0.25 to 1.00 utilizing 2 s of simulation time. From the
PDF of εg, shown in Fig. 5, it can be observed that an increasing u0
has a profound influence on the voidage. The peak at εg¼0.45 in
the emulsion region (0.4rεgr0.55) decreases with increasing u0,
indicating the expansion of the bed and a less dense emulsion
phase. Notice that in the bubble region (0.85rεgr1.00) the peak



0.37

1.00

0.80

0.60

u =0.4 m/su =0.3 m/s u =0.5 m/s u =0.6 m/s

u =0.7 m/s u =0.8 m/s u =0.9 m/s u =1.0 m/s

Fig. 3. Snapshots of instantaneous voidage patterns as a function of u0 (the minimum fluidization velocity is umf¼0.22 m/s).

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2

0.45

0.50

0.55

0.60

0.65

0.70

0.75

0.80

 DPM results

V
oi

da
ge

Superficial velocity (m/s)

Fig. 4. Time and spatially averaged value of the bed voidage as a function of u0.

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

0.22

Bubble

Intermediate

PD
F

Voidage

  u0=0.3 m/s
  u0=0.4 m/s
  u0=0.5 m/s
  u0=0.6 m/s
  u0=0.7 m/s
  u0=0.8 m/s
  u0=0.9 m/s
  u0=1.0 m/s

Emulsion

Fig. 5. Probability density function (PDF) of the bed voidage as a function of u0.

Z. Li et al. / Chemical Engineering Science 140 (2016) 279–290 283
clearly increases with increasing u0, which indicates that the
fluidized bed contains more bubbles. The PDF of εg provides
quantitative information on the change of bubble behavior in the
fluidized bed operated at increasing u0 and complements the
observations from the snapshots of the fluidized bed shown in
Fig. 3.
5.2. Effect on particle temperature

5.2.1. Particle temperature PDF
In this section we will investigate the influence of the super-

ficial velocity and volumetric heat production on the particle
temperature distribution. To this end the same set of superficial
velocities as discussed before were used whereas we used two
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different volumetric heat production rates to mimic high activity
catalysts during polymerization. Fig. 6 gives the spatially averaged
bed temperature versus the superficial gas velocity. From this
figure it can be seen that the average temperatures of both phases
decline with increasing superficial velocity and moreover are very
close to each other (�1 K) due to the intense fluid-particle heat
transfer.

The probability density function (PDF) of the particle tem-
peratures provides the basis for the quantitative comparison. For
each case, the temperature of all 8�104 particles was made
dimensionless by dividing the difference between the particle and
inlet gas temperature (Tp�Tg,0) by the difference between the
melting point of PP (Tp,m¼380 K) and the inlet gas temperature
(Tp,m�Tg,0). The PDF of the particle temperature was created by
dividing the temperature range starting from the inlet tempera-
ture of the gas (the lowest temperature in the system) to the
melting point of PP (the highest temperature) into 25 equal size
bins and counting the number of particles in each of the tem-
perature bins during a period of 0.25–2 s. By increasing u0 from
slightly larger than the minimum fluidization velocity (umf is equal
to 0.215), about 0.3 m/s to 1.0 m/s, a profound change in the par-
ticle temperature PDF can be observed, as evident from Fig. 7.

From the particle temperature PDF shown in Fig. 7a and b, it
can be seen that the mean value of the temperature decreases
with increasing u0. So, increasing u0 is a method to remove more
reaction heat from particles. This conclusion is similar to the
results obtained by Hamzehei et al. (2010), and Zhuang et al.
(2014). The distribution becomes narrower with increasing u0,
especially when u0 reaches 1.0 m/s. The symmetry and sharp peak
indicates a more homogeneous particle temperature distribution
in the bed, and therefore smaller chances of hot spot formation.

Similar structure and change of the dimensionless particle
temperature PDF can be observed when _q is twice as large.
However, all dimensionless particle temperatures are approxi-
mately doubled in magnitude for the same u0. Particles become
over-heated, which could lead to melting if u0o0.6 m/s. The peaks
in the PDF at corresponding u0 are less symmetric and wider
compared to the case with lower _q. Increased heat production
tends to cause a bigger possibility of formation of overheated
particles and also a less homogeneous temperature distribution
over the bed.

The standard deviation (defined in Eq. 18) in the particle
temperatures as shown in Fig. 8 shows a continuing decrease as a
function of u0, which indicates that the temperature over the bed
is more uniformly distributed at high u0. Although a similar trend
was found for the higher heat production case, the absolute values
of the standard deviation are approximately double the values of
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the lower heat production case.

σ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
Np

XNp

i ¼ 1

ðTp;i�
_
T pÞ2

vuut : ð18Þ
It is clearly noticeable that the particle temperature PDF dis-
tribution in Fig. 7 is less symmetrical when u0r0.6 m/s. In the
extreme case where u0¼0.3 m/s, there is a long tail reaching to the
lower temperature region. This is caused by the fact that at lower
u0 the circulation and mixing of the solids is less intense, leading
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to the highest cooling rates for particles that are close to the
bottom of the bed where the cold gas enters. More information
can be obtained by inspecting the snapshots of the particle tem-
perature distribution in the fluidized bed as shown in Fig. 9. In
order to enable a comparison of the different cases, the particles
are colored according to the driving force, which is defined as the
difference between the individual particle temperature and the
average gas temperature. Large temperature differences can be
found in the fluidized bed at lower u0, however, the difference
becomes less pronounced when u0Z0.7 m/s. From the snapshots
presented in Fig. 9, one can easily trace the route of cold gas
passing through the bed, which is closely related to the particle
temperatures located in the long tails in the particle temperature
PDF in Fig. 7.

Doubling the heat production rate in the particle model does
not affect the hydrodynamics of the bed, as a similar route of cold
gas passing through the bed can be found (Fig.10). However, the
temperature differences between the particles are much higher. In
the case of a bubbling fluidized bed (u0¼0.3 m/s), the temperature
difference in the bed was about 25 K for the lower heat production
case and about 50 K for the higher heat production case. The
fluidization characteristics (visible via the bubble shapes) also
affect the range of temperature differences, which is clear from the
case where u0¼1.0 m/s in which the difference is about 5 K and
10 K for lower and higher _q, respectively.

5.3. Effect of superficial velocity on heat transfer coefficient

In the previous section, the instantaneous snapshots of the
particle temperatures have been used to discuss the effect of u0 on
the thermal behavior of the particles and gas in a fluidized bed.
However, the heat transfer rate, which is defined by Eqs. (13) and
(14), has no direct relation to the particle temperature. To discuss
the effect of the hydrodynamics on the fluid-particle heat transfer
coefficient, the bed average Nup and Rep numbers and also the
instantaneous snapshots of their local distribution were calculated.
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Quantified Rep and Nup numbers can provide information both on
hydrodynamics and thermal aspects of the fluidized bed.

Fig. 11 shows the instantaneous distribution of Rep. It is clear
that the particles with high Rep (300–500) are in the bubble
clouds. When u0Z0.6 m/s, the maximum value of Rep in the dense
emulsion phase remains approximately constant and in the range
between 5 to 100.It implies that an increase of u0 does not lead to
a change in the local gas velocity and local porosity but merely to
an increased bubble flow rate following the classical two-phase
theory of fluidization. It can also be observed that the gas tends to
move through the bed from one bubble to another, leading to
regions with somewhat higher Rep in pathways connecting the
bubbles.

The effect of the different Rep number on the particle Nusselt
numbers can be inferred from Fig. 12. In all cases the highest
values of Nup are found in the wake of the bubbles (just below the
bubbles), whereas the lowest values are found in the bubble
clouds (top of the bubbles). The bubbles can be identified as those
regions where there are only few particles, i.e. the black colored
regions. Note that we deliberately used the same color bar in this
figure, so we can compare the results for the different superficial
velocities in a clear manner. As a consequence of that, the varia-
tions in Nup at low superficial velocities (below 0.5 m/s) are not so
clear. We have made graphs with a different scale for these velo-
cities (not shown in the paper) which confirm the observations of
Nup around the bubbles. Fig. 13 shows the time and spatially
averaged value of Nup plotted against u0 for two different particle
diameters.
6. Discussion

6.1. Effect of superficial velocity on heat transfer coefficient

One main feature to notice is that the overall Nup is almost
independent of the superficial gas velocity, and decreases when
u =1.0 m/s
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the particle size is smaller. With the physical properties of gas
and particles and such small particle diameters as we used in the
simulations, the first term of the Gunn's empirical equation is the
dominate term, therefore Nup is approximately proportional to the
particle diameter dp to the power of 0.2. Whereas the heat transfer
coefficient is proportional to dp to the power of �0.8. It is expected
that smaller particle diameters with smaller Rep lead to smaller
values of Nup and higher heat transfer coefficients. However, it is
less trivial that the overall Nup does not lead to higher convective
heat transfer at higher superficial gas velocities. This can be
interpreted as the result of no conspicuous particle/gas relative
velocity changes after the bed is fluidized (u0Zumf). That is, the
excess gas passes through the bed leading to little heat exchange
with the particles. Therefore, the heat transfer efficiency reaches a
maximum value for superficial gas velocities beyond umf. We note,
however, that from an instantaneous point of view, the local dis-
tribution of Nup is affected by u0. More precisely, the distribution
of Nup is affected by the bubble behavior. In the wakes and clouds
of bubbles high and low values of Nup are found, respectively. Our
conclusion is confirmed by experimental work by Scott et al.
(2004), who heated a phosphor–bronze sphere connected with a
thermocouple submerged in a fluidized bed. They proved that the
single particle heat transfer coefficient increased with u0 until
u0rumf after it reached a maximum value. Also, these results are
consistent with another simulation study by Zhou et al. (2009),
although they have explained the observation by assuming that
the overall heat transfer coefficient does not depend on u0 because
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of a compromise of increased conductive heat transfer and
decreased inter-particle heat conduction. In this work the inter
particle heat conduction is ignored due to the fact that the colli-
sion time is relatively short (5�10�6 s). Also from their experi-
mental work, Scott et al. (2004) concluded that the heat transfer
through conduction to other particles was negligible.

6.2. Effect of superficial velocity on particle temperature

Several works explain their observed results of decreased
overall average particle temperature via increased superficial
velocity by the general idea that the higher superficial velocity has
a positive effect on the convective heat transfer coefficient (Behjat
et al., 2008; Yiannoulakis et al., 2001).The origin for the lower
particle temperature, can be found by considering a steady state
approximation of the bed, the derivation of which is given in
Appendix A. The resulting steady state bed averaged particle
temperature is given by:

T1
p ¼ Tin

g þ _qdp
6h

þ _qHBð1�εgÞ
ρgCp;gug;z

ð19Þ

where the terms on the right hand side respectively represent the
inlet gas temperature, the temperature difference between the gas
and the particles, and the adiabatic temperature rise. The tem-
perature difference between the particles and the gas (second
term) is very small if the heat transfer rate is relatively high, at
least relative to the heat production rate. In polymerization reac-
tors, the adiabatic temperature rise is much larger, which explains
that at higher superficial gas velocities, the bed temperature drops.
One would be tempted to say that as a consequence of that, the
exact value of the heat transfer coefficient becomes irrelevant.
However, since in polymerization processes, the bed is operated
close to the melting point of the particles, variations in the heat
transfer coefficient, and hence in the individual particle tempera-
ture may have a large effect on successful operation. The PDF of
the particle temperature indicated that when the bed is operated
at high u0, its behavior was more isothermal with a lower possi-
bility of hot spot formation. It turns out that the more isothermal
behavior of the bed at increasing u0 is a result of the enhanced
particle mixing, rather than an enhancement of the heat transfer
efficiency.
7. Conclusions

In this work a pseudo 2-D CFD-DEM was extended by incor-
porating a heat transfer model with a constant volumetric heat
production rate in the particles. First, the model was verified on
basis of two test cases. For the first case, the simulation results for
the particle temperature as a function of time were compared with
analytical results for a single free falling particle. In the second
case the CFD-DEM simulation results were compared analytical
results for a fixed bed test. The agreement of the CFD-DEM results
with both analytical results and 1-D simulation results revealed
that the model was correctly implemented.

The effects of the superficial gas velocity on the hydrodynamics
and heat transfer behavior of a pseudo-2D fluidized bed with
8�104 PP particles and propylene monomer gas have been ana-
lyzed. The overall voidage increased with increasing superficial
velocity along with a more chaotic gas flow pattern that is caused
by intensified bubble coalescence. Snapshots of the driving force
for heat transfer were compared for two different values of the
volumetric heat production rate. The pathway of the gas through
the bed and how it is affected by the bubbles can be clearly
observed and was discussed in detail.

Furthermore, the particle temperature PDF as a function of
superficial velocity provides quantitative information on the par-
ticle temperature distribution. It is shown that at higher superficial
gas velocities there are a more homogeneous distribution of the
particle temperature approximating near isothermal operation.
However, the time- and bed-averaged Nup, calculated from the
empirical correlation by Gunn in the model, is found to be inde-
pendent of the superficial velocity. This is because, most of the
heat transfer between the particles and the gas occurs in the
emulsion phase. The particle temperature is mainly determined by
the adiabatic temperature rise, whereas the temperature differ-
ences between gas and particle temperature are generally small.
Although increasing the superficial gas velocity does not lead to an
increase of the average heat transfer coefficient, it does affect the
degree of particle mixing in the bed, and also decreases the spread
of the heat transfer coefficient. Consequently, the bed behaves
more isothermal at increased superficial gas velocities. Instanta-
neous snapshots of the Nusselt number shows that high values of
Nup occur in bubble wakes and low values in the bubble cloud.
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Notations

Symbols

as Specific interfacial area (1/m)
AB Wetted area in a packed bed (m2)
Cp Heat capacity (J/kg/K)
D Distribution function (–)
dp Particle diameter (m)
dcell Length of grid cell (m)
g Gravity (m/s2)
H Height of the bed packed particles (m)
h Effective interfacial heat transfer coefficient (W/m2/K)
k Fluid thermal conductivity (W/m/K)
ma Mass of individual particle (kg)
Np Particle number (–)
Nup Particle Nusselt number (–)
Pr Prandtl number (–)
Q Source term for the interphase heat transfer exchange

(W/m3)
q Heat flux (W/m2)
q Volumetric heat production (W/m3)
r Particle position (m)
Rep Particle Reynolds number (–)
S Body force exerted by particle on fluid (kg∙m/s2)
T Particle torque (kg∙m/s)
t Time (s)
T Temperature (K)
Tg

in Inlet gas temperature (K)
Tg

out Outlet gas temperature (K)
Tn Temperature at step n (K)
Tg,0 Inlet gas temperature (K)
Tp,m Particle melting temperature (K)
ug Gas velocity (m/s)
u0 Superficial velocity (m/s)
vp Particle velocity (m/s)
Va Particle volume (m3)
x x direction (m)
y y direction (m)
z z direction (m)

Greek symbols

ε Volume fraction (–)
ρ density (kg/m3)
τ Newtonian stress tensor (N/m2)
m dynamic viscosity of gas (kg/(m s))
σ standard deviation of particle temperature (K)
β Inter-phase momentum coefficient (kg/m3s)
Θ Particle angular velocity (rad/s)

Superscripts/subscripts

a Individual particle
eff Effective properties
g Property of gas
p Property of particle
mf Minimum fluidization
n Time steps n
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Appendix A

Due to the high heat capacity of the solids phase, temperatures
increase/decrease relatively slowly, leading to excessively long
computational times before a thermal steady state is reached. In
this work, before the simulations are started, a CSTR model for
predicting this thermal steady state has been used to suggest
appropriate values for the initial gas and particle temperatures,
such that the model will be close to thermal equilibrium from the
start of the simulation. In this CSTR model, both gas and particle
phases are assumed to be well-mixed. The thermal energy bal-
ances reduce for the CSTR model to:

Gas phase:

εgρgCp;gVB
dTg

dt
¼ VBhpgasðTp�TgÞþugABCp;gρgðTin

g �Tout
g Þ ðA:1Þ

Particle phase:

dTp

dt
¼ ashgpðTg�TpÞ

ð1�εgÞρpCp;p
þ _q
ρpCp;p

ðA:2Þ

as ¼
6ð1�εgÞ

dp
ðA:3Þ

When adapting a semi implicit method for the gas/particle
temperature update, we obtain the equations in discretized form
as follows:

Tnþ1
p �Tn

p ¼Δt
ashVB

NpρpCp;pVp
ðTn

g�Tnþ1
p Þþ _q

ρpCp;p

( )
ðA:4Þ

Tnþ1
g �Tn

g ¼Δt
has

ρgCp;gεg
ðTnþ1

p �Tn
g Þþ

ug;z

εgHB
ðTin

g �Tnþ1
g Þ

( )
ðA:5Þ

These can be rearranged in a compact form to obtain:

A¼ Δtash
ð1�εgÞρpCp;p

;B¼ Δt _q
ρpCp;p

;C ¼ Δthas
ρgCp;gεg

;D¼Δtug;z

εgHB
ðA:6Þ

Tnþ1
p ¼ Tn

pþðATn
gþBÞ

1þAð Þ ; Tnþ1
g ¼ Tn

gþCTn
pþDTin

g

1þCþD
; ðA:7Þ

In the steady state, the gas and particle temperatures are
related to the inlet gas temperature as follows:

T1
g �Tin

g ¼ CB
AD

¼ _qHBð1�εgÞ
ρgCp;gug;z

ðA:8Þ

T1
p ¼ Tin

g þB
A
þCB
AD

¼ Tin
g þ _qdp

6h
þ _qHBð1�εgÞ

ρgCp;gug;z
ðA:9Þ

where the terms on the right hand side respectively represent the
inlet gas temperature, the temperature difference between the gas
and the particles, and the adiabatic temperature rise. In these
equations, the bed voidage εg and Nup values are taken under
minimum fluidization conditions for all the cases with different
superficial gas velocities.

εg ¼ εmf ;h¼Nupkg
dp

ðA:10Þ

In the CFD-DEM simulations the overall average temperature is
calculated for each time step. For particles, we take the average
temperature of 8�104 particles, whereas for the gas, we average
the temperatures of all the Eulerian cells which contain particles.
Two examples of typical temperature histories of both gas and
solids are shown in Figs. 13 and 14, for superficial velocities of
0.3 m/s and 0.6 m/s, respectively. (Fig. 15)
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