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The hydrodynamic performance of micrometric TiO, particles has been experimentally studied in a conical fluidized bed
and the results compared with numerical simulations. Local solid velocities in the bed have been measured by means of
an optical fiber technique under different operating conditions of particle loading and air velocity. The radial profiles of
axial solid velocities have been simulated to assess the sensitivity of grid size, and different drag models, namely, those by
Syamlal and O’ Brien, Ahmadi and Ma, Arastoopour et al., and Gidaspow, for no-slip, partial-slip, and free-slip boundary
conditions (BCs). The different drag models record almost similar results, but those provided by the Gidaspow and
Ahmadi—Ma models, together with free-slip BCs, are in somewhat better agreement with the experimental data for conical

fluidized beds with smooth walls. © 2013 American Institute of Chemical Engineers AIChE J, 59: 45024518, 2013
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Introduction

Fluidized and spouted beds are extensively used for vari-
ous industrial applications in pharmaceuticals," drying,®*
food processing,5 combustion,®’ pyrolysis, and catalytic
polymerization.g’9 A conical fluidized bed has the charac-
teristics of both fluidized and spouted beds, being, there-
fore, suitable for handling agglomerating or sticky
powders. This is particularly the case for the fluidization of
fine particles with a wide size distribution corresponding to
different groups of Geldart’s classification.'®!"! Although
many studies have been reported in the literature involving
fluidized beds,'>™"> certain details of the hydrodynamic per-
formance of conical fluidized beds are not fully understood,
which is partially due to the few experimental data on the
hydrodynamics of these beds.'®!'” Accordingly, the design
and scaling-up of conical fluidized beds is not straightfor-
ward, given that bed geometry, the ratio of inlet diameter
to bed height and operating conditions highly influence
gas—solid flow regime. Furthermore, hydrodynamic parame-
ters such as pressure drop, solid volume fraction, and
velocity significantly affect the performance of the conical
bed. Optimizing the performance of conical fluidized beds
requires a thorough understanding of the mixing character-
istics and interactions between the gas and solid phases.
The standard noninvasive measurement techniques used for
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the determination of particle trajectories and velocities are
as follows: pitot tube,'® Laser-Doppler anemometry,19
video technique,? radioactive particle tracking,?' and parti-
cle image velocimetry.?” Nevertheless, techniques based on
an optical-fiber probe are also promising for this
purpose.z'gf29

In recent years, with the development of high perform-
ance computers, researchers have used numerical methods
to study the flow behavior of fluidized beds.**> Computa-
tional fluid dynamic (CFD) modeling helps to explain the
details of gas-fluidized bed hydrodynamics and allows
developing quantitative process models that enable predic-
tive scaling-up and process optimization. However, experi-
mental data are required for evaluating the accuracy of
CFD simulation.

Although the Eulerian—Eulerian multiphase model with
the kinetic theory of granular flow (KTGF) has been widely
used as an essential constitutive model for simulating gas—
solid flow, the role of wall boundary condition (BC) is criti-
cal to the accuracy of CFD models. The BC represents the
energy flux into the granular medium at the walls. As granu-
lar energy is produced at the wall, the granular temperature
increases, with the solids being pushed toward the interior.
Several BCs have been proposed in the literature for the con-
tinuum gas—solid flow models. Thus, Benyahia et al*®~®
have used three different wall BCs in their simulations,
which are those recommended by Johnson and Jackson®® and
by Jenkins,** and free-slip for particle velocity with a speci-
fied granular temperature of zero. Johnson and Jackson’s BC
uses a specularity coefficient ¢ to describe the roughness of
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the wall. A value of zero for ¢ represents perfectly specular
(smooth) collisions (free-slip BC), whereas a value of unity
represents perfectly diffuse (rough) collisions (no-slip
BC).*%3® Jenkins’ BC accounts for two limits of low and
high friction depending on whether the particles are assumed
to slide (low friction) or bounce back tangentially (high fric-
tion) when colliding with the walls. Benyahia and coworkers
investigated the limits of low friction/free-slip and high fric-
tion/no-slip BC for the solid phase at the wall of a riser.*®
Their results show that a no-slip BC causes unrealistically
large granular energy production at the wall. However, their
results better predict the solid volume fraction near the riser
wall, with the value of the friction coefficient being small.
Taghipour et al.*' and Almuttahar and Taghipour** applied
the BCs developed by Johnson and Jackson™ to the simula-
tion of a circulating fluidized bed riser. They reported that
the choice of free- or no-slip BC affects the behavior pre-
dicted for FCC catalyst particles near the riser wall.
Recently, Bahramian et al.** and Bahramian and Olazar***
used an Eulerian—Eulerian two-phase model with different
drag models and various wall BCs. The model was used to
analyze the dynamic pressure and bed expansion ratio of
conical fluidized beds. Their study shows that the Gidaspow
drag model with a partial-slip BC agrees reasonably well
with the experimental data for dynamic pressure, and the
same drag model with a free-slip BC can better predict the
bed expansion ratio.

Several alternatives for determining the slip velocity
between gas and particle velocities are described in the liter-
ature.*' 4 One approach is to assume that solid slip veloc-
ity is equal to particle terminal velocity. This assumption is
often inaccurate, particularly for fine particles. Certain
researchers have suggested modified versions of this assump-
tion that include the influence of vessel orientation, static
bed heights, and the particle’s physical properties.‘t’]3’16’32’50
Alternatively, slip velocity is estimated either experimentally
or numerically from the difference between gas and solid
particle velocities.**** Finally, a third approach is to inject a
few labeled tracer particles and measure their velocities
experimentally.*®

The main objective here is to develop a CFD model for
describing the hydrodynamics of a conical fluidized bed.
Accordingly, the optical fiber technique is used as a first step
to provide a set of experimental data for axial solid velocity
in different sections of a bench-scale conical fluidized bed
containing polydispersed dried TiO, particles. In addition,
the open-source CFD code-MFIX is used to simulate the
radial profiles of axial solid velocities in the bed at different
air velocities and for different static bed heights. The radial
profiles of gas velocity and slip velocity have been deter-
mined numerically from the difference between simulated
gas and solid particle velocities. The performance of the
Eulerian—Eulerian two-phase model with the KTGF and
three wall BCs for the particulate phase, corresponding to
no-slip, partial-slip, and free-slip case, is evaluated by com-
paring its predictions with our experimental results. The
solid particle behavior near the wall is studied in detail by
comparing the effect of the different wall BCs. Moreover, a
grid-sensitivity analysis has been carried out using uniform
and near-wall refinement schemes to ensure that numerical
results are close to the experimental data. The drag models
suggested by Syamlal and O’Brien,”! Ahmadi and Ma,>>™*
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Figure 1. (A) Schematic diagram of the experimental
apparatus.

(B) Dimensions of the bed. [Color figure can be viewed

in the online issue, which is available at
wileyonlinelibrary.com.]

Arastoopour et al.,”> and Gidaspow® have been used in the
simulation and their suitability has been examined.

Experimental Setup

The experiments have been performed in a commercially
available transparent Plexiglas conical fluidized bed
(STREA-1 from Aeromatic, Switzerland). This transparent
vessel allowed visual observation of particle motion, and it
is geometrically similar to the industrial-scale units used in
the pharmaceutical, petrochemical, and food industries. A
schematic diagram and the dimensions of the experimental
apparatus are shown in Figure 1 (Figures 1A,B, respec-
tively). The setup contains a gas distributor plate that is cov-
ered with a stainless steel wire mesh (Standard Mesh No.
200) at the bottom of the bed. Air at 60°C and atmospheric
pressure is supplied to the bed by an air compressor.

The particles used throughout this experiment are dried
TiO, microparticles in the 90-600 pum range, belonging to
the B/D boundary of Geldart’s classification. The TiO, parti-
cle size distribution is as follows: 2% smaller than 90 um,
4% in the 90-125 pum range, 16% in the 125-200 um range,
32% in the 200-300 um range, 26% in the 300400 pm
range, and 20% in the 400-600 um range. The mean particle
diameter of the mixture is 280 um.

Four different static bed heights, Hy, corresponding to
0.012, 0.024, 0.048, and 0.060 m, are analyzed in this work.
The experiments have been performed by increasing air
velocity, U,, from the fixed bed state to fully fluidized state
at a superficial air velocity of 1.4 m/s and then decreasing
the flow rate until zero velocity (initial state) is reached.

An optical-fiber probe technique is used to measure the
mean solid velocities in the spout and annular regions and at
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the interface between these zones. A stepper motor controller
is used to change the position of the probe at the selected
axial positions, z. When a particle passes near the head of
the probe, it reflects light emitted by the central fiber. An
Nd-YAG solid-state laser is used as a light source with a fre-
quency of 50 Hz. A 12-V light source transmits light to the
emitting fiber and a filter controls the intensity of the beam.
The light signal is collected by photodiodes and converted
into voltage (1-100 mV). The signals then pass through the
amplifier (—12 to +12 V). An analog/digital interface sends
the reflected light data to the computer for processing. Solid
velocities are calculated based on a statistical analysis using
the cross-correlation function incorporated into a MATLAB
program. Additional details of the fiber-optic technique are
described in previous articles. 26274345

CFD Modeling and Simulation Procedure

The fundamental equations for mass and momentum con-
servation in each phase are summarized in Appendix A.
Although the actual flow is not fully isothermal, the energy
conservation equation is not considered and isothermal flow
is assumed. The granular temperature equation, which origi-
nates from the KTGF, is also solved to account for the con-
servation of fluctuation energy in the solid phase. However,
the equations for momentum and granular temperature need
to be closed by providing appropriate constitutive equations
for the granular stress tensor, granular energy fluxes, and
rate of energy exchange. Equations (B1-Bll) listed in
Appendix B are the constitutive equations for granular stress
tensor, shear viscosity, solid pressure, collisional dissipation
energy, and other parameters, which are required for the clo-
sure of both the solid phase momentum equation and the
granular temperature equation. The gas—solid momentum
exchange coefficient is assumed to include only the drag
contribution. Four different drag models are used here, which
are those proposed by Syamlal and O’Brien,”’ Ahmadi and
Ma, >4 Arastoopour et al.,® and Gidaspow™® (Appendix
O).

Assumptions and BCs

The assumptions and the BCs used in the simulations are:

1. Continuous phase is treated as ideal gas.

2. The axisymmetric BC is applied along the axis of
symmetry.

3. The velocities and volume fractions in the inlet of both
phases are specified. The air inlet velocity is assumed to be
uniform in the radial direction and the values of 0.1, 0.3,
0.7, and 1.4 m/s are used, whereas the inlet solid velocity is
set to zero.

4. Outflow BCs with zero velocity gradients at the outlet
for each phase along the axial direction are assumed. Fur-
thermore, the pressure at the outlet is assumed to be
atmospheric.

5. The no-slip BC at the wall is used for the gas phase,
whereas the BC equations developed by Johnson and Jack-
son’” are applied to the tangential velocity of the solid
phase. These equations are described in Appendix D (Table
D1). Three types of slip conditions corresponding to no-slip,
partial-slip, and free-slip BCs are set out in Appendix D for
the solid phase. The specularity coefficient is used to deter-
mine the slip condition of the solid phase at the wall (Table
D2 in Appendix D). This parameter accounts for the fraction
of collisions that transfer momentum to the wall. The value
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Figure 2. Computational grid used in the simulations.

(A) Uniform scheme, (B) near wall refinement (r/
R = 0.4-0.5) [the number of grid cells in both schemes is
46,000].

of the specularity coefficient varies from zero (free-slip con-
dition) to one (no-slip condition).

Numerical procedure

The Eulerian—Eulerian two-phase model with the KTGF
and the k-epsilon turbulence model have been solved by the
finite volume technique for both the solid and gas phases to
simulate hydrodynamic behavior in a conical fluidized bed.
The open source software MFIX code is used for solving the
governing equations (http://mfix.netl.doe.gov). The two-
dimensional (2-D) axisymmetric segregated solver is chosen
in all simulations. The pressure-velocity coupling is analyzed
by using the phase coupled SIMPLEC algorithm.

A first-order upwind scheme and implicit formulation
have been used to discretize the convection term. The time
step for unsteady simulations was varied from 5 X 107 to
1 X 1072 s, depending on the solution convergence. The
properties of TiO, particles are used in the simulation to
compare the simulated results with experimental data. Par-
ticles are assumed to be perfectly spherical and monosized,;
thus, only one solid phase with an average particle size of
280 pm is considered. The computation time for simulating
5.5 s of real time was approximately 22 h on a PC with a
3.2-GHz Pentium 4.

Grid-sensitivity Analysis

Grid-sensitivity analysis is essential to ensure CFD simu-
lation is independent of the grid size.*®>’® This concept has
meaning only when convergence criteria are clearly defined.
Grid independency is checked in this study to ensure that
accurate numerical results are obtained. The computational
domains are discretized using 11,500, 23,000, 34,500, and
46,000 grid cells with a rectangular structure. Therefore, grid
sizes are around 2.2 mm in the axial direction and in the
1.8-2.6 mm range in the radial direction, depending on the
uniform scheme or near-wall model approach. A typical
computational mesh obtained using 46,000 cells is shown in
Figure 2. The simulation performed in the conical bed with
a uniform scheme is shown in Figure 2A. Furthermore, near-
wall refinement is used for fine-tuning grid size in the 0.4—
0.5 7/R range, Figure 2B. This mesh is selected to fulfill the
conditions for the use of the near-wall model and achieve a
solution that is independent of mesh density.
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Results and Discussion
Experimental results

Experimental analysis was performed on a bed containing
polydispersed dried TiO, particles. On increasing air veloc-
ity, the bed gradually changes from a fixed condition to a
fully fluidized state. At first, the fine particles are suspended
in the airflow and, by increasing airflow velocity, they finally
become fluidized, whereas the large agglomerate particles do
not reach fluidization. Bed volume also expands gradually
by increasing airflow velocity until large heavy agglomerates
start to move and a transition regime from the channeling
regime to full fluidization regime is reached in the
bed.>31:33565% However, large agglomerates of the particle
phase are observed in certain cases at the bottom of the coni-
cal bed. It should be noted that the fluidization of fine par-
ticles and/or large agglomerates is delayed and even
completely stopped due to the presence of interparticle cohe-
sive forces and/or weight.'***%2 The bed containing poly-
dispersed particles fluidizes faster, given that the large
particles act as local turbulence promoters, whereas the fine
particles slide down, behaving as if in a boiling state. In this
bed, the fine particles form a layer around the relatively
large agglomerate particles and play a lubricating role, which
lowers the apparent viscosity, promotes bed fluidization and
increases air—solid mixing. Experimental operation shows
that a small amount of ultrafine TiO, particles with a diame-
ter less than 2 um leaves the bed. Bag filters are placed at
the top of the bed to prevent particles larger than 2 um leav-
ing the vessel at high airflow velocities.

A vigorous particle motion is observed at high airflow
velocities and the entire bed is fluidized (axial and radial
solid circulation), with a turbulent flow regime, especially
for low particle loadings. Visual observations reveal that fine
TiO, particles travel faster than large agglomerates, and the
concentration of large agglomerates is lower in the center of
the column than near the wall. Furthermore, although most
of the particles are moving quickly in the bed, a low per-
centage of larger TiO, particles and particle agglomerates
move relatively slowly near the bottom section. Accordingly,
although the simulation of turbulent flow regimes has been
approached in the literature,'>303%374255:63 the modeling of
the flow in a conical fluidized bed with low particle loadings
requires appropriate turbulence models and drag functions in
order to predict experimental trends.

The solid particles follow a circulation pattern according
to the so-called gulf-effect. Thus, the particles descending
toward the intermediate section of the vessel following posi-
tions near the wall accelerate as they approach the bottom of
the vessel, with their maximum velocity being attained at the
core and in a region near the spout zone (approximate range:
—0.05 <7/R <0.05).

The turbulent fluctuation in the axial direction (z) is much
larger than in the other two directions because the gas is fed
into the system in this direction. Therefore, the axial solid
velocity profiles measured in the conical fluidized bed at dif-
ferent bed levels for various airflow rates are shown in Fig-
ures 3, 5, and 6. All the experiments show that axial solid
velocity decreases with the dimensionless radial distance,
from a maximum near the axis to a negative value at the
wall, which is evidence of a downward particle motion near
the wall. These figures correspond to different bed particle
loadings and, in all cases, the maximum axial solid velocity
is found in the spout-annular zone (approximate range:
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Figure 3. Comparison of experimental axial solid veloc-
ity profiles with simulation results obtained
using the Gidaspow drag model with 11,500,
23,000, 34,500, and 46,000 grid cells.
(A) Uniform scheme, (B) near-wall model [z=0.2 m,
H, = 0.048 m, and U, =0.3 m/s]. [Color figure can be

viewed in the online issue, which is available at
wileyonlinelibrary.com.]

0.08 <7/R <0.12). Accordingly, the experimental data will
be compared with the simulation results in order to validate
the more suitable turbulence model.

Simulation results

A series of 2-D computer simulations have been per-
formed for the laboratory scale conical fluidized bed using
MFIX code. Special attention has been paid to the effect of
different drag models, that is, those by Syamlal and
O’Brien,5 ! Ahmadi and Ma,sz_54 Arastoopour et al.,55 and
Gidaspow.>®

Figure 3 compares the experimental data for the axial
solid velocity profile with the simulation results obtained
using the Gidaspow drag model with 11,500, 23,000, 34,500,
and 46,000 grid cells. Figures 3A,B show the simulation
results for these cells when a uniform scheme and near-wall
model, respectively, are considered. These results have been
obtained at z=0.2 m for an initial bed height of 0.048 m
and at an inlet gas velocity of 0.3 m/s.

As observed, the simulation results obtained with 11,500,
23,000, and 34,500 grid cells deviate from the experimental
data. In particular, the axial solid velocity records high nega-
tive values near the wall, whereas the results obtained with
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Figure 4. Temporal variation of simulated solid velocity
near the bed wall for 23,000 and 46,000 grid
cells [z=0.2 m, Hy=0.048 m, and U, =0.3 m/
s].
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

46,000 grid cells are in reasonable agreement with the exper-
imental data. It should be noted that the size of a cell in a
computational mesh using 46,000 cells is around 10 times
the mixture’s mean particle diameter. This is consistent with
other studies of grid-sensitivity analysis.>*>%>785% A" com-
parison of Figures 3A,B shows that the results of numerical
simulation with and without wall refinement are similar,
although there is a slight difference in the wall. Therefore, a
grid size of 46,000 cells with near-wall model approach is
selected in the numerical simulations to assess the sensitivity
of different drag models.

Figure 4 shows the temporal variation in the simulated
solid velocity near the bed wall at Hy=0.048 m and
U,=0.3 m/s. The probe is located at /R =0.38, and z =0.2
m, where the solid particles fall along the wall in the conical
section. These results have been obtained using the Gidas-
pow’® drag model with 23,000 and 46,000 grid cells. As
observed, the simulated solid velocity obtained using the
finer mesh of 46,000 cells gives way to a signal with higher
fluctuations than when using a mesh of 23,000 cells. Further-
more, after a simulation time of around 3.0 s, the axial solid
velocities near the wall fluctuate between mean values of
—0.25 and —0.22 m/s when using meshes of 23,000 and
46,000 cells, respectively. It should be noted that particle
flow is downward near the wall due to the weight force and
low upward gas velocity in this zone. In fact, the gas
bypasses the particles in the dense annular region, but raises
them through the central core to the bed surface, where they
fall back onto the annular zone, thereby producing continu-
ous particle circulation and mixing. Furthermore, Figure 4
shows the particles are transported upward (positive solid
velocity) at the start of the fluidization due to gas bubbles
passing through the whole bed.

In order to give the reader more insight into the fully flu-
idized state over the periodic time of 4.3 s, we have created
an animation file of solid volume fraction (dilute and dense
flow regimes are depicted in blue and red, respectively),
which is available in the Supporting Information File. The
simulation time of 4.3 s used in the file is sufficient to obtain
results independent of the averaging time. Nevertheless, a
simulation time of 5.5 s was selected in the numerical simu-
lations to ensure a fully fluidized state.
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Figure 5. Comparison of 2-D simulation results with
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Hy=0.048 m and U, =0.7 m/s.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Figure 5 shows the results predicted for axial solid veloc-
ity using the free-slip BC. They have been obtained at
z=0.1 m for a 2-D bed of Hy=0.048 m and U, = 0.7 m/s.
In agreement with the experimental data, the simulation
results show that the axial solid velocity decreases with the
dimensionless radial distance from a maximum value near
the axis to negative values indicating a downward particle
motion near the wall. As observed in Figure 5, all four drag
models lead to roughly similar results, although Syamlal-
O’Brien”' model records an increase near the wall that is not
realistic.

An error analysis provides the following values for the
different drag models: 23% for Syamlad—O’Brien,5 "' 9% for
Gidaspow,’® 15% for Arastoopour et al.,”” and 11% for
Ahmadi-and Ma.”>>* The Syamlal-O’Brien’’ model pre-
dicts more consistent results at the spout-annulus interface
(0.08 <1r/R<0.12), whereas those by Gidaspow56 and
Ahmadi and Ma>>>* provide a better fit for the experimental
results near the wall. In a previous article,** we found that
the optimum values for the restitution coefficient, ey, are
those corresponding to particle—particle friction and maxi-
mum particle packing values of 0.9 and 0.67, respectively.

The axial solid velocity along the wall is more sensitive to
the specularity coefficient, which inevitably affects solid
back-mixing and, therefore, the conical fluidized bed per-
formance. Figures 6 and 7 compare the experimental data
with those obtained by simulating the axial solid velocity
profiles, using three types of wall BCs, namely, no-slip, par-
tial-slip, and free-slip. The wall BC represents the frictional
contact between particles and wall boundaries (particle-wall
friction). These profiles correspond to a level of z=0.05 m,
an initial bed height of 0.048 m and air velocities of 0.7 and
1.4 m/s. The simulation results for the Gidaspow drag model
are shown in Figure 6, and for Ahmadi—-Ma model in Figure
7. Both models record roughly similar results for the differ-
ent slip BCs. The trend of both the experimental data and
the simulation results is fairly similar, that is, the axial solid
velocity increases slightly to a peak value in the spout-
annular zone and then decreases as the radial distance is
higher. Furthermore, the simulation results follow a similar
trend at the spout-annular interface for all the BCs.
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Figure 6. Experimental data and simulated radial pro-
files of the axial solid velocity using Gidas-
pow drag model z=0.05 m, (A) U,=0.7 m/s,
(B) U,=1.4 m/s.

Nevertheless, considerable deviations are observed, espe-
cially for the no-slip and partial-slip BCs at a high air veloc-
ity corresponding to Figures 6B and 7B. When the free-slip
wall BC (¢ =0) is used, there is no friction between par-
ticles and wall, which means more particles flowing down-
ward, thus resulting in higher particle velocity and so a high
solid volume fraction at the bottom of the conical fluidized
bed. When the no-slip wall BC (¢ =1) is used, there is
major friction between particles and wall, and the dissipation
caused by particle-wall collisions hinders the downward flow
of particles, thus resulting in a low simulated particle veloc-
ity near the wall.

The results obtained for the conical fluidized bed differ
from those obtained by Olazar et al.>’ for conical spouted
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Figure 7. Experimental data and simulated radial pro-
files of the axial solid velocity using Ahmadi-
Ma drag model z=0.05 m, (A) U,=0.7 m/s,
(B) U, =1.4 m/s.

beds, given that the maximum upward axial velocity in the
latter is measured at the axis of bed, whereas this value in
conical fluidized beds is located in the spout zone near the
spout-annular interface.®>® This trend is related to the tra-
jectories of the larger particles in the spout, which in conical
spouted beds follow mainly positions near the spout-annulus
interface,67 whereas in conical fluidized beds they rise near
the axis. Accordingly, axial solid velocity decreases due to
gravity and the dissipation of energy caused by frictional
contacts between particles.

Table 1 shows the relative error between the experimental
data and the simulation results of axial solid velocity
obtained by the Gidaspow® and Ahmadi and Ma’*>* drag
models. In view of these errors, the following observations
are made: (1) The simulation results obtained by Ahmadi

Table 1. Relative Errors of Axial Solid Velocity Obtained by Using Different BCs

Relative Error (%)

No-Slip BC Partial-Slip BC Free-Slip BC
U, (m/s) Drag Model Spout Zone Other Zones Spout Zone Other Zones Spout Zone Other Zones
0.7 Gidaspow 19.5 15.0 22.0 10.7 9.5 7.0
Ahmadi-Ma 15.5 13.0 21.0 11.0 11.7 8.6
1.4 Gidaspow 25.6 14.0 243 13.3 104 6.0
Ahmadi-Ma 18.2 10.0 15.0 11.8 12.6 9.0
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Figure 8. Vector plot of solid velocity applying no-slip
BC [(A) 0.1 m/s, (B) 0.3 m/s, (C) 0.7 m/s, (D)
1.4 m/s].

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

and Ma®*~* drag model with no-slip and partial-slip BCs are
more consistent with the experimental data than those
obtained by the Gidaspow56 drag model. However, the latter
provides slightly more consistent results when the free-slip
BC is used. The explanation lies in the higher solid volume
fraction simulated for lower particle-wall friction and/or no-
friction. (2) The axial solid velocity profiles obtained using
the free-slip BC is more consistent for both drag models.
This suggests that a low value of particle-wall friction should
be used in the model for conical fluidized beds with smooth
walls. (3) The highest deviations between experimental data
and simulation results are found at the spout zone (approxi-
mate range: /R <0.07). This suggests there is higher energy
dissipation in the spout zone due to particle—particle
contacts.

Figures 8—10 show the local solid velocity vectors at dif-
ferent axial positions in the bed for air velocities of 0.1, 0.3,
0.7, and 1.4 m/s. The data correspond to Hy=0.060 m,
ess = 0.9, and the Gidaspow drag model. As observed, air-
flow velocity significantly affects solid flow patterns. Thus,
Figures 8 and 10 corresponding to no-slip and free-slip BCs,
respectively, show that the upward axial velocity in the spout
zone peaks near the bed axis. Axial velocity decreases as the
radial position is higher, being close to zero at the spout-
annulus interface. In the annular zone, (approximate range r/
R >0.28), the downward velocity peaks at the wall.
Although these are the main trends, the simulated results
also predict a slight downward motion at the axis of the
contactor.

The simulated vector profiles obtained for a partial-slip
BC are shown in Figure 9, and they are different from those
obtained with the other BCs (Figures 8 and 10). Thus, parti-
cle descent is observed almost exclusively at the center of
the bed, with ascent at the wall. Nevertheless, visual obser-
vations in the experiments reveal that particles move upward
in the central region and downward near the wall. Thus, the
vector profiles predicted by using no-slip or free-slip BCs
are more consistent with visual observations.

The simulation data predict vigorous particle circulation in
conical fluidized beds with low particle loadings. The magni-
tude of the vectors indicates that, overall, solid velocity is
high at the center and intermediate radial positions in this
system, although the no-slip BC predicts a slight descending
trend around the axis for high airflow velocities. Figures 8D
and 10D, corresponding to high velocities, show a solid cir-
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Figure 9. Vector plot of solid velocity applying partial-
slip BC [(A) 0.1 m/s, (B) 0.3, (C) 0.7 m/s, (D)
1.4 m/s].

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

culation pattern with particles ascending near the axis and
descending near the wall. This pattern is predicted especially
by using the free-slip BC, Figure 10D, and has been
observed in conical fluidized beds, risers, and spouted beds.
Furthermore, the free-slip wall BC gives way to higher parti-
cle velocities than the no-slip wall BC—either downward at
the wall or upward in the spout zone. Thus, wall friction
causes the velocity near the wall to be lower than in the cen-
tral region, and particles circulate toward the bottom of the
vessel, so maximum downward velocity is attained near the
bed wall at the bottom.'”?7134%3 The vector plot of particle
velocity with the free-slip wall BC (Figure 10) records a
higher particle circulation rate, thus enhancing solid back-
mixing along the wall.

Figures 11-13 show the distribution of the instantaneous
contour plot of the solid velocity for the air velocities of 0.1,
0.3, 0.7, and 1.4 m/s and static bed heights of 0.012, 0.048,
and 0.060 m. These simulations are obtained by using the
Gidaspow56 drag model with free-slip BCs. These velocity
distributions correspond to 4.0 s after the airflow is first
introduced into the bed. As observed, increasing air velocity
leads to different solid flow patterns. Figures 11A—13A, cor-
responding to an air velocity lower than the minimum fluid-
ization velocity, Ups show there are channels near the
center of the bed with air passing through the bed. At the
highest static bed height of 0.060 m, this model predicts
large bubbles in the bed, Figure 13A. The values predicted
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Figure 10. Vector plot of solid velocity applying free-
slip BC [(A) 0.1 m/s, (B) 0.3, (C) 0.7 m/s, (D)
1.4 m/s].

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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for the minimum fluidization velocity at the static bed
heights of 0.012, 0.048, and 0.060 m are 0.102, 0.117, and
0.236 m/s, respectively. Figures 11B—13B show the results
for U, = 0.3 m/s, which is higher than the minimum fluidiza-
tion velocity. In this case, the bed gradually expands, chan-
nels are disrupted, and fluidization occurs at the central
region of the bed. When the airflow velocity is further
increased, the height of the expanded bed increases (Figure
11C-13C). For higher air velocities, Figures 11D-13D show
that the air simply blows through the bed without forming a
spout and annular zones, and complete fluidization state
occurs.
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The flow patterns of solid particles at high air velocities in
conical fluidized beds are different from those in spouted
beds. In the latter, the air initially passes through the packed
bed forming a channel that grows in height as air velocity is
increased. When air velocity reaches the minimum spouting
velocity, U, the channel reaches the upper surface of the
bed and forms a fountain, which is typical of spouted beds.
The formation of the spout in the center and in the annulus
near the walls is also observed.?>%>® The spout and annular
zones are not defined in conical fluidized beds, and a vigor-
ous particle motion is observed at high airflow velocities, as
shown in Figures 12D-13D.
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Figure 13. Instantaneous contour plot of the solid velocity applying free-slip BC [(A) 0.1, (B) 0.3, (C) 0.7, (D) 1.4

m/s] Ho = 0.060 m.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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As observed in Figures 11-13, there is good particle circu-
lation when the static bed height is increased from 0.012 to
0.048 and to 0.060 m, with the expanded bed height being
consistent with the experimental data. Furthermore, low bed
channeling is predicted for the lowest static bed height, cor-
responding to 0.012 m, which evidences that, in addition to
air velocity, static bed height is an essential parameter for
estimating particle flow patterns.

The effect of static bed height on the profiles of axial
mean solid velocity computed using the Gidaspow56 drag
model and with a free-slip BC is shown in Figures 14—16 for
different air inlet velocities. As observed, although the simu-
lated results are slightly higher than the experimental data,
the overall model predictions are reasonable. The deviation
may be due to the consideration of mono-sized particles in
the simulation, whereas the actual TiO, particles have a
wide particle-size distribution, that is, particles with different
size and shape travel at different velocities in the bed.

Figures 14-16 clearly show that air velocity has a signifi-
cant effect on particle velocity in the spout zone but little
effect on particle velocity in the annular zone. This differs
from the results obtained by He et al.>*% for spouted beds.
They found that particle velocity in the annular zone of
spouted beds increases as air inlet velocity is increased. The
differences between spouted and conical beds probably arise
from the fact that particle velocity in the annular zone of
conical fluidized beds is relatively low compared to spouted
beds and, consequently, the variation in particle velocity
with air inlet velocity is relatively small in conical beds.
Solid velocities in both the spout and the annular zones
decrease as the radial distance from the center of the bed is
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higher and the velocity profiles in the two zones become flat-
ter until zero velocity is recorded at the top of the fountain,
and the particles then fall onto the annular zone. These
results are qualitatively similar to those obtained by Gold-
schmidt et al.,15 Kmiec,16 Olazar et 211.,8’26’27 and Huilin
et al.®® for conical—cylindrical spouted beds and jet-spouted
beds.

As static bed height is increased from 0.012 m (Figure 14)
to 0.024 m (Figure 15) and then to 0.048 m (Figure 16),
once the spout has been formed the air in all cases passes
preferentially through this central bed zone. As observed, the
mean axial solid velocities at the bottom (at z = 0.05 m) for
a high air velocity (Figures 14D-16D) are different for the
three static bed heights studied, 0.012, 0.024, and 0.048 m.
Visual observations reveal that high static bed heights cause
particle agglomeration. This is because larger particle flow is
not fully developed in the bottom section. When the flow of
air and solid particles is fully developed and reaches a steady
state, there is no acceleration or deceleration of particles
and, therefore, no changes in solid velocity and friction.

The dimensionless radial profile of axial solid velocity
reveals that velocity values near the wall are negative, espe-
cially in the bottom section, and its magnitude decreases as
bed height is increased. Furthermore, particle entrainment
occurs for average superficial air velocities lower than the
terminal velocity of the particles. This is explained by the
fact that, for a fully developed flow, the local velocities in
the spout zone are higher than the average superficial air
velocity.' 6.24

Figure 14B shows that low particle loadings with low air
velocities give way to a wave-like structure due to air
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Table 2. Relative Error Between the Experimental Data and
Simulation Results of Axial Solid Velocity

Relative Error (%)

Air Velocity (m/s) 0.012 (m) 0.024 (m) 0.048 (m)
0.1 5.11 2.04 2.01
0.3 5.87 6.52 7.74
0.7 6.37 7.21 7.61
1.4 6.88 7.54 8.93

bubbles traveling from the bottom to the top, whereas high
air velocities (Figures 14C,D) give way to a negligible drag
force and complete solid circulation.

At relatively high particle loadings (Figures 16A-D),
major flow resistance is caused by the solid particles them-
selves and the friction at their interface, because the air flow
gives them upward acceleration, and bed behavior is close to
a spouted bed, especially at low air velocity (Figure 16B).

Table 2 shows the relative error between the experimental
data and the simulation results of axial solid velocity
obtained by the Gidaspow>® drag model. The highest devia-
tions between experimental and simulation results are found
at the highest particle loading, Hy=0.048 m, which is
explained by higher TiO, particle loadings causing more par-
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Figure 17. Evolution of axial air velocity profiles with
dimensionless radial distance for Hy = 0.048
m [(A) U,=0.7 m/s, (B) U,=1.4 m/s].

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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ticle agglomeration and changes in local solid velocities in
the bed. Thus, as static bed height is increased by 100%
(from 0.012 to 0.024 m) and 300% (from 0.012 to 0.048 m)
at an air velocity of 0.7 m/s, the relative error increases by
13 and 19%, respectively.

Figure 17 shows the dimensionless radial profiles of axial
air velocity obtained for different bed heights at air inlet
velocities of 0.7 and 1.4 m/s by using a free-slip BC and the
Gidaspow56 drag model. Air velocities peak in the central
bed zone and then gradually decrease toward the wall, where
they drop to almost zero. Therefore, most of the airflow
passes through the central bed zone.

The dimensionless radial profiles of local slip velocity are
shown in Figure 18. As observed, slip velocity is minimum
in the central region, where air and particles flow cocur-
rently, and then gradually increases along the radial direction
with slip velocity peaking near the wall, where air and par-
ticles flow countercurrently. Figures 18A,B also show that
particle slip velocity increases for TiO, particles when air
velocity is increased. Thus, an increase in air velocity has
two effects on slip velocity, a positive one due to a lower
particle velocity per se and a negative one due to the lower
particle velocity caused by counter flow velocity.
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Figure 18. Dimensionless radial profile of slip velocity
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[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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Conclusions

The hydrodynamic behavior of polydispersed dried TiO,
particles with a mean diameter of 280 um belonging to the
B/D boundary of Geldart’s classification has been studied
experimentally and numerically in a conical fluidized bed at
different superficial air velocities. The effect of different
static bed heights on the radial profiles of axial solid velocity
has been experimentally determined with an optical fiber
technique. A suitable numerical method based on the finite
volume method has been used to discretize the continuity,
momentum, and granular temperature equations for solid and
gas phases. The Eulerian—Eulerian two-phase model involv-
ing the KTGF and a k-epsilon turbulent model with three
wall BCs (no-slip, partial-slip, and free-slip) have been used
for the solid phase in the numerical simulations. The meth-
odology used in the numerical simulations of each type of
BC has been validated by comparing it with experimental
data. The number of grid cells required for ensuring a grid-
independent solution is determined using two schemes,
namely, uniform and near-wall refinement models. A cell
size of around 10 times the mean particle diameter of the
mixture is selected in the numerical simulations with the
near-wall model approach to assess the sensitivity of differ-
ent drag models.

More simulations have been run using the Arastoo-
pour,55 Syamlal—O’Brien,5 ' Ahmadi-Ma,>>>* and Gidas-
pow’® drag functions. The main conclusion is that the
drag functions proposed by Gidaspow’® and Ahmadi and
Ma>>* give a better prediction than the other drag func-
tions posited by Syamlal and O’Brien’' and Arastoopour
et al.>> for predicting the axial solid velocity. However,
all the simulated values of axial solid velocity are slightly
lower than that experimentally measured at the air veloc-
ities investigated. The dimensionless radial profile of axial
solid velocity reveals that its values near the wall are neg-
ative, especially in the bottom section, and its magnitude
decreases with increasing bed height. The overall results
show that the free-slip BC provides a slightly better pre-
diction of axial solid velocity and lower error at the dif-
ferent static bed heights studied. This evidences that the
free-slip wall BC without particle-wall collisions should be
used in the conical fluidized bed with very smooth walls.
Slip velocity is minimum in the central region, where
there is cocurrent flow of air and particles, and then grad-
ually increases along the radial direction to a maximum
near the wall, where there is countercurrent flow of air
and particles. The experimental and simulated results show
that low particle loadings with low air velocity (U,=0.1
m/s) give way to a wave-like structure in the bed due to
air bubbles travelling from the bottom of the bed to the
top, whereas full solid circulation is obtained at high air
velocities (U, >0.7 m/s). The highest deviations between
experimental data and simulation results are found in the
spout zone, whereas the simulation results in the other
zones are more consistent with the experimental data. Fur-
thermore, large errors between experimental and simulation
results are also found at high initial static bed heights
(Hp>0.048 m), given that an increase in TiO, particle
loading causes greater particle agglomeration and changes
in axial solid velocity in the bed. Therefore, in addition to
air velocity, the initial static bed height is also an essen-
tial parameter for estimating particle flow patterns in the
design and scaling-up of conical fluidized beds.
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Notation
Symbols
B = slip coefficient, dimensionless
Bo, = granular bond number, dimensionless
Cp = drag coefficient, dimensionless
d; = inlet diameter, m
dp = particle diameter, m
dyy avg = average particle diameter, m
ey = restitution coefficient, dimensionless
g = acceleration due to gravity, m s>
80.ss = radial distribution coefficient, dimensionless
h = total column height, m
H = expanded bed height, m
H, = static bed height, m
T = stress tensor, dimensionless
L,p = second invariant of the deviatoric stress tensor,

dimensionless
k = turbulent kinetic energy, kg m™' s7°
kO, = diffusion coefficient for granular energy, kg m™ ' s
MFIX = Multiphase Flow with Interphase eXchanges
P = pressure, Pa
py= frictional stress, dimensionless
R,r = radius, m
Re = Reynolds number, dimensionless
t= time, S
U,u= gas velocity, m s~
v = particle velocity, m s~
x = weight fraction
z = axial direction

Greek letters
o; = loose bed volume fraction, dimensionless
f = interphase =~ momentum  exchange
dimensionless
76,, = collisional dissipation of energy, kg.m™ ' s—*
y = cone angle

—1

coefficient,

2

0; = granular temperature, m* s~
/i = bulk viscosity, kg m~ ' 57!
u; = shear viscosity, kg m™ ' s7!
v; = kinematic viscosity, m* s~
p; = density, kg m
T~ = stress tensor, Pa
¢, = transfer rate of kinetic energy, kg m '3
¢ = specularity coefficient, dimensionless
Subscripts
a= air
b = bulk
g= gas

i= general index
mf = minimum fluidization

o = outlet
= particle

q = phase

s = solid
= terminal (e.g., v, is the terminal velocity)
= wall
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Appendix A
The conservation laws used in the present study are summarized in Table Al

Table Al. Governing Equation for Gas/Solid Flows
Mass conservation for phase i (i = g for gas and i = s for solid)
5} o
E(oc,up,«)+v.(oc,».pi.v,»)=0 (A1)
Linear momentum balance for gas and solid phases
8 T T = _ o 4 - —
5 (0g-pg-Ug) + V. (g pg Ug - Ug) ==z VP+V. T = (U —V) Tog.p,. 8 (A2)
0 - - = o .
B (0t5.p5-Vs) T V. (05.05.Vs.Vs )= — 0, VP + V.75 —VPs-i-ﬁ(Ug—Vs) +os.p.€  (A3)
Transport equation for the solid phase granular temperature
3[0 - = -
3 @(ocs.ps.(?s)+V.(ocs.ps.vs.9$) =(=PI+7) : V.vy=V.(kg.V.05) = 7 g+ dgs (A4)
Appendix B
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Constitutive equations are listed in Table B1.

Table B1. Constitutive Equations of Gas/Solid Flow

Solid stress tensor

where solid shear viscosity is

U= Ky col + H kin + K fr

(BI)

(B2)
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TABLE B1. Continued

and the collisional contribution to shear viscosity is>’

4 0
:us,col zgas'pS'gO,SS (1+eSS)\/% (B3)

The kinetic contribution to shear viscosity®

The frictional contribution to shear viscosity™®
ts 1 =py sin(@) /2vp (B5)
Solid phase bulk viscosity®®
Jy= g o2 py.ds.go.ss(1+es) \/g (B6)

Collision dissipation energy
12(1—e5 ) g0ss

— 3/2
N py.02.0% (B7)

Solid pressure

Po=0.p,.0,+2p (1+eg )02 .g0.ss -0 (B8)

Thermal energy diffusion coefficient™®

25p,.ds/Os.m 6 2 , \/(7
ko= SV T 4 = ag0.s (1 e ) | +2p5.02.dy(1+egs ) goss | — B9
’ 64(1+ess)'g0‘ss |: 5 %s-805s: ( s ):| Ps-%s ( €ss )gO,H P (B9)

Radial distribution function®®”°

/37~
Ols
s =|1— B10
gOA,. ) |: (o‘s,max ) :| ( )

Dissipation of granular temperature by gas damping

$os=—3P.05 (B11)

Appendix C
The drag models and the corresponding correlations for f used in this study are summarized in Table Cl1.

Table C1. Drag Models Used in this Study

Syamlal and O’Brien (1988)
Syamlal and O’Brien'>>" proposed a drag coefficient model based on measuring the particle termi-
nal velocity in fluidized beds

3 0.0 Py <Res) -
=— Cp. Jvs—U (C1)
ﬁ 4 V%S d, D n ‘ s g‘

where the Reynolds number based on relative velocity is defined as
| ppds |V
He

Re; (C2)
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TABLE C1. Continued

V,s is the terminal velocity correlation for the solid phase

Ves =0.5 (A—0.06Re ot \/ (0.06Re ;)*+0.12Re (2B —A)+A2> (C3)

with
A=og! (C4)

and
B=Poy >0, < 0.85 (C5)
B=0$4,)0.85 (C6)

where P and Q are parameters based on the minimum fluidization velocity.

Drag coefficient
2
4.8
Cp= (0.63+ ) €7

VRe /v

Arastoopour et al. (1990)
Arastoopour et al.>® modified the pressure drop correlation proposed by Gibilaro et al.* and sug-
gested a gas—solid drag coefficient model expressed as

—2.8
Py -Ols -0 R
S T (C8)

17.3
= +0.
p {Res 0 336}

Ahmadi and Ma (1990)
Ahmadi and Ma>>~>* suggested a thermodynamically consistent formulation

18y [110.1(Re )"

dg (1 _ ﬁ) 2.5v%,
7

Here, v}, is the limiting dense packing volume fraction for shear flows. For a single size spherical par-
ticulate phase, v,, = 0.64356.

Gidaspow (1994)
Gidaspow>® model combines the Ergun’® equation for dense flows

(€9)

o o

ﬁEurgun =150

2
sH
+1.75
d: d

Pe15,~0, o < 0.8 (C10)
ag S

with the formulation by Wen and Yu’' for dilute flows

3 o0 |\75—Ij | _
B=7 D%.ag 265 4.)0.8 (C11)
S

The drag coefficient is given by
24
Co=rp [1+o.15(ag.Res)°-687} Re (1000 (C12)

S

Cp=0.44  Rey > 1000 (C13)

Lu and Gidaspow’? introduced a transition function, which gives a rapid continuous transition from
one regime to the other. This function is given by

150><1.75(0.2—ocs)) o

(C14)

(s =arctan ( -
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Appendix D

The BCs for the tangential velocity of the solid phase at
the wall developed by Johnson and Jackson® are described
in Table DI.

phase as described in Table D2. In the first set of simula-
tions, the no-slip BC is used with ¢ =1 and the frictional
effect of particles on the wall. In the second set of simula-
tions, the partial-slip BC is used (¢ = 0.5) with a partial fric-

Table D1. Johnson and Jackson Semi-Empirical Equations

Tangential velocity at the wall

0
Vo= =B (1)
’ on
where the slip coefficient is given by
601 14
B= (D2)
\/3\/5.71 P 'png,ss
Granular temperature at the wall
00,
HW:_C1—+C2 (D3)
Oon
where
3/2
Ci= k_@s 1 Cr= ﬁﬂps.uf‘s“p B0 ‘05/ (D4)
Pw 6as,max

where g ip, is the slip velocity and accounts for the overall difference between gas and solid

velocities.

Us slip :Ug_vs

and

V3(1—¢2) o805 .03

(D5)

YwT

4as,max

(Do)

Table D2. Slip BCs Used in the Simulations

Simulation Slip Specularity
Runs Friction Condition Coefficient
1 Friction No-slip (p=1)

2 Partial-friction Partial-slip (p=0.5)

3 No-friction Free-slip (p=0)

To assess the effect of BCs on model predictions, simula-
tions have been carried out using different BCs for the solid

tional effect of particles on the wall and, finally, in the third
set of simulations, the free-slip BC without particle frictional
effect on the wall is studied (¢ =0). As, a zero specularity
coefficient cannot be applied to calculate the slip coefficient
in equation (D2) due to mathematical singularity, an equiva-
lent zero shear condition at the wall is applied in the simula-
tions for the free-slip BC.
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