
CFD simulation of fluidization quality
in the three-dimensional fluidized bed

Kai Zhang a,*, Stefano Brandani b, Jicheng Bi c, Jianchun Jiang d

a State Key Lab of Heavy Oil Processing, China University of Petroleum, Beijing 102249, China
b IMP-SEE, University of Edinburgh, The King’s Buildings, Edinburgh EH9 3JL, UK

c State Key Lab of Coal Conversion, Institute of Coal Chemistry, Chinese Academy of Sciences, Taiyuan 030001, China
d Institute of Chemical Industry of Forest Products, Chinese Academy of Forestry, Nanjing 210042, China

Received 7 January 2008; received in revised form 2 February 2008; accepted 2 February 2008

Abstract

Multiphase computational fluid dynamics (CFD) has become an alternative method to experimental investigation for predicting the
fluid dynamics in gas–solid fluidized beds. The model of Brandani and Zhang, which contains additional terms in both the gas- and solid-
phase momentum equations, is employed to explore homogeneous fluidization of Geldart type A particles and bubbling fluidization of
Geldart type B particles in three-dimensional gas-fluidized beds. In this model, only a correlation for drag force is necessary to close the
governing equations. Two kinds of solids, i.e., fine alumina powder (dp = 60 lm and qp = 1500 kg/m3) and sand (dp = 610 lm and
qp = 2500 kg/m3), are numerically simulated in a rectangular duct of 0.2 m (long) � 0.2 m (wide) � 0.5 m (high) size. The results show
good agreement with the classic theory of Geldart.
� 2008 National Natural Science Foundation of China and Chinese Academy of Sciences. Published by Elsevier Limited and Science in
China Press. All rights reserved.
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1. Introduction

Gas–solid fluidized beds are extensively applied in the
process industry because of their advantageous properties
including isothermal conditions throughout the bed, excel-
lent heat and mass transfer and the possibility of continu-
ous operation. These applications cover a wide range of
physical and chemical processes, such as fluidized bed gran-
ulation, catalytic cracking of oil, and combustion of coal.
In order to obtain the desired product specifications, max-
imize efficiency and enhance safety, it is meaningful to
select an appropriate gas–solid contacting mode in the flu-
idized beds. In general, fluidization can be divided simply
into two classes: homogeneous fluidization and bubbling
fluidization [1]. The homogeneous fluidization appears in

liquid–solid systems and gas–solid systems of Geldart A
particles [2] when the superficial gas velocity ranges from
the minimum fluidization velocity to the minimum bub-
bling velocity. Its characteristic is that particles are distrib-
uted uniformly in the fluid, and bubbles and agglomerates
do not form. On the other hand, bubbling fluidization
appears in gas–solid systems when the superficial gas veloc-
ity is greater than the minimum bubbling velocity. Its char-
acteristic is that particle distribution in the gas is not
uniform, namely there are gas bubbles with very low solids’
content and a separate dense particle phase.

Computational fluid dynamics (CFD) is becoming an
emerging method to explore the complicated fluid dynamics
in gas–solid fluidized bed since Davidson first analyzed sin-
gle-bubble motion in an infinite fluidized bed. These CFD
models are commonly divided into Eulerian–Lagrangian
and Eulerian–Eulerian approaches. The former considers
the solid phase at a particle level, whilst the latter treats
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both gas and solid phases as interpenetrating continuous
media. The bubbling fluidization, especially for Geldart B
particles [2], was extensively investigated using either Eule-
rian–Lagrangian or Eulerian–Eulerian CFD models in the
past 30 years [3–8]. Most of Eulerian–Lagrangian simula-
tions for homogeneous fluidization were conducted in
two-dimensional beds [9–13] due to the lack of computer
resources and complexity of the theoretical models. A case
study was carried out by Ye et al. [12], who investigated the
effect of particle and gas properties on the fluidization qual-
ity. However, their calculations were carried out with
36,000 particles, and adopted time steps in the order of
10�5 and 10�6 s for gas and solid phases, respectively. It is
clear that the Eulerian–Lagrangian method is computation-
ally too intensive to apply at an engineering scale, even in
the near feature [8]. van Wachem et al. [7] suggested that
the Eulerian–Eulerian method was a feasible approach for
performing parametric investigations and scale-up and
design studies in fluidized beds. Notwithstanding the
intense numerical research that has been conducted, there
is still no consensus on solid-phase viscosity, solid stress
modulus, and restitution coefficient [8].

Based on the two-fluid theory, we proposed a mathe-
matical model by introducing additional terms into both
gas- and solid-phase momentum balance equations, and
two-dimensional simulations concerning the homogeneous
fluidization of Geldart A particles and the bubbling and
jetting fluidization of Geldart B particles have been accom-
plished in the platform of CFX 4.4 by adding the user-
defined Fortran subroutines [8,14]. The aim of this study
is to simulate the fluidization quality in a three-dimensional
bed using the model of Brandani and Zhang [14].

2. Hydrodynamic model and numerical procedure

2.1. Hydrodynamic model

The hydrodynamic model is based upon the one-dimen-
sional equations where gas phase is considered inviscid. In
principle, three kinds of additional forces have to be con-
sidered in the momentum balance equations for particle
suspension: forces resulting from interactions between the
fluid and solid particles; forces from direct particle–particle
interactions; forces from averaging procedures of body
forces needed to obtain continuum formulations. Parti-
cle–particle interactions are obviously dominant when the
velocity of the gas is less than the minimum fluidization
velocity, since the momentum balance equations cannot
describe a fixed bed in the absence of these terms. However,
once the bed is fluidized the overall effect of particle–parti-
cle contacts over the entire bed can be negligible. There-
fore, a two-fluid model considering the effect of the
discrete nature of the particles on both the gas and particle
phases was proposed by introducing additional forces in
fluid and solid momentum balance equations [14]. The con-
trol equations for describing gas and solid flows in the

three-dimensional cold model of fluidized beds are given
below:

Continuity equations:
Gas phase

oeg

ot
þr � ðegugÞ ¼ 0 ð1Þ

Particle phase

oep

ot
þr � ðepupÞ ¼ 0 ð2Þ

Momentum equations:
Gas phase

oðegqgugÞ
ot

þr � ðegqgugugÞ ¼ Fg ð3Þ

Particle phase

oðepqpupÞ
ot

þr � ðepqpupupÞ ¼ Fs ð4Þ

where e represents the volume fraction (eg þ ep ¼ 1), F the
net force per unit volume and q the density. The subscripts
g and p indicate gas and particle phase, respectively. In or-
der to close the governing equations, the net primary force,
F , needs to be derived from the above basic variables.

Particle-phase force components are the following:
In the horizontal direction

F px ¼ CD

3epqgðug � upÞ � ðug � upÞ
�� ��

4dp

e�1:8
g � ep

op
ox

ð5Þ

In the lateral direction

F py ¼ CD

3epqgðvg � vpÞ � ðug � upÞ
�� ��

4dp

e�1:8
g � ep

op
oy

ð6Þ

In the vertical direction

F pz ¼ CD

3epqgðwg � wpÞ � ðug � upÞ
�� ��

4dp

e�1:8
g þ epqpg

� ep
op
oz
� dp½2epqp þ ð1� 2epÞqg�g

oep

oz
ð7Þ

Gas-phase force components are the following:
In the horizontal direction

F gx ¼ �CD

3epqgðug � upÞ � ðug � upÞ
�� ��

4dp

e�1:8
g � eg

op
ox

ð8Þ

In the lateral direction

F gy ¼ �CD

3epqgðvg � vpÞ � ðug � upÞ
�� ��

4dp

e�1:8
g � eg

op
oy

ð9Þ

In the vertical direction

F gz ¼ �CD

3epqgðwg � wpÞ � ðug � upÞ
�� ��

4dp

e�1:8
g þ egqgg

� eg

op
oz
� dp½ð1� 2egÞqp þ 2egqg�g

oeg

oz
ð10Þ
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The terms on the right side of Eqs. (7) and (10) are inter-
phase drag, gravity, pressure drop, and the additional
force. The empirical Dallavalle relation [15] is used to
express the drag coefficient CD:

CD ¼ 0:63þ 4:8ffiffiffiffiffiffi
Re
p

� �2

ð11Þ

where

Re ¼
egqgjug � upjdp

lg

ð12Þ

2.2. Numerical method

A finite volume method is used to solve numerically the
set of partial differential equations (1)–(4) based on conser-
vation principles. The simulations are conducted with the
commercial CFD code CFX 4.4. All terms in the governing
equations are discretized in space using the second-order
centered differencing apart from the advection terms, which
are obtained using the Rhie–Chow interpolation formula.
The Rhie–Chow algorithm [16] is an effective method to
prevent chequerboard oscillations of pressure on the co-
located grid regarding the velocity–pressure coupling rela-
tion. As the default option of CFX 4.4, a fully implicit
backward difference time stepping procedure has been
implemented. Different differencing methods are used to
treat the advection terms: central differencing scheme for
gas or solid volume fraction, upwind differencing scheme
for the shared pressure field, and hybrid differencing
scheme for all velocity components. To resolve the alge-
braic equations derived by integrating transport equations
over control volumes, iteration is used at two levels in CFX
4.4. An inner iteration solves for the spatial coupling for
each variable and an outer iteration for the coupling
between variables. However, the treatment of pressure is
slightly different from the above description. The SIM-
PLEC algorithm, an extension of the semi-implicit method
for pressure-linked equations (SIMPLE) algorithm, is
implemented to deal with the velocity–pressure coupling.
Under-relaxation factors in the outer iteration are 0.65
for all variables except pressure for which it is set as 1.0.
The linear equation for each variable is solved by Block
Stone’s method in the inner iteration.

2.3. Simulation procedure

A three-dimensional fluidized bed of 0.2 m (long) � 0.2 m
(wide) � 0.5 m (high) size is simulated in this study. Fine alu-
mina and sand are used as solid particles, whose physical
properties are listed in Table 1. The uniform staggered grid
is 40 (long) � 40 (wide) � 100 (high) size. The solid particles
are fluidized by air at ambient conditions. Time step is
selected as 10�4 s. Initial bed heights are 0.3 m and 0.25 m
for alumina and sand particles, respectively.

The Dirichlet boundary condition is used at the inlet,
i.e., a uniform gas inlet velocity is specified at the bottom

of the bed. Pressure boundary serves as the outlet of the
freeboard, where a constant pressure (atmospheric) is set.
All walls are treated using the no slip boundary conditions
for both gas and particle phases.

Initially, the lower part of the fluidized bed is filled ran-
domly with particles at the minimum fluidization state. The
upper part of the fluidized bed is freeboard, which makes
sure that particle concentration at the top of the bed is neg-
ligible. In the freeboard, the solid volume fraction is zero.
However, this can result in unrealistic values for the parti-
cle-velocity field and poor convergence. For this reason, a
solid volume fraction of 10�10 is set in the freeboard. It is
essential that a very small number of particles filled within
the whole freeboard can provide more realistic results for
the particle velocity in this region, but without any influ-
ence on the fluid dynamics in the fluidized bed. Axial gas
velocity corresponds to the minimum fluidization velocity,
whilst horizontal and lateral gas velocities and the particle
phase velocity vector are 0. The pressure profile in the
whole bed is calculated from the hydrostatic bed height.

3. Results and discussion

3.1. Homogeneous fluidization for Geldart A particles

This model is extended to a three-dimensional geometry.
Accordingly, an attempt is made to explore the minimum flu-
idization state. Given the increase in computational time in
the three-dimensional bed in comparison to the two-dimen-
sional one, this simulation is limited to 1.0 s. Results show
that the local solid volume fraction within the bed keeps
the initial solid volume fraction (0.45), and the bed height
is 0.3 m throughout the simulation period. It is well known
that the bed pressure drop is one of the most important mac-
roscopic parameters to characterize the gas–solid fluidiza-
tion. By combining the gas and solid momentum equations
(3) and (4) the mixture momentum balance becomes

oðepqpupÞ
ot

þ
oðegqgugÞ

ot
þr � ðepqpupupÞ þ r � ðegqgugugÞ

¼ F p þ F g ð13Þ

Substituting Eqs. (7) and (10) into Eq. (13), and neglect-
ing acceleration and additional forces, the one-dimensional
formulation in the vertical direction is obtained.

� dp
dz
¼ ðegqg þ epqpÞg ð14Þ

Therefore, a common formula for the total bed pressure
drop is given as follows:

Table 1
Physical properties of solid particles

Solid dp (m) qp (kg/m3) umf (m/s) Geldart classification

Alumina 60 � 10�6 1550 0.00354 Group A
Sand 610 � 10�6 2500 0.446 Group B
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�DP ¼ ðegqg þ epqpÞgDh ð15Þ

As expected, simulated bed pressure drop is in good
agreement with its calculated value by Eq. (15), which indi-
cates that the drag force acting on all particles is equal to
the gravitational force holding the solid within the fluidized
bed.

In gas–solid fluidized beds, Geldart A particles present
an interval of non-bubbling expansion (homogeneous flu-
idization) between the minimum fluidization velocity and
the minimum bubbling velocity. The homogeneous expan-
sion is technologically the most attractive of the processes
when uniform conditions are desirable because gas bypass-
ing and solid-phase dead zone are carefully avoided and
each particle is used efficiently. To test the predictive capa-
bility for homogeneous fluidization, three half-round col-
umns with a diameter of 0.05 m, where the solid volume
fraction is 10�10, at the base of the bed are arranged when
time is zero. Fig. 1 shows the evolution of these finite per-
turbations within the bed, where the iso-surface of solid
volume fraction is 0.52. Similar to the computational
results in the two-dimensional fluidized bed [8,14], these
small voids first become large, then leave the interface
between the dense phase and the freeboard. Finally, the
whole bed returns to the homogeneous fluidization state.

3.2. Bubbling fluidization for Geldart B particles

In the gas–solid fluidized bed of Geldart B particles,
bubbles appear at or only slightly above the minimum flu-
idization velocity. The conversion in the fluidized bed reac-
tor depends upon the extent of heat and mass transfer,
which are strongly influenced by the mixing action of bub-
bles and other non-homogeneities associated with the
unstable fluidized state. Since the model does not include
particle–particle forces, for Geldart B powders the resulting

simulations may include solid volume fractions, which
exceed the physical limits corresponding to a fixed bed.
To deal with this problem, several researchers added a
solid-phase pressure term in the solid momentum equations
[8]. According to Gidaspow, this term is of numerical sig-
nificance only when the void fractions go below the mini-
mum fluidization void fraction. It also helps to make the
system numerically stable, because it converts the imagi-
nary characteristics into real values. For some calculations,
it is necessary to adjust this stress to prevent the void frac-
tion from reaching impossibly low values [5]. However,
Massoudi et al. [17] compared nine empirical relations
for the modulus of elasticity. They calculated two formula-
tions under the same condition and found that the results
(�84.3 and �5.06 � 106 N/m2) were orders of magnitude
apart. The additional solid-phase pressure can prevent
solid concentration exceeding the maximum value, but
the parameters in this term depend strongly upon the
gas–solid system. On the other hand, a different method
proposed by Chen et al. [1,18] was to add a particle pres-
sure force term to the particle phase momentum equations
when solid concentration was greater than its upper limita-
tion. This method is based on a point relaxation technique
without linearization, and the particle pressure adjustment
is performed on a single-grid-point basis. Unfortunately,
the approach by Chen et al. [1,18] cannot be used directly
in CFX 4.4. Accordingly, we suggested a similar method,
which is to couple a rebuilt of excess solid concentration
with a correction of the corresponding momentum equa-
tions in an intermediate step [8,14].

During the numerical computation, it is important to
determine the void boundary. Gidaspow et al. [3] defined
the contour line of the solid volume fraction as 0.20, whilst
Kuipers et al. [4] chose it as 0.15. Fig. 2 shows a series of
snapshots of the iso-surface of solid volume fraction being
0.20. Similar to the simulation in the two-dimensional flu-
idized bed [8,14], the bed homogeneously expands in the
beginning period (0.20 s or so). Then, some voids (or per-
turbations) randomly appear within the bed, which results
in a bubbling fluidization state. Once bubbles detach from
the interface between the dense phase and freeboard, the
fluctuation of the interface becomes weak, and a stable
bubbling fluidization has formed, accompanied by random
coalescence or break-up of bubbles. This phenomenon
indicates that the whole process can be divided into start-
up and quasi-steady bubbling fluidization stages.

4. Conclusions

The performance of a gas–solid fluidized bed greatly
depends on the hydrodynamic behavior of the system. Reli-
able design of commercial-scaled installments requires not
only detailed understanding of the highly complex flow
phenomena but also detailed knowledge of how the hydro-
dynamics are affected by both geometry and unit scale-up.
The prediction of fluidization quality has been at the center
of many years of experimental research and numerical

Fig. 1. Evaluation of the homogeneous fluidization (with initial small void
perturbation).
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computation. The ability to predict homogeneous or bub-
bling fluidization is needed to decide which configuration
to choose depending on the features of the process to be
carried out in the fluidized bed.

A recently developed mathematical model based on the
two-fluid theory is adapted to simulate both homogeneous
fluidization of Geldart A particles and bubbling fluidization
of Geldart B particles in a three-dimensional gas–solid flu-
idized bed. The numerical results show good agreement
with the classic theory of Geldart. This model is straightfor-
ward to use since it does not include adjustable parameters
and has the capability to predict the fluidization behavior
with similar results to the more complex Eulerian–Eulerian
models based on the kinetic theory of granular flow.
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