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Abstract: The concept of circulating fluidized bed (CFB) is widely used in industry for catalytic reactions, power
production and calcinations of rocks. The gas particle flow inside a CFB unit is very complex. A clear understanding
about the hydrodynamics of a CFB can improve the design significantly. CFD modeling of gas particle flow may lead to
improved understanding of such system and reduce the need for experimental analysis. A two dimensional and isothermal
flow was simulated for the continuous phase (air) and the dispersed phase (solid particles). Conservation equations of mass
and momentum for each phase were solved using the finite volume numerical technique. A numerical parametric study

was performed on the influence of various physical aspects over the hydrodynamics of gas-solid two-phase flow in a riser.
The geometrical configurations of the riser were adopted from of an experimental CFB test rig at the Universiti Teknologi
Malaysia, which is still in commissioning phase. A Eulerian continuum formulation was applied ‘to both phases. A
two-dimensional computational fluid dynamics (CFD) model of gas-particle flow in the CFB has been established using
the code FLUENT. The computational model was used to simulate the riser over a wide range of Gperating and design
parameters. In addition, several numerical experiments were carried out to understand the influence of riser end-effects,
particle size, gas solid velocity and solid volume fraction on the simulated flow characteristics. ~ Gas and particle flow
profiles were obtained for velocity, volume fraction and turbulence parameters for each phase. The computational results
were typical of the experimental results reported in literature. Our computational results showed that the inlet and outlet
designs have significant effects on the overall gas and solid patterns and cluster formations in the riser. These results were
found to be useful in further development of modeling of gas solid flow in the riser.
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1. INTRODUCTION The fundamental problem encountered in modeling
Circulating fluidized beds (CFBs) have been studied hydrodynamics of fluidized bed is the motion of the two

intensively during the past two decades in order to
continuously improve industrial processes such as CFB
combustion and fluid-catalytic cracking (FCC). FCC units are
used in most refineries all over the world to convert high
molecular weight gas oils or residuum stocks into lighter
hydrocarbon products in a riser reactor within a few seconds
[1]. The circulating fluidized bed (CFB) is an advantageous
alternative for combustion of solid fuels. This is because the
fuel flexibility is high, and it is possible to control the
combustion temperature. Due to the significance of CFB in
industry and their complex fluid dynamics, more and more
research papers on CFBs are being reported in the literature

[2).

The performance of a CFB boiler is influenced by the
mixing of gas and particles. A high mixing rate contributes to
an effective distribution of reactants, whereas an insufficient
mixing can lead to hydrocarbon and CO-emissions. Therefore,
an adequate understanding of the mixing behaviour is
important to ensure a high combustion efficiency and emission
control. Knowledge on the mixing characteristics is also
useful for validation of computer simulations of CFB risers.
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phases of which the interface is unknown and transient, and
the interaction is understood only for a limited range of
conditions [3]. The first intuition in resolving the two-phase
mixture is to treat each phase by standard continuum
mechanics with boundary and jump conditions to solve the
governing equations at the interfaces [4]. However, the
mathematical complexities of the non-linearity of the
equations and in defining the interpenetrating and moving
phase boundaries make numerical solutions very difficult.

Despite the modeling challenges, application of CFD to
model fluidized bed hydrodynamics continues to develop, as it
has many advantages including design optimization and
scale-up of such systems. Some of the correlations used in the
models, however, remain to be empirical or semi-empirical.
As a result, the model and its parameters must be validated
against experimental measurements obtained at similar scale
and configurations. In this study, the hydrodynamic behaviour
of a circulating fluidized bed reactor was investigated. CFD
simulation were done using commercial CFD software,
Fluent. Various operating and boundary conditions were
applied for the calculation of velocity profiles [5,6].
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2. MATERIALS AND METHODS

Fig.1 shows the schematics of the CFB used for simulation.
The system consists of an air supply device (blower), a
distributor of stainless steel, a fast column of Plexiglas and
primary and secondary cyclones of steel and a solid feeding
system. The riser and its exit are made of Plexiglas to
visualize the flow behaviour and to perform image analysis.

The simulation work described here was done on a riser of
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Fig. 1 Circulating fluidized test rig at Universiti
Teknologi Malaysia

rectangular cross-section of 265 (width) x 72 (depth) x 2649
(height) mm>.

The parameters used in the simulation work are being
summarized in Table 1.

Table 1 Parameters used in simulation work

The operating parameters were chosen to so give
dynamical similarity with large circulating fluidized bed
combustors (CFBCs). Simulations were done using FLUENT,
a computational fluid dynamics (CFD) package by Fluent Inc.
Sand particles and air were used as the solid and gas phases,
respectively. The meshing was done using Gambit.

3. EULERIAN MULTIPHASE MIXTURE MODEL

The FLUENT modeling is based on the three-dimensional
conversation equations for mass, momentum and energy. The
differential equations are discretized by the Finite Volume
Method and are solved by the SIMPLE algorithm. As a
turbulence model, the k- was employed, this consists of two
transport equations for the turbulent kinetic energy and its
dissipation rate. The FLUENT code utilizes an unstructured
non-uniform mesh, on which the conservation equations for
mass, momentum and energy are discretized. The k- model
describes the turbulent kinetic energy and its dissipation rate
and thus compromises between resolution of turbulent
quantities and computational time.

Table 2 List of FLUENT Models used in simulation

Model Settings
Space N 2D
Time Steady
Viscous Standard k-epsilon turbulence
A model
Wall Treatment Standard Wall Functions
Body forces Enabled

Parameter Range of values
Riser dimensions 2649 (L) X 265 (W) mm X 72 (T)
mm
Gas velocity 5 m/s
Particle velocity 2 m/s

Density: 1.225 kg m™

Properties of air
Viscosity: 1.79 x 10" kg/m.s

Properties of particle | Density: 2500 kg m”
(sand) Diameter: 100X 10® m

Height of the sand 200 mm
inlet from distributor

Exit Geometries Right angle exit, right angle exit

Simulated with baffle and blind T exit.
Volume fraction of 0.03
sand

In the FLUENT computer program that the govemning
equations were discretized using the finite volume technique.
The discretized equations, along with the initial and boundary
conditions, were solved to obtain a numerical solution.

The model used for simulating the gas-solid flow is the
Eulerian Multiphase Mixture Model (EMMM). The EMMM
solves the continuity equation for the mixture, the momentum
equation for the mixture, and the volume fraction equation for
the secondary phase, as well as an algebraic expression for the
relative velocity.

By using the mixture theory approach, the volume of phase g,
V, is defined by

v, ='[ a,dv )
and ) @,= @)
g=1

The effective density of phase q is

~

p=a,p, ®

Where p, is the physical density of phase

3.1 Conservative Equations
The general conservation equations from which the solution is
obtained by FLUENT are being presented below:

3.2 Conservation of mass
The continuity equation for phase q is
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0 - o
a(aqpq)'*'v‘(aq pqvq):zmpq “
p=l
where \7‘7 is the velocity of phase q and m rq characterizes

the mass transfer from the p* to q" phase.
From the mass conservation we can get:
Mpg =- m %)

m,, =0 (6)

n
Usually, the source term (Z m pg ) OO the right hand side of
p=l
equation is zero.

3.4 Conservation of Momentum

The momentum balance for phase q yields

—6—(0.' v)+V.(a, p v, v, )=—a,Vp+

ot qPqvq A&, PV, Y, ¢ VP
n R

V.rq+aqpqg+Z(qu+ mpqvq)+

a‘? pq (Fq +I:lifl,q +va,q) 7

Where ‘fq is the g™ phase stress-strain tensor.

- s o= 2 _
7=, 4, (Vi,+V 5,1 )+ a, (A=) VI T @

Here 4, and /1q are the shear and bulk viscosity of phase q,

F,, is an external body force. F}iﬁ,q is a lift force, ﬁvm_q isa

virtual mass force, qu is an interaction force between

phases, and p is the pressure shared by all phases.

ﬁq is the interphase velocity and I can be defined as follows.

If m pg > 0 (i.e., phase p mass is being transferred to phase

Qs Vpg=Vp} ®
If m pg < 0 (ie., phase g mass is being transferred to phase
2

Vg =Vg> (10)
Vg =Vop an

The above equation must be closed with appropriate
expressions for the interphase force R g - This force depends

on the friction, pressure, cohesion, and other effects, and is
subject to the conditions that

R, =-R, and R, =0 (12)

q 9

FLUENT uses the following form:

Z qu=z Ky (0 -7,) (13
pal 71

Where K pq=qu is the interphase momentum exchange

coefficient.
4. TURBULENCE MODEL

In order to account for the effects of turbulent fluctuations
of velocities the number of terms to be modeled in the
momentum equations in multiphase is large and this makes the
modeling of turbulence in multiphase simulations extremely
complex. The turbulence model used for the current
simulations is based on Mixture Turbulence Model (MTM).
The k and € equations describing ths model are as follows:

-g(me)JrV.(pmfzm/c):V.[ﬂ"m VK)+GK,,, ~ PmE
ot o ’

K

(14)
E(pm5)+V (pm‘-’:mg) =V-(‘ul’m V€)+£ (CI£GK m —CZL‘pmg)
ot o, K |
(15)

Where the mixture density and vélocity, p,,and Y, are
computed from: ‘

N
Pm =Zaipi (16)
i=l
N -
Zaipivi
Vo =5]1V~——— (17)

Zaipi

i=l
The turbulent viscosity, W , is computed from:

K2

lul,m=pmclu'? (18)

and the production of turbulence kinetic energy, Gym , is
computed from

G =Hym (V5, +(V9,)1): V7, (19)

5. BOUNDARY CONDITIONS

At the inlet, all velocities and volume fractions of both
phases are specified. The pressure is not specified at the inlet
because of the incompressible gas phase assumption
(relatively low pressure drop system). The initial velocity of
gas and solid phase is being specified as mentioned in Table 1.

The meshing was done using Gambit 1.2. Fine meshing
was done for riser inlet and exit sections in order to analyze
them in a better way. Under relaxation factors were tuned to
achieve convergence. The convergence tolerance was set at
0.001.
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The main parameters of the flow inside the system are
calculated using an iteration calculation procedure performed
by FLUENT. An iterative cycle starts with the introduction of
the initial data and/or initial guessed values, boundary
conditions, physical conditions and constants. In a second step
the program calculate the velocity field from the momentum
equation. Then, the mass balance equations as well as the
pressure equation are solved.

The next step is to update again the values of the
parameters for both phases. The final step is to check on
convergence which criterion is fixed by the user. If the
convergence criterion is achieved the simulation will stop and
give the final results of the system. If not, certain correction
values are used to adjust the calculated values and the
calculation will start all over again, using as initial data these
last corrected values of each parameter.

The coefficient of restitution quantifies the elasticity of
particle collisions. It has a value of 1 for fully elastic collisions
and 0 for fully inelastic collisions. It is utilized to account for
the loss of energy due to collision of particles, which is not
considered in the classical kinetic theory. The restitution
coefficient is close to unity. In this study, a particle-particle
restitution coefficient of 0.95, and a particle-wall restitution
coefficient of 0.9 were used [6].

6. RESULTS AND DISSCUSSIONS

A gross behaviour of a CFB is being presented here.
Inward/outward motion, secondary flows of the first kind,
tangential acceleration/deceleration, and cavity formation near
riser exits is mechanisms can account for asymmetric flow in
the exit region.

If more solids accumulate near the riser exit then
fewer solids reside in the return leg. The lower rate of
solids circulation may cause the solids volume fraction
in the riser and connector to be lower. However, if the
solids accumulation near the riser exit extends into
these components, the solids volume fraction may be
larger.

Fig. 2 indicates that a right angle exit with internal baffle
and a blind T riser exits show that the solids volume fraction is
more or less constant in the lower half of the riser. In the upper
half, a strong increase of solids volume fraction with elevation
was observed for the blind T exit, whereas a decrease is found
for the right angle exit with the internal baffle. The size and
shape of the upstream exit region is strongly dependent on the
design of the riser exit.

L L

Fig.2 Contours of velocity profile in exit geometries

From Fig. 3, it can be inferred that the turbulence is more
pronounced in the right angled and baffled exits. The blind T

exit accumulated more solids than the right angle exit, and
yielded a higher solids volume fraction in the riser. The solids
hold-up is greater for the exit with baffle. The blind T exits
shows larger solids volume fractions along the entire riser
height, and an increase of solids volume fraction with
elevation in the upper half of the riser.
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Fig 3. Contours of slip velocity

The solids volume fraction remains constant near the
exit with internal baffle, but show an increase with
elevation in the upper half of the riser for the right
angle exit and blind T exit. The slip distribution in the
various exits are different with right angle exit and with
baffle showing greater slip than blind T exit.

All the above investigations suggest that riser exits can
reduce solids hold-up in the riser and yield a region upstream
where the solids volume fraction decreases with elevation.
Riser exits yield an apparently unaffected solids volume
fraction profile or increased solids hold-up and invoke a
region where the solids volume fraction increases with
elevation.

7. CONCLUSIONS

All the above investigations suggest turbulence in the riser as
well its exits can reduce solids hold-up in the riser. Riser exits
yield an apparently unaffected solids volume fraction profile
or increased solids hold-up and invoke a region where the
solids volume fraction increases with elevation. This suggests
an upstream exit region to be defined as the region upstream
of the riser exit where flow properties are affected by the riser
exit. Similarly, a downstream exit region can be defined as the
region downstream of the riser exit where flow properties are
affected by the riser exit. The (overall) exit region is the
region of the CFB where flow properties are affected by the
riser exit, and comprises the upstream exit region, downstream
exit region and the riser exit itself. The upstream exit region
is generally characterized by a Core/Annulus structure,
but that the solids mass flux profile may be asymmetric.
Some riser exits appear to invoke regions near the riser
wall where solids motion is upwards.
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