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Abstract

Spouted beds are widely used as a gas-solid contactor in various physical and
chemical processes. In order to improve the design of spouted beds for efficient
gas-solid contact, a better understanding of the complex flow field of granular
solids is required. In this paper, the computational fluid dynamics technique was
used to simulate the gas-solid two-phase flow in a slot-rectangular spouted bed.
The two-phase Eulerian-Eulerian granular model was studied. A two-
dimensional computer simulation using FLUENT commercial software was
performed to investigate the effects of physical parameters on the hydrodynamic
behavior of slot-rectangular spouted beds. The fountain height was evaluated for
various superficial gas velocities, bed heights, and solid particle sizes. The
numerical results of the fountain height were in good agreement with the
experimental data reported elsewhere.
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1 Introduction

Spouted beds are used as gas-solid contactors to provide efficient mixing and
large gas-solid contact areas for coarse granular materials. They have been
widely used in various physical and chemical processes, such as drying,
granulation, agglomeration, coating, coal gasification, and combustion.
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Nomenclature

C; Single particle drag function, dimensionless
d,  Solid diameter, m

e  Restitution coefficient, dimensionless
dp Particle diameter
Hp,  Static bed height
u Air inlet Velocity

g  Acceleration due to gravity, m/s®

go Radial distribution coefficient, dimensionless
Gas/solid momentum exchange coefficient, dimensionless
P Pressure, Pa
P, Solid pressure, Pa
v Velocity, m/s
Re  Reynolds number, dimensionless
ke,  Conductivity of granular temperature, kg/(m.s)
Yo, Dissipation of granular temperature, kg/(m.s®)

Greek symbols
Density, kg/m®

p
@,  Granular temperature, m%/s®

T  Stress tensor, Pa

u  Shear viscosity, kg/sm

A Bulk viscosity, kg/sm

& Volume fraction, dimensionless
Subscripts

g Gas

s  Solid

A conventional spouted bed consists of a cylindrical column and a conical
base with a circular orifice at the center of the conical base. The bed of solid
particles is spouted by the injection of a high velocity fluid through the orifice. A
spouted bed is typically formed from three distinct regions: (1) a central spout
with upward gas-solid flow, (2) an annulus region of downward granular flow,
and (3) a fountain above the bed surface [1]. The volume fraction of solid
particles varies from low values in the spout region to large values in the
annulus, where the particles fall vertically downward and radially inward,
leading to a complex recirculation pattern.

Conventional cylindrical-conical spouted beds suffer from the difficulties of
scale-up [2]. A rectangular cross-sectional spouted bed was suggested to
overcome these limitations [3-5]; however, significant three-dimensional effects
were then found as the column thickness increased [6, 7]. Therefore, the term
“slot-rectangular” is preferred for these types of spouted beds.
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The idea of a two-dimensional spouted bed focuses on using a rectangular
cross-sectional column with a large column width to thickness ratio and featuring
two vertical parallel plates. The scale-up of such columns has been suggested to
be easily achieved by increasing the thickness [4]. However, three-dimensional
instabilities have been shown as an issue for scale-up [8, 9]. Slot-rectangular
spouted beds can be utilized in similar applications as those proposed for
conventional spouted beds. However, investigations on the application of slot-
rectangular spouted beds have been mainly limited to the coating of particles.
Numerous studies on the flow hydrodynamics, stability and scale-up of slot-
rectangular spouted beds have been reported [3-13].

A better understanding of the complex flow field of granular solids in spouted
beds is required to obtain optimal mixing for their design improvement.
Considering the advances in computer simulations, numerical simulation
techniques have become a powerful and popular tool for acquiring detailed
information about the gas-solid two-phase flow without influencing it [14].
Computational fluid dynamics (CFD) is the most common numerical technique
to simulate multiphase flows. The use of CFD simulations for spouted beds
significantly reduces the need for experimentation by providing information on
the flow pattern, scale-up and optimization for process design [15-19].

Zhonghua and Mujumdar [15] developed a heat and mass transfer CFD model
to study the drying characteristics of particulate solids in axisymmetric spouted
beds. Their calculated particle velocities and concentrations were in agreement
with previous experimentations reported by He et al. [1]. They also studied the
gas-particle flow behavior in a cylindrical spouted bed and a three-dimensional
spout-fluid bed using the Eulerian-Eulerian two-fluid modeling approach [16].
Du et al. [17] assessed the influences of incorporating several drag models into
the two-fluid model on the CFD simulation of spouted beds. Their results of
hydrodynamic properties were compared with the experimental results reported
by He et al. [1]. Their investigation showed that drag models have critical effects
on the CFD predictions in spouted beds.

Scientific literature related to numerical simulations of slot-rectangular
spouted beds is scarce. Zhao et al. [18] investigated the dynamics of granular
particles in a two-dimensional spouted bed with draft plates by employing both
particle image velocimetry (PIV) measurement and discrete element method
(DEM) simulation. Their DEM-CFD simulations provided a good prediction of
the longitudinal profile of the particle vertical velocity along the bed centerline,
especially during the rapid acceleration stage at the lower part of the spout.
Zhao et al. [19] performed DEM simulation together with a low Reynolds
number k-g turbulence model for the fluid phase, in order to study the periodic
spouting of granular solids in a two-dimensional spouted bed. The simulation
results corresponded precisely with the data of PIV experiments, including fluid
flow fields, time-averaged particle velocity distributions, and spout shape. The
simulations yielded the predictions of an unstable spout regime, characterized as
a periodic upward-moving particle jet.

In the present study, the simulation of the gas-solid flows in a slot-rectangular
spouted bed based on the experimental setup of Dogan et al. [6] was performed
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using a two-phase Eulerian-Eulerian granular model. The interfacial drag force
was described using the adjusted Di Felice model [20]. A CFD commercial
software package, FLUENT, was used for the two-dimensional computer
simulation. The effects of system parameters on the hydrodynamic behavior of
the slot-rectangular spouted beds were studied. The results are presented in terms
of contours of the solid volume fraction. The fountain height was evaluated for
various superficial gas velocities, bed heights, and solid particle sizes. The
numerical results on the fountain height were compared with experimental data
from Dogan et al. [6].

2 Description of the model

The structure of the bed used in the current study is shown in Figure 1. The
model had a two-dimensional rectangular configuration that attempted to
replicate that of the experimental work of Dogan et al. [6]. The height of the
column and the width of the column at the upper and lower sections were 6 = 70
cm, « = 15 cm and y = 4 cm, respectively. The internal angle of the lower
section, 0, was 30°. Slots with widths (1) of 6, 10 and 20 mm for air entry and
static bed heights (Hp) of 11, 16 and 21 cm were considered in the simulations.
The particles used in the simulation had the same density (ps) of 2520 kg/m® but
four different diameters (dp): 0.86, 1.44, 2.28 and 3.77 mm. The restitution
coefficients between the particles and the maximum packing limit had values of
0.95 and 0.63, respectively. At the beginning, the solid in the bed was at its
maximum packing limit. The density and viscosity of the inlet air were
1.225 kg/m® and 1.7894 x 107 kg/m.s, respectively.

Figure 1: Schematic of the problem configuration.
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3 Governing equations

In this study, the Eulerian-Eulerian two-fluid model, which treats the gas and
solid phases as fully interpenetrating continua, was used to simulate the
hydrodynamics of a two-dimensional spouted bed. The balance in volume
fractions of all contributing phases gives:

Z£q=1, 1)

q=s9

where s and g denote the solid and gas phases, respectively. The continuity
equation for phase q is as follows:

a N
&(quq) +7.(eqpqVy) =0, (2)

in which g takes both s and g indices, in order to conserve the mass in the solid
and gas phases, respectively. The conservation of momentum in the solid and gas
phases are given in Egs. (3a) and (3b), respectively:

a — - —
E(ggpgl(g) A CTAAN) (32)
=V.Ty— VP + g4pgg + ng(‘_/; - ‘7!;)’
a — — =
prAGENARSACYNAY (3b)

=V. %, — VP, — VP +epg + Ksg(V, = V) .

The equations for the stress tensor are governed by Egs. (4)-(9):

?g,eff = 8g(?g + %t) ’ (4)
— — —\T = —
Ty =uy (W + (V) ) = 2 0.V, (5)
- - =T = _ - =
7= (W + (7)) = 2uel.V. T, = 2eypgkT, (6)
_ - =T - =
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4 2 0 Wpsds‘/a 4 2 (8)
Us :gss psdsg0(1+€) E+m[1+§g065(1+€)] ,
4
As = gsszpsdsgo(l + e)\/g )
The granular temperature is described by Egs. (10)—(14):
1 -1
w=3fi-)] w
3 a e = el
E [E (Esps@s) + V. (Espsvs@s)] = Ts: VVs =" qs — y@S - 3ng@s ’ (11)
qs = ko,VOs, (12)
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2
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The interphase momentum exchange is computed using Egs. (15)—(20):
3 &Pgi=» =
Ksg =7 Co— |V = V| f (e, (15)
4 dy
fle) =1 —¢€)7*, (16)
x =P —Q.exp[—(1.5 - p)?/2], 17
B = log(Rey). (18)
where P and Q are adjusted to satisfy the following relations:
Keg o =
Ss(ps—pg)g :s_ll/;_‘(ql' (19)
g
K. i
Es,mf (ps - pg)g = < = Us@);per ment, (20)
gmf

4 Numerical simulation

Commercial CFD software FLUENT was selected to run the numerical
simulations. The set of governing equations were discretized using the finite
volume method. The Phase-Coupled Semi-Implicit Method for Pressure-Linked
Equations (PC-SIMPLE) provided the pressure-velocity coupling. The QUICK
and second-order upwind discretization schemes discretized the partial
differential equations of volume fraction and momentum.

The two-fluid Eulerian-Eulerian approach was applied. This technique
considers separate sets of conservation of mass and momentum for each
continuous and incompressible phase. In order to include the momentum transfer
between the phases, the interfacial drag force was implemented using the
adjusted Di Felice model [20].

The 2D computational meshed domain was composed of unstructured
triangular cells in the cone base and structured square cells in the rest of the
domain. Meshing software Gambit 2.13 generated the computational grids. The
grid used in the domain discretization is shown in Figure 2. The generated grids
had node spacing larger than the particle diameter, namely 0.0025 m. The mesh
independency of the results was checked with variation of the number of mesh
elements.

A fixed time step size of 1 x 10 s was applied. A maximum of 50 iterations
were used for each time step, and the convergence criteria of the solutions were
assumed at scaled residuals of smaller than 10, A value of 0.2 for all under-

WIT Transactions on Engineering Sciences, Vol 79, © 2013 WIT Press
www.witpress.com, ISSN 1743-3533 (on-line)



Computational Methodsin Multiphase Flow VIl 9
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Figure 2: Computational mesh.

relaxation factors was chosen. Two seconds of flow time simulation was
necessary to ensure a statistically steady-state fountain height.

In order to reduce computational times, the symmetry boundary condition
was assumed along the axis of symmetry; therefore, the required simulations
were carried out in half of the two-dimensional domain. The boundary condition
at the entrance was considered as a velocity inlet with a uniform velocity profile.
A pressure outlet boundary condition was applied at the outlet of the system. On
the walls of the spouted bed, a no-slip boundary condition was assumed.

5 Results and discussion

The simulated results of gas-solid flows in a slot-rectangular spouted bed are
presented for various values of the effective parameters. In order to validate the
current model, the numerical results of the fountain height were compared with
the experimental data reported by Dogan et al. [6]. Figure 3 shows the results of
the fountain height for different superficial air velocities in the case of H, = 11
cm, d, = 0.86 mm and A = 6 mm. This figure confirms the agreement between
the results of the numerical simulation and the reported experimental results.

Figures 4, 5 and 6 present the values of the fountain height versus the
superficial air velocity for different values of slot width, static bed height and
particle diameter, respectively. In addition to the variable parameter, the fixed
values of the system parameters for these figures were: H, = 11 cmand d, = 1.44
mm for Figure 4, 2 = 6 mm and d, = 0.86 mm for Figure 5, and A = 6 mm and
H, = 16 cm for Figure 6. These figures show that the fountain height increases
with increasing in superficial air velocity.
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Figure 4 shows that fountain height increased with increases in slot width at
constant values of superficial air velocity. As a result, with a smaller slot width, a
higher superficial gas velocity is required to reach the same height of the
fountain. Figure 4 also reveals that the rate of increase in the fountain height as a
function of superficial air velocity increased with increases in slot width.
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Figure 5:

- H,=11cm
B H,=16cm
. H,=21cm

3 4 5
u (m/s)

Fountain height versus
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Fountain height versus
superficial air velocity
for different particle
diameters (A=6 mm and
H,=16 cm).

In Figure 5, two distinct regions can be distinguished for the variations in
fountain height with respect to the static bed height at constant values of
superficial air velocity. When the superficial air velocity was sufficiently low,
the air-induced force vanished for high values of static bed height. This finding
suggests that the fountain height had a decreasing trend with increases in the
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static bed height for low values of superficial air velocity, and vice versa.
Figure 5 also reveals that the rate of increase in the fountain height as a function
of the superficial air velocity at a constant static bed height decreased with
increases in the superficial air velocity.

Ignoring the inconsistency that occurred at d, = 3.77 mm and superficial air
velocity (u) = 2 m/s, Figure 6 shows that the fountain height decreased with
increases in the particle diameter at constant values of superficial air velocity.
This implies that, with a larger particle diameter, a higher superficial gas velocity
is required to obtain the same fountain height. Figure 6 also suggests that the rate
of increase in the fountain height as a function of the superficial air velocity at a
constant size of particle diameter decreased with increases in the superficial air
velocity. Although the fountain height decreased with increases in the particle
diameter for the condition cited in Figure 6, it may increase with particle
diameter at different conditions of 4 and Hy, [6].

The solid volume fraction contours after 2 seconds of real-time simulation at
different superficial air velocities are presented in Figures 7 and 8 for static bed
heights of 11 and 21 cm, respectively. In these figures, the three different parts of
the spout bed — the annulus, spout and fountain — can be distinguished. The
highest concentration of solid particles were seen in the annulus, which is
practically constant. Lower values of solid volume fractions could be found in
the fountain and the spout regions. The formation of the fountain only occurred
after exceeding a certain value of gas velocity for the spouted beds in a specific

3.15e-02

working condition.

u= 1 m/s 2 rh/s 3 I’;I/S 4 m/s
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2.20e-01
1.89e-01
1.57e-01
1.26e-01
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Figure 7:  Contours of the solid volume fraction for different superficial gas
velocities (A=6 mm, Hy=11 cm and d,=2.28 mm).
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The flow regimes in Figure 7 were identified as an internal jet for the case of

u =1 and as spouting for u = 2, 3 and 4. The flow regimes in Figure 8 were

identified as an internal jet for the case of u = 1 and as incoherent spouting for

u =3 and 4, and as a transition between a jet-in-fluidized-bed and incoherent
3.15e-02

spouting for u = 2.
- ]
0.00e+00 I |
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Figure 8:  Contours of the solid volume fraction for different superficial gas
velocities (4=6 mm, Hy=21 cm and d,=2.28 mm).

In the case of an internal jet, a submerged cavity or jet was formed at the air
inlet orifice, while the rest of the bed remained as a fixed bed. In the spouting
flow regime, the bed had the appearance of a conventional spouted bed. Particles
were transported individually by the gas flowing upward in the center of the
column and moving downward in the outer regions of the bed. In the incoherent
spouting regime, the solids in the spout seemed to be entrained in a periodic
manner, with a higher frequency in the upper part of the spout. Particles were
more likely to be transported in the spout as small aggregates than individually.
The solids in the upper part of the annulus moved downward intermittently. The
fountain above the bed surface showed a pulsating variable height. The jet-in-
fluidized-bed regime occurred after the formation of the internal jet, during
which an increase in the air flow rate led to fluidization of the upper part of the
bed. The transition regime had mixed characteristics of the jet-in-fluidized-bed
and incoherent spouting flow regimes [6].
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6 Conclusion

Simulations of the gas-solid two-phase flow in a slot-rectangular spouted bed
were performed using a computational fluid dynamics technique. The two-phase
Eulerian-Eulerian approach was applied. FLUENT commercial software was
used for two-dimensional computer simulation, in order to investigate the effects
of physical parameters on the hydrodynamic behavior of the bed. The predicted
numerical results of the fountain height showed good agreement with earlier
experimental data. The effects of the bed height, slot width, solid particle size
and superficial gas velocity on the fountain height was studied thoroughly. The
fountain height had increasing trend with increases in slot width at constant
values of superficial air velocity. The fountain height had a decreasing trend with
increases in static bed height for low values of a constant superficial air velocity,
and vice versa. The fountain height decreased with increasing particle diameter
at constant values of superficial air velocity.
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