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Abstract—The flow behavior of conical spouted beds containing heavy particles that occurs in chemical vapor deposi-
tion (CVD) was investigated using the computational fluid dynamics (CFD) approach. A fully Eulerian description of
solid and gas phases flows in 3D was used in these simulations. The hydrodynamics parameters including particle
velocity, solid flux, and solid volume fraction profiles at different bed levels were evaluated, and the overall behavior of
solid particles in the beds was studied. The results showed close agreement with the corresponding experimental data.
The effects of cone angle, static bed height, and cone bottom diameter on the hydrodynamic behavior of heavy parti-
cles were analyzed and the results were presented. In addition, the effects of flat wall of semi-conical spouted bed (half-
column) on the CFD results and performance of the spouted bed were investigated. The hydrodynamic results for the
full bed were quite different from those for the half bed geometries. It was also found that the conical spouted bed with
the angle of 45° leads to the roughly stable spouting compared to the 30° angle bed. The CFD model also showed that
the conical-cylindrical spouted beds operating with heavy particles has the potential for periodic occurrence of chok-

ing in the spout zone.
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INTRODUCTION

The original spouted bed was first developed by Gishler [1] for
drying moist wheat particles as a replacement for the slugging flu-
idized bed. Typoically, a spouted bed has three distinct regions: spout,
annulus, and fountain. Today, the spouted bed is extensively used
in various industrial applications such as drying of grains, spray
drying, coating, heterogeneous catalysis, combustion, and gasifica-
tion of biomass and coal [2-9]. For the spouted beds systems, it is
imperative to note the distinction between conical and conical-
cylindrical spouted beds, before presenting the literature review of
the subject. In the former, the solid particles mainly fills the coni-
cal section, while, in the latter, a large portion of solid particles is
processed in the cylindrical region.

Although new techniques in the experimental studies of spouted
beds have provided useful information [10-15], computer simula-
tion methodologies have also evolved into valuable tools for acquir-
ing detailed information regarding gas and solid particles behaviors
in spouted beds [16-20]. With the continuing advances in com-
puting capabilities and the development of robust numerical algo-
rithms, computational fluid dynamics (CFD) has emerged as an
important tool for studying the complex flow behavior of gas-solid
multiphase systems.
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Several CFD studies of various types of spouted beds such as
conical-cylindrical spouted beds [18], conical-cylindrical spouted
beds with draft tube [19,20] and pseudo 2D spouted beds [22-24]
have been reported in the literature. While all these studies are con-
cerned with light particles, there is a limited number of studies con-
ducted in spouted beds of heavy particles with £>3,000 kg/m’. Some
previous researchers found that the particle density greatly affects
the hydrodynamic behavior in the bed [25,26]. Recently, Zhou and
Bruns [27] reported that various relations that were derived for the
low density particles (light particles) in spouted beds predict results
that deviate significantly from the experimental data for heavy ZrO,
particles. They also developed a new expression for the minimum
spouting velocity for shallow conical spouted beds operating with
heavy particles.

A few studies have been reported in the literature for the hydro-
dynamics of conical spouted beds containing heavy particles with
densities of about 6,000 kg/m’. Using the CFD code MFIX and an
axisymmetric model, Pannala et al. [28] investigated a conical spouted
bed containing heavy zirconia particles, and reported incoherent
spouting in the bed. Liile et al. [29] performed a 2D CFD simulation
of a conical spouted bed containing zirconia particles and investi-
gated some geometrical design parameters. More recently, Setare-
hshenas et al. [30] studied a 3D conical spouted bed with heavy
particles, Zirconia, using the commercial CFD code, ANSYS-Flu-
ent (version 15). They evaluated the effect of the solid wall bound-
ary conditions, as well as, the use of different drag functions. The
above brief literature survey suggests that further detailed investi-
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gations are required to provide a better understanding of the spouted
bed operating condition with heavy particles.

One important application of conical spouted beds, including
heavy particles, is the coating of uranium dioxide kernels with car-
bon and silicon carbide layers to produce nuclear fuel of spherical
tristructural-isotropic (TRISO) by chemical vapor deposition (CVD),
which is performed at high temperatures [28,29]. Therefore, detailed
hydrodynamics of conical spouted bed reactors is necessary for
design, scale-up, and developing a fabrication process of these fuel
coaters. We chose zirconia particles because their properties are the
same as TRISO particles, especially their density is comparable.

In light of the above brief review; in the present study the flow
behavior of the 3D conical spouted beds operating with heavy
particles with a density of 6,050 kg/m’ was investigated using the
computational fluid dynamics (CFD) approach. In this study, some
hydrodynamics parameters, namely; particle velocity, solid flux, and
solid volume fraction profiles at different bed levels, were evalu-
ated by CFD, and the overall behavior of solid particles in the bed
was studied. Impact of some design parameters such as cone angle,
static bed height, and cone bottom diameter of the bed on the hydro-
dynamics of heavy particles at the same operating conditions were
studied. In addition, the influence of flat wall of semi-conical spouted
bed (half-column) on the particles behavior was also studied. The
new findings regarding the effect of design parameters of the coni-
cal spouted beds containing heavy particles were also discussed.

METHODS

1. CFD Model for the Conical Spouted Beds with Heavy Par-
ticles

An Eulerian-Fulerian gas-solid model was used for simulating
the complex flow behavior in a three-dimensional conical spouted
bed including heavy zirconia particles. In this method continuous
gas phase and the dispersed particles phase are treated as interpen-
etrating continua. The solid-phase is assumed to be spherical par-
ticles with uniform diameter.

The governing equations are listed in Table 1. Since the solid
phase is treated as a fluid in the Eulerian-Eulerian gas-solid model,
it is required to close the governing equations constitutive relations

Table 1. Governing equations used in the present simulations

for the solid phase viscosity and pressure. The constitutive models
used in the present simulations are listed in Table 2. The fluctua-
tion of particles and the inter-particle collisions are accounted for
as a function of the granular temperature using the kinetic theory
of granular flows (KTGF). In this study; the full granular tempera-
ture equation given by Eq. (T'1-6) is used in the simulations. The
granular temperature is needed in the constitutive equations for
pressure and viscous stress of the particulate phase. The virtual mass
and the lift force, as well as, particle rotational effects are neglected.
For the solid phase, the solid shear viscosity is composed of colli-
sional, kinetic and frictional effects. For very dense flows, the fric-
tion created between the particles generates a large amount of stress.
The expression of Schaeffer [31] is used to model the frictional vis-
cosity in the dense region. The bulk viscosity and the solid pres-
sure are evaluated using the expressions suggested by Lun et al. [32].
The gas-solid interphase exchange coefficient, 3 is modeled using
the expression of Gidaspow et al. [33] that includes a switching
function.
2. Simulation Method
2-1. Simulation Conditions

For code verification, the predicted CFD results were compared
with the experimental data of the conical spouted bed operated by
Kulah et al. [10] and Liile et al. [29]. Their measurements were per-
formed in a conical spouted bed with different cone angle filled with
1.0mm spherical zirconia particles with density of 6,050 kg/m’.
The bed was made of polyoxymethylene, Fig. 1(a) shows a sche-
matic diagram of the spouted bed used by Kulah et al. [10] and
Liile et al. [29], and the relevant geometric parameters are summa-
rized in Table 3. In the present study; all simulations were performed
for the exact condition of the experiment of [10,29]. The corre-
sponding values of parameters used in the current simulations are
in Table 4. In the experiment, air at ambient condition was used as
the spouting gas and was introduced from the central nozzle shown
in Fig. 1. Kulah et al. [10] and Liile et al. [29] used a fiber optic
probe technique to measure instantaneous axial particle velocity
and solid volume fraction at several axial levels. Fig. 1(d) shows the
schematic of half column for the cone angle of 30° that is also stud-
ied in the present work to examine the influence of bed geometry
on the particle velocity. In this figure the planes that are used for

1. Continuity equations of gas and solid phases
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Table 2. Constitutive equations used in the present simulations

1. Solid and gas phase stress tensors
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showing the contour plots of solid volume fraction are also specified.
2-2. Initial and Boundary Conditions

For the initial conditions, the solid volume fraction in the spouted
bed was set at 0.6, and the gas velocity inside the spouted bed was
set to zero. The solid volume fraction in the freeboard region was
also set to zero. A boundary condition at the bottom of the bed
was used to specify a uniform gas inlet velocity. A no-slip bound-

ary condition for all walls was assumed for the gas phase. Johnson
and Jackson [34] wall boundary condition was applied for the tan-
gential velocity;, and granular temperature of the solid phase at the
walls.
2-3. Solution Procedure

The CFD code ANSYS-FLUENT (version 15) was used to sim-
ulate the hydrodynamics of the 3D conical spouted beds that were

Korean J. Chem. Eng.(Vol. 34, No. 5)
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Fig. 1. Schematic diagram of (a) geometry, (b) grids of the spouted bed with 30° cone angle, and (c) grids of the spouted bed with 45° cone

angle, (d) Structure of half column with cone angle of 30°.

Table 3. Geometric parameters of the spouted beds of experiments of Kulah et al. [10] and Liile et al. [29] as well as simulations

7 (deg) D, (mm) D; (mm) D, (mm) H, (mm) H, (mm) U, (m/s) U (m/s)
30 15 25 150 233 140 309 38.6
45 15 25 150 151 100 29> 369

140 45.6 57.0

Table 4. Parameters used for simulation of experiments of Kulah et
al. [10] and Liile et al. [29]

Description Symbol Value

Gas density o, (kg/m’)  1.22

Gas viscosity 4, (kg/m's) 1.789x107°
Gas velocity V (m/s) 1.25U,,
Particle-particle restitution coefficient e, (-) 0.9
Particle-wall restitution coefficient e, () 0.99
Specularity coefficient 0] 0.05

Loose packing volume fraction a (-) 0.6

Maximum volume fraction of particles ¢ 4 (-) 0.61

used in the experiments of Kulah et al. [10] and Liile et al. [29].
The set of governing equations described in Table 1 was solved by
a finite volume technique. The phase coupled SIMPLE algorithm,
which is an extension of the SIMPLE algorithm for multiphase flow;
was used for the pressure-velocity coupling and correction. A first-
order upwind scheme was utilized for the volume fraction term,
while a second-order upwind discretization scheme was used for
momentum and granular temperature equations, which are con-
sistent with the earlier works [35-37]. A transient simulation was
performed, using a time step of 5x10~° s with 35 iterations per time
step. A convergence criterion of 10~ for each scaled residual com-
ponent was used for the relative error between two successive iter-
ations. Fig. 1(b), (c) shows the computational grids for the conical
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spouted beds with different cone angles. As seen from the figure,
the polyhedral grid structure for the computational domain was
used. The polyhedral mesh was derived directly from the tetrahe-
dral mesh by forming polygons around each node in the tetrahe-
dral mesh in ANSYS-FLUENT 15.0. The grid independency was
investigated and the results were reported in a previous work [30],
and for sake of brevity are not repeated here. Supermicro Work-
station 2x Intel Xeon E-5646 2.4 GHz (24 computing nodes) &
32 GB RAM was used for performing the simulations.

RESULTS AND DISCUSSION

Simulation results showed that after five seconds the quasi-steady
state was reached; therefore, the time averages of flow variables
were computed for the time duration of 5s to 10's. The CFD results
of time-averaged particles velocity and solid volume fraction at the
height of H,=100 mm for the spouted bed with 30° cone angle,
inlet velocity U=38.6 m/s (1.25U,,,) and initial bed height of H,=
140 mm are plotted in Fig. 2 and compared with the experimen-
tal data of Liile et al. [29]. Both experimental data and CFD results
in Fig. 2 show that the particle velocity has its maximum value on
the bed axis and the velocity reduces towards the annulus region.
The solid volume faction, however, has its minimum value at the
bed axis in the spout region, and increases toward the annulus
region. Particle velocities are in a close agreement with the mea-
sured data, while the solid volume fraction shows slight deviation
in the spout region. Nonetheless, the predicted solid volume frac-
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Fig. 2. Particle velocity (a) and solid volume fraction (b) for the
spouted bed with 30° cone angle, U=38.6 m/s (1.25U,,,) and

H,=140 mm at H,=100 mm.

tion profiles have the same trend of the experimental data of Liile

etal. [29].
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For U=38.6 m/s (1.25U,,) and H,=140 mm, the instantaneous
contour plots of solid volume fraction in the spouted bed with 30°
cone angle are shown in Fig. 3. This figure shows distinct regions
of spouted beds, namely; the spout where particles rise at high veloc-
ities, the annulus region between the spout and the column wall,
where particles move downwards, and finally; the fountain in which
particles rise in the core region to their highest positions and then
rain back onto the periphery. Similar to the spouted beds operat-
ing with low density (light) particles, the concentration of particles
is lower in the spout and fountain regions in comparison with the
annulus region. Unlike the conical spouted beds of light particles,
however, the spout continuously changes as the connected bubbles
appear along that region for the conical spouted bed with heavy
particles resulting in change of the flow pattern. Fig. 3 clearly indi-
cates a pulsation process as the spout shape and the resulting foun-
tain height are not steady and change periodically with time. There-
fore, the unsteady behavior is manifested with the formation of a
neck which starts at the gas inlet, propagates upward, and finally
vanishes at the end of the spout within one cycle. When the parti-
cles move upward in the neck region, they interact with additional
particles from the annulus zone, and the particle concentration in-
creases and the suspension becomes denser at the end of the spout.
This behavior is visible in the simulation results shown in Fig, 3.
That is, the CFD model is capable of predicting the incoherent
spouting, which is consistent with the experimental observation of
conical spouted bed of heavy particles [28].

The CFD results of time-averaged particles velocity, solid vol-
ume fraction and solid flux at different bed levels for the spouted
bed with cone angle of 45°, U=57 m/s (1.25U,,) and H,=140 mm

Time = 4.84 5 Time = 6.34 s Time =7.54 s

UAAA

Time =9.34 s Time = 10.06 s

Fig. 3. Contour plots of solid volume fraction in the spouted bed with 30° cone angle, U=38.6 m/s and H,=140 mm at different times and its

time-averaged.
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Fig. 4. Time-averaged particles velocity, solid volume fraction and solid flux for the spouted bed with the cone angle of 45°, U=57 m/s
(1.25U,,,) and H,=140 mm at different levels: (a) Experimental data, (b) Computational results.

are presented in Fig. 4 and compared with the corresponding experi-
mental data of Kulah et al. [10]. The trends of CFD results for the
particle velocity and solid volume fraction obtained for the bed with
cone angle of 45° are quite similar to those obtained in the spouted
bed with 30° cone angle. The computational results show that the
solid velocity and solid concentration is symmetrical with respect
to the bed axis. In the case of the conical spouted bed with 45° cone
angle, the predicted particle velocities are in a good agreement with
the experimental data; however, the solid volume fractions are slight
over-predicted. Also, with an increase in the axial distance along
the spout, the solid volume fraction increases, which is consistent
with the earlier reports [38].

In addition to the particle velocity and solid volume fraction, the
variations of solid flux calculated as 0,V are studied and the results
are shown in Fig. 4. Note that in calculation of solid flux, ¢ and
V, are, respectively, the time averaged values of solids volume frac-
tion and particle velocity. The experimental data and the CFD results
show the same trend of variations. The computational model, how-
ever, over-predicts the solid flux perhaps due to the over-prediction
of solid volume fraction. Nonetheless, the present CFD model pre-
dicts solid fluxes that are comparable with the experimental data
of Liile et al. [29] and in fact improves their 2D CFD results. Inter-
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Fig. 5. Computed and measured time-averaged particle velocity in
spout and annulus of the bed with a cone angle of 45°, U=
57 m/s and H,=140 mm at H,=120 mm.

estingly; the axial solid flux near the wall, which is downward, does
not vary appreciably.
Fig. 5 shows the particle velocity in spout and annulus, separately;
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Fig. 6. Contour plots of time-averaged and instant solid volume fraction in the spouted bed with 45° cone angle, U=57 m/s and H,=140 mm.

for the bed with cone angle of 45°, U=57 m/s and H,=140 mm at
a height of H,=120 mm. The simulation results for particle veloc-
ity slightly over-predict the experimental data of [10] in the spout
region. In the annulus region the simulation predicts a slight down-
ward velocity, which is larger than that observed in the experiment,
which is perhaps due to low friction between the particles in the
computational model. Under-prediction of particle velocity in
annulus region was previously reported for the Eulerian-Fulerian
simulation of conical-cylindrical spouted beds, including light par-
ticles [39]. These discrepancies may be resolved by developing a
more accurate frictional model for the Eulerian-Eulerian approach.
This, however, is left for a future study.

The instantaneous and time-averaged contour plots of solid vol-
ume fraction in the spouted bed with 45° cone angle, U=57 m/s
and H,=140 mm are shown in Fig. 6. This figure shows distinct
regions of spout, annulus and fountain for different times. Com-
paring this figure with Fig. 3, the fountain height and the concen-
tration of particles in that region and its periphery do not change
in time for the case of the spouted bed with 45° cone angle. In addi-
tion, particle concentration in the upper part of spout is lower com-
pared to the bed with 30” cone angle. Nevertheless, connected bub-
bles appear along the spout at certain times. Finally, this figure shows
that roughly stable spouting is established for the spouted bed with
45° cone angle.

Fig. 7 shows the axial particle velocities along the bed axis for
the spouted bed with 45° cone angle and H,=100 mm and 140 mm.

0.05 r
0.045 f
0.04
0.035 f
0.03 F
0.025
0.02
0.015 f
0.01
0.005 f

——Y=45¢°, Hp = 100 mm

..... Y=45 <, Hp = 140 mm

Up/U (-)

0.2 0.3

h (m)

Fig. 7. Influence of static bed height on the axial particle velocities
along the bed axis for the spouted bed with 45° cone angle at
the same excess velocity over U,,,..

Here the inlet gas velocity U=1.25U,,,, where U,,, is the minimum
spouting velocity corresponding to each static bed height as listed
in Table 3. That is, the same excess velocity over the minimum
spouting velocity is maintained for different bed height. The mini-
mum spouting velocity is greatly affected by the static bed height
[40-42]. Therefore, higher particle velocity in spout zone is expected
for the case of H,=140 mm. Thus, to have a meaningful compari-
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son between particle velocities through the spout region for vari-
ous static bed heights, the normalized time-averaged particle velocity;
U,/U, is shown in Fig. 7. The CFD results for the two static bed
heights show that the particles in conical spouted bed of heavy
particles quickly reach to their maximum velocity at short dis-
tances near the inlet. After their peak point, the flow gradually
decelerates, and their velocity drops to zero in the fountain region.
These trends of variation are consistent with the earlier studies of
conical spouted beds of light particles [43]. Note that the maxi-
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Fig. 8. Influence of static bed height on the solid volume fraction

along the bed axis for the spouted bed with 45° cone angle at
the same excess velocity over U,,,..
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mum solid velocity occurs at the same level for both static bed
heights, while the slope of decelerating particle velocity increases
with a decrease in the static bed height.

Fig. 8 shows the influence of static bed height on the solid vol-
ume fraction along the bed axis for the spouted bed with 45° cone
angle and H,=100 mm and 140 mm and U=1.25U,,,. That is, the
same excess inlet velocity over the minimum spouting velocity cor-
responding to each static bed height (Table 3) is used. The first solid
volume fraction peaks shown by arrows in this figure are related to
the high particle concentration regions in the upper part of spout,
which are clearly seen in the average contour plots in Figs. 3 and 6.
The second solid volume fraction peaks, near the top of the foun-
tain, in Fig. 8, indicates the non-constant fountain due to establish-
ing the incoherent spouting for the conical spouted beds operating
with heavy particles. This trend of solid volume fraction along the
spouted bed axis has been observed for spouted bed with light
particles [44,45].

Fig. 9 shows instantaneous solid volume fraction contours in a
conical-cylindrical spouted bed with 45° cone angle, when the solid
particles fill the cone and part of the cylindrical region of the bed.
Here U=57 m/s and H,=200 mm. Distinct regions of spout, annu-
lus and fountain can be seen from this figure. Fig. 9 also shows that
in this case at certain times (t=8.85s and t=14s) choking of the
spout zone occurs that leads to the vanishing the fountain region.
The choking in spouted beds has adverse effects on gas-solid mix-
ing, and heat and mass transfer. Thus, due to the potential for
choking, the use of conical-cylindrical spouted beds for operating

Time=5.78 Time=6.3% Time=668 Time=7.055

Time=13.8 § Time=14-1s Time=16.8s

Fig. 9. Contour plots of instant solid volume fraction in the spouted bed with 45° cone angle, U=57 m/s and H,=200 mm.

May, 2017



Three-dimensional CFD study of conical spouted beds containing heavy particles: Design parameters

0.05 ¢
----- 45 = Hp = 140 mm, Comput.
NS w4 30, Hp, = 140 mm, Comput.
0.04 ® 45:, Hp = 140 mm, Exp. [10]
L s, Hp = 140 mm, Exp. [29]
~ 0.03 L R
S
K=
~ 0.02
\Y
001 } %
‘\
LY
*
A
by
(' RS 7 RN W ST S T N SR S S S SN S S S S S S 1 PR |
0 0.05 0.1 0.15 0.2 0.25 0.3
h (m)

Fig. 10. Influence of bed cone angle on the particles velocity along
the bed axis for the same static bed height and the same
excess velocity over U,,,..

of heavy particles is not recommended. The simulation results
shown in Fig. 9 also show that the solid volume fraction at the top
as well as in the fountain core region is higher than that at the
other part of the fountain, which agrees with the earlier reports
[18,46,47].

Hydrodynamics of the conical spouted beds with cone angles of
30° and 45° is compared in Figs. 10, 11 and 12. Table 3 shows that
the minimum spouting velocity and the corresponding inlet gas
velocity U=1.25U,,, for the bed with 45° cone angle are higher than
those of the bed with 30° cone angle for the same static bed height;
therefore, the normalized time-averaged particle velocity is com-
pared here. Fig. 10 shows the axial particle velocities along the bed
axis for the spouted beds with different cone angles and the same
static bed height of H,=140 mm. Here the inlet velocity of U=
125U, is used so that the relative excess velocity over the mini-
mum spouting velocity is the same. Good agreements between the
CFD simulation results and the available measured data for both
conical spouted beds with cone angles of 30° and 45° are found.

0.35 1

45 <, Hp = 140 mm
----- 30, Hp = 140 mm

=
(7]

W 45<, Hp = 140 mm, Exp. [10]
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= — = o
- ot G
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=
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Fig. 11. Influence of bed cone angle on the solid volume fraction
along the bed axis for the same static bed height and the

same excess velocity over U,
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The CED results reveal that both bed configurations have the same
maximum particle velocity in the spout region, but the locations
of peak velocities as shown by arrows in the Fig. 10 are different.
In addition, the bed with cone angle of 30° shows a flatter profile
for the particle velocity in the spout region compared to that of the
bed with 45° cone angle.
Fig. 11 shows the solid volume fraction distribution along the
bed axis for the spouted beds with different cone angles and the
same static bed height of H,=140 mm and inlet gas velocities of
1.25U,,.. The solid volume fraction increases along the bed axis
and reaches its maximum value in the upper region of spout, and
then decreases in fountain region. This trend is seen for both beds
with cone angles of 30° and 45. Also, the computational results for
the solid volume fraction for the bed with cone angle of 45° are in
general agreement with the limited experimental data for the same
cone angle. Fig. 11 also shows that the predicted maximum value
of solid volume fraction for the bed with cone angle of 30° is higher
than that of the bed with 45° cone, and appears at a slightly higher
distance from the inlet. It is noteworthy that due to extremely inco-
herent behavior of the particles in the fountain zone for the bed
with cone angle of 30” in comparison with the 45° cone angle, the
time averaged fountain height for the former is lower than that of
the latter, while the maximum solid concentration for the 45° cone
angle bed is higher than that of the 30° cone angle. These trends are
clearly observed in Figs. 10 and 11.

Fig. 12 shows the variation of the predicted spout diameters for
the conical spouted beds for different static bed heights and differ-
ent cone angles. This is determined by tracing the particle velocity
over the entire spout and annulus regions and detecting the point
where particle velocities pass through zero. The CFD model pre-
dicts that at the same static bed height (H,=140 mm), with an in-
crease in the cone angle of the bed, the spout diameter also increases.

0.16
0.14 | !
0.12
0.1 f == Y=45° H,=100mm |,
. —— Y=45°, Hp = 140 mm f I
E 008 } i
= | e Y=30°,Hp=140mm | |
!l
0.06 | I
iy
0.04 1y
0.02 '
. , ,
0 0.01 0.02
r(m)

Fig. 12. Computed spout diameter for the conical spouted beds with
different static bed height and cone angle.
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In addition, for spouted beds with the same cone angle (45°), the
spout diameter increases with increasing the static bed height. Fig.
12 also shows that the spout diameter increases roughly mono-
tonically with height for beds with heavy particles. This observa-
tion agrees with experimental observation [48], and is unlike the
conical spouted beds of light particles [25].

Another issue addressed in the present study is the simulations
of spouted beds using half-column instead of full-column. Previ-
ously, He [45] measured and compared some hydrodynamics param-
eters for full and half columns. It this study; to examine the influence
of bed geometry on the particle velocity, both full-column and half-
column are simulated under the same condition. Attention was given
to the question that whether the flat plate side of the half-column

1.8
1.6
1.4 r
1.2

Full column bed
@ Experimental [29]

Particle velocity (m/s)

08 r = = =Half column bed
0.6
04
02
o
0 1 A A1 T L . }
0 0.005 0.01 0.015 0.02 0.025 0.03

Radial distance (m)

Fig. 13. Time-averaged particles velocity for the full and half col-
umns with 30° cone angle, U=38.6 m/s and H,=140 mm at
H,=100 mm.
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model affects the particle velocity in the spout region.

The CFD results for the time-averaged particles velocity for H,=
100 mm for the full and half columns with 30° cone angle, U=38.6
m/s and H,=140 mm are plotted in Fig. 13 and compared with the
experimental data of [29] for the full column. The predicted parti-
cle velocity profile for the full column is in good agreement with
the experimental data. The simulated particle velocity for the half
column is similar to the full column in most of the section except
near the flat plate side of the half column, where the local particle
velocities in the half-column are markedly lower than those in the
full-column. Note the particle velocity near the side plate is lower
than the peak value a few millimeters away from the side plate,

18 b
16 b
14 r
12 b

+++» Half column

Full column

0.8
0.6
04 F
0.2 F

Vy velocity (m/s)

0 0.05 0.1 0.15 0.2 0.25
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Fig. 14. Axial particle velocities along the bed axis for full and half
columns at the identical conditions of H,=140 mm and
U=38.6 m/s.
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V
‘!

(Time=4.204 5 ) (Time=4,70 S )
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Fig. 15. Contour plots of solid volume fraction for the semi-conical spouted bed (half-column) with 30° cone angle, U=38.6 m/s, and H,=

140 mm as instantaneous and time-averaged.
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Fig. 16. Influence of cone bottom diameter on the CFD results of the spouted bed with 30° cone angle, U=38.6 m/s, and H,=140 mm.

which is in agreement with the earlier findings [45]. This is, due to
the effect of no-slip condition on the gas flow and the wall-friction
on the particle flow.

Fig. 14 shows the axial particle velocities along the bed axis for
full and half columns under the identical conditions of H,=140
mm and U=38.6 m/s (1.25U,,) for the heavy particles. Note that
for the half column, the axis is on the surface of the side plate.
Therefore, for particle velocity along the axis of the half-column,
the points closest to the plate are used. While the trends of parti-
cle velocity profiles along the spout axis are similar, the magnitude
of the particle velocities in the half-column is much lower than the
corresponding velocities in the full-column.

Using the fiber probe technique, He [45] experimentally stud-
ied the effect of the side flat plate of the half-column on the parti-
cle velocity in the spout region of a conical-cylindrical spouted bed
with light particles. The trend of variation the present CFD study
shown in Fig. 14 is almost identical to that of the experimental
data of [45]. From the above discussion, it may be concluded that
the half-column cannot accurately describe the hydrodynamics of
a full-column with respect to the particle velocity in the spout for
the conical spouted beds operating with heavy particles.

Fig. 15 depicts the contour plots of solid volume fraction at var-
ious times and time-averaged solid volume fraction for the semi-
conical spouted bed (half-column) with 30° cone angle, with U=
38.6 m/s, and H,=140 mm. Note that the contours on the top row
are for the solid volume fraction on the surface of side plate and
the bottom row contours are for the plane that is perpendicular to
the side plates. The intersection of these two planes, which is iden-
tified by a black line, is shown in the first contour on the left side.
The process of spout formation is clearly seen from this figure.
This figure shows that the gas phase injected from the nozzle
expands along the spout axis and creates a bubble that is separated
from subsequent connected bubbles at the nozzle. Finally, roughly
stable spout is established. It is seen that the flow behavior in the
spout of the half column is different than that observed for the
full-column in Fig. 3.

The time-averaged bed pressure drop is also investigated for
half and full columns. The computed time-averaged pressure drop
for the half and full columns with the identical conditions of H,=

140 mm and U=38.6 m/s (1.25U,,,) are, respectively, 3,725 Pa and
3,785 Pa, which agree well with the measured value of 3,764 Pa. It
appears that the time-averaged bed pressure drops of the half-col-
umn and full-column are pretty much the same, which is consis-
tent with the finding of previous studies [45,49].

The influence of cone bottom diameter on the CFD results for
the case of the spouted bed with cone angle was also investigated.
For this purpose, the cone bottom diameter, D;, was assumed to be
equal to the nozzle diameter, D,. That is, the bottom space around
the nozzle was omitted. Fig. 16 shows the contour plots of solid
volume fraction at various times and time-averaged solid volume
fraction for the spouted bed with 30° cone angle, for U=38.6 m/s,
H,=140 mm and D;=D,,. It is observed that the distinct regions of
spout, fountain and annulus are not formed under this configura-
tion. In addition, due to the low cone angle the bed hydrodynam-
ics becomes similar to that of a tapered fluidized bed. That is, the
particle flow pattern in this case is quite similar to corresponding
flow pattern observed in tapered fluidized beds [50,51].

CONCLUSIONS

The gas/solid flow behavior of the conical-cylindrical spouted
beds operating with heavy particles, zirconia, with density of p=
6,050 kg/m’ was studied using the FLUENT CFD code. The Eule-
rian-Eulerian TFM incorporating the KTGF was used and the full
3D geometry of the bed was analyzed. The effects of key design
parameters, cone angle, static bed height, and cone bottom diame-
ter, were evaluated. Simulation results for the full conical spouted
bed were compared with those for the half bed. Based on the pre-
sented CFD results, the following conclusions were drawn:

1) The CFD model predicts the axial particle velocity along the
spout and in the radial direction with reasonable accuracy, while
slightly over-predicts the solid volume fraction in the spout.

2) The solid flux in the spout increases with an increase in the
distance from nozzle.

3) The computational model under-predicts the particles veloc-
ity in the annulus region. It is conjectured that using a more suit-
able constitutive equation for the frictional stress between the
particles could improve the model predictions in this region.

Korean J. Chem. Eng.(Vol. 34, No. 5)



1552 N. Setarehshenas et al.

4) The cone angle greatly affects the fountain height and result-
ing in the incoherent spouting for smaller cone angles.

5) Conical spouted bed with different static bed heights studied
showed roughly the same maximum normalized velocity (U,/U)
occurring at roughly the same location on the spout axis for the
same excess velocity over the minimum spouting, while the corre-
sponding maximum solid concentrations occur at different loca-
tions.

6) For a gas inlet velocity with same excess magnitude over the
minimum spouting velocity, the conical spouted beds with differ-
ent cone angles showed identical maximum normalized velocity
(U,/U) occurring at different position on the spout axis. The cor-
responding peak solid concentrations, however, occurred at approxi-
mately the same position, but with different magnitude.

7) The conical-cylindrical spouted beds operating with heavy
particles showed the periodic occurrence of choking in the spout
region.

8) For the cases studied, at the same static bed height and the
same excess inlet gas velocity over the minimum spouting speed,
the spout diameter increased with an increase in the bed cone
angle. Also, under identical conditions, the spout diameter increased
when the static bed height increased. In addition, for the conical
spouted beds operating with heavy particles, the spout diameter
increased monotonically with height.

9) The half-column model with a wall at the mid-plane does
not properly represent the particle velocity in the spout region of a
full-column conical spouted bed operating with heavy particles.

10) Changes in the cone bottom diameter significantly affected
the particle flow pattern in the spouted bed for both cone angles
studied.

NOMENCLATURE

o

: drag coefficient [-]

: particle diameter [m]

: diameter of the spout gas inlet [m]

: cone bottom diameter [m)]

: diameter of the bed [m]

: static bed depth [mm]

: axial distance of the optical probe from the bed bottom [mm)]
: particle-particle restitution coefficient [-]

S

o

TOoOoo&

<

m@_g

e, :particle-wall restitution coefficient [-]
g :acceleration due to gravity [m/s’]

g  :radial distribution coefficient [-]

I : stress tensor [-]

L, :second invariant of the deviatoric stress tensor [-]

ke :diffusion coefficient for granular energy [kg/m s]

B :gas-solid momentum exchange coefficient [kg/m’s]

Prrgun : gas-solid momentum exchange coefficient by Ergun equa-
tion [kg/m’s]

Prven-vie» gas-solid momentum exchange coefficient calculated by Wen-
Yu equation [kg/m’ s]

P : pressure [N/m’]

P,  :solids pressure [N/m’]

t : time [s]

U :superficial gas velocity [m/s]

May, 2017

U, :minimum spouting velocity [m/s]

v, :velocity [m/s]

Greek Letters

o :volume fraction [-]

y  :angle of the conical section [degree]
%  :the collisional dissipation of energy [kg/s’ m]
O,  :granular temperature [m’/s’]

A, :solid bulk viscosity [kg/m s]

4 :shear viscosity [kg/m s]

o :density [kg/m’]

T :stress tensor [N/m’]

¢  :angle of internal friction [degree]
@  :specularity coefficient [-]
Subscripts

col  :collision

fr  :friction

kin  :kinetic

g  :gas

p  :particle

q  :phase type (solid or gas)

s : solids

T  :stress tensor
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