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Abstract

The bed flow regimes and the hydrodynamics in a 2D countercurrent staged fluidised bed were simulated using Computation Fluid Dynamics
(CFD). Based on the two-fluid theory, an Eulerian—Eulerian approach coupled with kinetic theory of granular flow (KTGF) for the solid phase
was applied. The predictions were compared with the experimental results of Kuo and Cheng (2006). The calculated and experimental results both
showed a non-growth flow regime, a dilute flow regime, an oscillating flow regime, a bubbling flow regime and a flooding flow regime on the
perforated plate at different operating conditions. The values of the predicted pressure drop across the bed at steady state for the dilute flowing
regime and the bubbling flowing regime agreed quantitatively well with the previous experimental results, although the time to reach the steady state
was different. The calculated flow regime map as functions of the gas velocities and solids feeding rates agreed qualitatively with the experiments.

© 2007 Published by Elsevier B.V.
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1. Introduction

Gas—solid fluidised beds are widely applied in many indus-
tries as reactors or heat/mass transferring units because of their
good heterogeneous mixing behaviour and large transferring
area between the gas and solid phases. Evaluation of the per-
formance of a fluidised bed requires a good understanding of
the hydrodynamic behaviour at each flow regimes (i.e., bub-
bling, slugging, etc.); however, the investigation methods are
limited. The non-invasive experimental techniques for the inves-
tigation of a commercial scale fluidised bed are not yet available,
although the PEPT technique and the MRI technique had been
applied to study the bench scale fluidised beds [1,2]. With the
rapid increasing computational power, using the numerical sim-
ulation method as a fluidised bed design tool is currently a
popular research topic [3-6].

Two approaches have been applied to simulate fluidised
bed systems, namely the Eulerian Fluid—Lagrangian Discrete
Particle (EFLDP) approach and the Eulerian Fluid—Eulerian
Continuum Particle (EFECP) approach. The EFLDP approach
solves the equation of motion for individual particles in the
system. The particle—particle interactions and particle—fluid
interactions are considered at particulate scale [7-9]. The advan-
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tage of the EFLDP approach is that the trajectory of each particle
can be modelled. However, a typical fluidised bed contains
a very large number of particles and an expensive computa-
tional resource is required for the EFLDP approach. Currently,
a system with hundreds of thousands of 3 mm particles has
been modelled; nevertheless, the diameter of the simulated col-
umn was only 15 cm in diameter and 30 cm in height [7]. It is
not likely to simulate a commercial fluidised bed even using
the state-of-the-art supercomputing facility through the EFLDP
approach. On the other hand, the EFECP approach treats the par-
ticle assembly as a continuum. The solid phase and fluid phase
are interpenetrating continua. The computational efficiency can
be very effective compared to the EFLDP approach and the
simulation of a large fluidised bed is possible.

The EFECP approach applied to the gas—solid fluidised bed
is also known as the two-fluid theory. Two common models have
been applied to the solid phase for the internal momentum trans-
fer, namely the kinetic theory of granular flow model (KTGF)
[10] and the constant viscosity model (CVM) [11]. The KTGF
model seems to be more popular than the CVM model in recent
years since the KTGF model considers the solid phase properties
in terms of instantaneous binary particle-particle interactions
and gives a more fundamental insight of the particle—particle
interactions compared with the CVM model. A critical compar-
ison between the CVM and KTGF model has been made recently
by Patil et al. [5]. The EFECP approach coupled with KTGF
CFD simulations has been applied to other fluidisation systems,
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Table 1

KTGEF theory applied to the solid phase in current study

Term Model Ref.
Solid pressure Ps = Sspses + 2ps(1 + Bss)sfgoes where Css> 80,555 and O [24]

Solid phase radial distribution at contact

Solid phase granular temperature conservative equation

Solid stress tensor

Solid phase bulk viscosity
Solid phase shear viscosity

Collisional viscosity
Kinetic viscosity
Collisional energy dissipation

Fluctuating energy exchange between the gas and the solid phases®

are the particle—particle restitution coefficient, the radial
distribution at contact and the granular temperature of the
solid phase, respectively

g0 = [l — ( Ssi“m ) ﬂ 1 where &g max is the maximum [25]
solid volume fraction of a random packing

3 [2(peeb) + V(peesiishy)| = (—pT +T) : [24]
Viis + V(ke,V6s) — vo, + pgs Where T is the unit tensor

%= { (s = 3u1s) (Vi) + (Vi) + (Viig) ") (5]

where g and p are the solid phase bulk viscosity and the
solid phase shear viscosity, respectively

2 = 462 pudpgo(1 + )/ & [6,24.27]
Ms = MUscol + Mskin [28]
Ms,col = %Sgpsdpgo,ss(l + ess)(%) 2 [28]
skin = P BT [} 4 4o el +es0)]” [28]
yo, = 2 g 2502 [10]
es = —3K sy [29]

2 The rate of production of granular temperature by gas—solids slip is neglected in this work. This is a reasonable assumption for the heavy particles used in the

simulation [17,30].

including batch fluidised bed systems [5,6,12—14] and circulat-
ing fluidised bed systems [15—18], but has yet been applied to
simulate the countercurrent staged fluidised bed systems. In this
paper, we applied the EFECP approach coupled with KTGF CFD
simulations to model a countercurrent fluidised bed system.

The diameter of the holes on the perforated plate in a counter-
current staged fluidised bed system is several times larger than
the particle diameter. The particles can pass through the holes on
the plate and a particle-downwards-gas-upwards countercurrent
fashion is obtained. The countercurrent staged fluidised bed sys-
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Fig. 1. (a) The schematic drawing of the simulated system; A, B and C represent the three levels showing the microscopic gas pressure and the solid mass flux values;
1, 2, 3 and 4 indicate the 4 different sections with different meshes. (b) The enlarged drawing of the 2D perforated plate.
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tems found good applications in drying, heat recovery and other
industrial processes [19-22]. There are several advantages for
the addition of the horizontal plate(s) to the fluidising column.
The plate(s) may avoid the formation of large bubbles/slugs and
reduce the solids short-cut in the circulation pattern and hence
narrow the particle residence time in the bed [19]. The particle
residence time in the system can be adjusted by the plate numbers
[20-22]. Different flow regimes have been reported in coun-
tercurrent staged fluidised bed systems at different operating
parameters, including a non-growth regime, a dilute regime, an
oscillating shallow bed regime, a stable bubbling regime, a slug-
ging regime and a flooding regime [21-23]. The prediction of
the stable bubbling regime of a countercurrent system is largely
empirical and hence limits the popularity of this system. In cur-
rent work, we initially applied the EFECP approach coupled
with KTGF CFD simulations to investigate the hydrodynamics
and to predict the flow regimes in a countercurrent fluidised bed
with a perforated plate and the calculated results were compared
with the experimental results of Kuo and Cheng [22].

2. Theory

The two-fluid theory was used to simulate the countercurrent
fluidised bed. The gas and solid phases were modelled as con-
tinuous phases. The governing equations include the continuity
equation and the momentum equations. The continuity equation
for phase i is

d -
5(81,00 + V(eipiui) = 0,
i = g, s (gfor gas phase and s for solid phase) )

where ¢, p and u are the volume fraction, density and velocity
for each phase, respectively.
The gas phase momentum equation is

0 o 5 -
57 (CePsite) + V(Egpgligits)

= —&,Vp + Kygliis — ilg) + VTq + €408 + £00s Fym (2)

The solid phase momentum equation is

d N N
&(55105“5) + V(espsitsits)

= —&Vp+ ng(ﬁg — i) + V%s —Vps+ 5sps§ + 8s,0s1?vm
3

where p, ps, Tg, Ts, 8, Fym and K, are the gas pressure, the solid
pressure, the gas phase stress tensor, the solid phase stress tensor,
the gravitational acceleration, the virtual mass force, and the
interphase momentum transfer coefficient, respectively. Because
the virtual mass force term is only important for multi-phase
flows where the dispersed phase density is much smaller than
the continuous phase such as gas—liquid bubbly flows; therefore,
the virtual mass force term was neglected in our simulations.
When the governing equations (1)—(3) are solved simul-
taneously with appropriate initial/boundary conditions, the

Table 2

Simulation conditions

Initial particle phase granular  Flow regime

temperature (m?/s2)

Initial particle phase solids

fraction (x 10™%)(—)

Particle phase feeding
velocity (m/s)

Initial gas turbulent energy
dissipation rate (m?/s3)

Superficial gas Initial gas turbulent

Case Particle phase mass

energy (x 103, Nm)

velocity (m/s)

flux (kg/sm?)

Non-growth
Dilute

0.01089
0.01089
0.01089
0.01089
0.01089
0.01089
0.01089
0.01089
0.01089
0.01089
0.01089
0.01089
0.01089

0.631

1.65
1.65
1.65
1.65
1.65
1.65
1.65
1.65
1.65
1.65
1.65
1.65
1.65

3.246
1.812
3.754
4.376
5.613

5.570
2.560
6.760
8.294
11.56

1.18
0.80
1.30
1.44
1.70
0.80
1.16
1.18
1.18
1.50
1.50
1.70
1.90

0.328

1
2
3
4
5
6
7
8
9
10

11

3.848
1.245
1.337
1.924
6.734

2.000
0.647

Dilute

Dilute

Osci.

0.695

lating

=1

1.000
3.500
2.120
1.500
2.924

—_ s = = =

1.812
3.164
3.246
3.246
4.653

2.560
5.382
5.570
5.570
9.000
9.000
11.56
14.44

4.079
2.886
5.626
3.848
7.696
11.92
12.10

2.000
4.000

Flooding

4.653

Flooding

5.613

6.200
6.291

12
13

Flooding

6.633
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hydrodynamic properties of the system can be obtained as a
function of time. Nevertheless, the solid pressure, the solid
phase stress tensors and the interphase momentum transfer coef-
ficient in the governing equations are not directly obtained from
the measurement. Therefore, the derivations of these terms are
addressed in detail below based on the KTGF theory [10] sum-
marised in Table 1.

In our computations, &g max €quals to 0.55 is used to calculate
the radial distribution at contact of the solid phase. Compared to
the previous work of Ding and Gidaspow [24] (&5 max =0.6436),
Du et al. [6] (€s,max =0.59) and Samuelsberg and Hjertager [27]
(&s,max =0.65), the maximum solid volume fraction value used
is smaller in our simulations. Although the maximum random
dense packing for monosized spheres is 0.637, the packing den-
sity at the onset of fluidisation is typically around 0.55 [26].
When the two-fluid theory applied to fluidisation, the solid phase
is assumed to be at the onset of fluidisation. Therefore, the
maximum solid volume fraction value as 0.55 is justified.

(@) |

The interphase momentum transfer coefficient, Ksy consid-
ers the form drag and skin drag between two phases. Although
more rigorous and complicated theories have been proposed for
calculation of the K, values (e.g., Kandhai et al. [31]), the semi-
empirical correlations had been successfully adopted in previous
modelling [12-18] and were used in this work,

3 8s/0g|17s _l}g|871,65

Ky =-C
sg 4 D d’sdp g

for &g > 0.8 @
Sspgms - ﬁg|

1 — e
ﬂﬁ_kljs
N

K.=150
& &g ¢>S2d§

for &, <0.8
5

where the drag coefficient Cp is

24 0.687
Cp = R—[l + 0.15(Res)"*®'] for Res < 1000 (6)
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Fig. 2. (a) The snapshots of the bed at r=0.05, 1.0, 1.4, 1.6, 2, 4, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 62.5 second from left to right, respectively and (b) the
discharging of the solids through the distributor, at t=1.4, 1.6, 2, 3, 4, 6, 9, 10, 20, 21, 24, 30, 32, 33, 34, 50, 62.5 s from left to right, top to bottom, respectively for
case 1. The colour represents the solid fraction. A non-growth bed is obtained and the raining discharge mechanism is simulated.
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Cp =0.44 for Res > 1000 @)

and
_ egPgdplits — Ug|
Mg
The gas phase was modelled using the modified dispersed k—&
model. The model is the standard k—¢ model with an additional
source term, [T, in the turbulent kinetic energy equation and

an additional source term, I, in the dissipation of turbulent
kinetic energy equation [32,33]:

Reg (8)

0(egpgky)
ot
= V(egugV kg) + 2egutg Egs Egs — €g0gcq + Iy )

+ V(egpgkglig)

MegPgeeg)

+ V(&g P8 ol
ot (egPgEeglly)

&
= V(egitigV €eg) + 2.88§sgngg5EgS
g

82
—1.928gpg§ + Mg (10)
g

where Egq is the modulus of the mean rate-of-strain tensor and

2

g = 0.09,),5,8—g (11)
£€g

The additional terms Iy, and I1.¢ represent the influence of

the dispersed solids phase on the gas phase. Following the work
of Bel F’Dhila and Simonin (1992) [34],

M
Mg =Y Kyl<iigil > +(is — iig)ia] (12)
s=1

and the work of Elgobashi and Abou-Arab (1983) [35],

Eeg

I, = 1.28 Iy, (13)
where M represents the number of the solids phases; i/’ the fluc-
tuating part of the local instantaneous velocity of the ith phase;
gy is the drift velocity that results from turbulent fluctuations in
the volume fraction and the calculations of the drift velocity can
be found in [32,33].

Following the work of Hinze (1975) [36], the solids phase
was modelled using the Tchen-theory of dispersion of discrete
particles. Time and length scales that characterize the motion are
used to evaluate dispersion coefficients, correlation functions,
and the turbulent kinetic energy of the solids phase. The details
can be found in [32,37].

The numerical method for the solution of this work is the finite
volume method. The first order implicit method was used to esti-
mate the scale quantity at the next time step and the second order
upwind scheme was utilized to calculate the gradient terms. The
enhanced wall treatment was used to solve the properties near the
wall. The zone just next to the wall was treated as the viscosity-
affected region and the turbulent viscosity with enhanced wall

treatment was used to calculate the turbulent kinetic energy, the
dissipation rate of turbulent kinetic energy, and the velocities for
both phases.

A hydrodynamic model describing the gas—solid flow char-
acteristics in the countercurrent fluidised bed was solved using
the phase-coupled Semi-Implicit Method for Pressure-Linked
Equation (PC-SIMPLE) algorithm programmed by the commer-
cial software Fluent 6.1.22.

3. Simulation experiments

Fig. 1(a) shows the geometry of the simulated system: a
two-dimensional countercurrent fluidised bed column with the
length 350 mm and width 30 mm. The system is divided into
four sections and each section is meshed into cells with dif-
ferent sizes. From the top of the column, the first section is
245 mm in length and 30 mm in width and is structured meshed
with 0.8 mm x 0.8 mm squares; the second section is 10 mm in
length and 30 mm in width and applies the unstructured meshes
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Fig. 3. (a) The simulated solid mass flux as a function of time for the case 1.
The dash line indicates the solids feeding rate. (b) The simulated pressure drop
across the bed as a function of time for the case 1.
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with side interval 0.5 mm; the third section is 35 mm in length
and 30 mm in width and applies the unstructured meshes with
side interval 0.55 mm; the fourth section is 60 mm in length and
30 mm in width and is structured meshed with 0.8 mm x 0.8 mm
squares. The top of the column is the outlet boundary for the
gas phase and is also the inlet boundary for the solid phase.
When the gas phase reaches the top of the column, it leaves
the column with the velocity as it enters the column. The bot-
tom of the column serves as the inlet boundary for gas phase
and also as the outlet boundary for the solid phase. When the
solid phase reaches the bottom of the column, it accelerates
leaving the column with an arbitrary chosen velocity 100 m/s.

@)

A dual flow distributor is located at a height 100 mm above the
bottom of the column and the geometry of the distributor is
shown in Fig. 1(b). The linear opening ratio of the distributor is
20%.

In order to compare our simulation results with the exper-
imental work of Kuo and Cheng [22], carborundum particles
and air with a temperature 293 K, density 1.2074 kg/m? and vis-
cosity 1.787 x 107 kg/ms are selected as the two phases in the
simulations. Particles with a mean diameter 335 wm, density
3150kg/m> are the “solid phase” in the simulations. Gold-
schmidt et al. [14] and Du et al. [6] showed that the restitution
coefficient had a significant impact of the fluidization behaviour
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Fig. 4. (a) The snapshots of the bed at 1=0.05, 0.8, 1.0, 2.6, 4, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 72 s from left to right, respectively and (b) the discharging
of the solids through the distributor at r=1.0, 1.2, 2.4, 2.6, 5, 10, 20, 30, 40, 45, 50, 55, 60, 70, 72 s from left to right, top to bottom, respectively for case 2. The
colour represents the solid fraction. A dilute bed is obtained and the raining and dumping discharge mechanisms are simulated.
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Fig. 5. (a) The simulated solid mass flux as a function of time for the case 2. The dash line indicates the solids feeding rate. (b) The simulated pressure drop across
the bed as a function of time for the case 2 together with the experimental results of [22].
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Fig. 6. (a) The snapshots of the bed at r=0.05, 1.0, 1.8, 2.6, 3, 5,7, 10, 13, 16.05, 20.05, 25.05, 30.05, 35.05, 40.05, 45.05, 50.05, 61.05 s from left to right, respectively
and (b) the discharging of the solids through the distributor at =1.8, 2.2, 6, 10, 14, 17.05, 21.05, 25.05, 31.05, 37.05, 42.05, 45.05, 48.05, 54.05, 61.85 s from left to

right, top to bottom, respectively for case 5. The colour represents the solid fraction. An oscillating bed is obtained and the circulating dumping discharge mechanism
is simulated.
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Fig. 7. (a) The simulated solid mass flux as a function of time for the case 5. The dash line indicates the solids feeding rate. (b) The simulated pressure drop across
the bed as a function of time for the case 5.
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Fig. 8. (a) The snapshots of the bed at 1 =0.05, 0.8, 1.0, 3,5, 7, 10, 13, 16, 20.05, 25.05, 30.05, 35.05, 40.05, 45.05, 50.05, 55.05, 62.05 s from left to right, respectively
and (b) the discharging of the solids through the distributor at7=1.0, 1.2, 2, 6, 10, 15, 20.05, 25.05, 30.05, 35.05, 40.05, 45.05, 50.05, 55.05, 62.05 s from left to right,
top to bottom, respectively for case 6. The colour represents the solid fraction. A stable bubbling bed is obtained and the dumping discharge mechanism is simulated.
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and its value should be carefully selected according to the mate-
rial properties. The restitution coefficient of particles as hard as
carborundum is around 0.9. Therefore, in the following compu-
tations, egs equals to 0.9 was used. Table 2 shows the 13 operation
conditions (i.e., the solids feeding flux and gas velocity as the
initial conditions) simulated in the current study. The calculation
of the simulation parameter values listed in Table 2 is given in
the Appendix.

At the beginning of each simulated case, the calculation time
step was 5 X 1073 second. After ca. 2.5-2.8 s simulation time,
the calculation residual reached a steady value and the time
step was increased to 1 x 10™*s to accelerate the calculation
CPU time. The computing facility used was Intel(R) Xeon(TM)
running at 2.80 GHz.

4. Results and discussion

Gas/solid pressure, gas/solid velocities, and gas/solid frac-
tion in each cell are calculated at every time step and therefore
massive information is obtained. Two schemes were adopted
to present our simulation results, which are the snapshots of
the whole system at selected times in a macroscopic viewpoint
and the calculated values in the selected cells of the system at
selected times in a microscopic viewpoint. We carefully choose
three levels of the column (see Fig. 1(a)) to present data in the
microscopic fashion. The lowest level A is located 5 mm above
the bottom of the column. The discharge of the solids can be
characterized at this level. Level B is 5cm above the bottom
of the column and level C is 5 mm below the top of the col-
umn. Levels B and C are selected to locate above and below the
bed so that the pressure across the bed can be calculated and
hence can be compared with the experimental measurements of
[22].

4.1. The flow regimes

From previous experimental studies, there are five bed
regimes in a countercurrent fluidised bed on a dual flow distrib-
utor at different operation conditions, including a non-growth
bed, a dilute bed, an oscillating bed, a stable bubbling bed and
a flooding bed [21]. Since the 2D simulated system is geomet-
rically similar to the 3D system of Kuo and Cheng [22] and the
same particle properties are used in both systems, we compare
our simulated results with their experimental measurements.

A typical result of the non-growth bed is obtained using the
simulation parameters of case 1 and snapshots of the simula-
tion results at different times are shown in Fig. 2(a). Since the
particles are fed continuously into the column from the top of
the column, the particles form cluster when they first encounter
with the gas as shown at time 0.05, 1.0 and 1.4s. No appre-
ciate particles are accumulated on the distributor. Therefore, a
non-growth bed is obtained. A different scale of the level of the
contour plot was selected to study the discharging mechanisms
in a non-growth bed at different times and the results are shown
in Fig. 2(b). After the solid cluster strikes the distributor, the par-
ticles fall into the wind-box via a raining mechanism are well
simulated. The raining discharging mechanism occurs when the

inertia of a dropped particle is greater than the summation of
the drag and the buoyancy forces acting on it, and the particle
happens to drop through the holes of the distributor, the particles
fall into wind-box individually [21].

The solids mass flux of each cell at level A was averaged every
4 s and the result for case 1 is shown in Fig. 3(a). The solid mass
flux at level A (i.e., the solids discharging rate) at steady state is
ca.0.328 kg/sm2 (the dash line), which is the same as the value of
the solids feeding rate. For a bed to growth, one may expect that
the solids discharging rate is smaller than the solids feeding rate.
Incase 1, there is limited time duration that the solids discharging
rate is smaller than solids feeding rate; therefore, a non-growth
bed is obtained. Fig. 3(b) represents the pressure drop across
the bed as a function of the simulation time for case 1. The
pressure drop across the bed is approximately 5.3 mmH;,0O at
steady state. In the experiments of [22], the pressure drop across
anon-growth bed is as low as few mmH;O. Our simulation result
agrees quantitatively well with the experimental measurements.
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Fig. 9. (a) The simulated solid mass flux as a function of time for the case 6.
The dash line indicates the solids feeding rate. (b) The simulated pressure drop
across the bed as a function of time for the case 6 together with the experimental
results of [22].
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A typical dilute flow regime is obtained using the simu-
lation parameters of case 2 and snapshots of the simulation
results at different times are shown in Fig. 4(a). There are small
amounts of particles accumulated above the plate after the clus-
ter encounters the plate and result in the formation of a dilute
bed. The snapshots of the discharge of solids as a function of
time are shown in Fig. 4(b). The raining discharging mecha-
nism only exists at a short period after the cluster encounters
the plate. After 2.4 s, the dumping mechanism appears to be the
main discharging mechanism. Fig. 5(a) shows the solids dis-
charging rate for case 2 and the dash line represents the solids
feeding rate. The discharge of solids increases at the first 10s

and reaches an approximate steady value of 2.0 kg/sm?, which
is the same value as the feeding rate of the solids in case 2.
Thus, limited particles accumulated above the plate in the first
10s cause the formation of a dilute bed. The pressure drop
across the bed as a function of the simulation time is shown
in Fig. 5(b), together with the experimental results of [22]. In
both simulation prediction and experimental observation, the
pressure drop across the bed at steady state is approximately
10 mmH,O. A quantitative agreement is obtained, although the
solids feeding rate and the time to reach the steady state are
different. The differences in the time to steady state are proba-
bly due to the fact that the 2D simulation results are compared
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Fig. 10. (a) The snapshots of the bed r=0.05, 1.0, 1.4, 1.6, 2, 3, 5, 10, 13, 16, 20, 23, 26, 30, 31, 32, 33, 34 s from left to right, respectively and (b) the discharging of
the solids through the distributor at r=1.4, 1.8, 2.2, 3, 6, 10, 12, 16, 17, 20, 25, 29, 31, 32, 34 s from left to right, top to bottom, respectively for case 11. The colour
represents the solid fraction. A flooding bed is obtained and the weeping and dumping discharge mechanisms are simulated.
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with the 3D experimental results and the opening of the plate
(see later).

The snapshots of the simulation results at different times for
case 5 are shown in Fig. 6(a). An oscillating bed is observed.
The main characteristic of an oscillating bed is the circulating
dumping of the particles around the plate [21] and this is well
simulated in Fig. 6(b). The particles are discharged as a group
through the left half and the right half of the plate in turns.
The circulating dumping of the solids into the wind-box is also
shown in Fig. 7(a). The fluctuations in Fig. 7(a) are resulted
from the circulating dumping of an oscillating bed. An average
discharging rate of 1.0 kg/sm? is the same as the solids feeding
rate after 30s, causing the number of the particles above the
plate remains an approximate constant amount. The pressure
drop across the bed of case 5 is shown in Fig. 7(b). The pressure
drop oscillates and the average value after 30 s is ca. 18 mmH;0O.
Although the pressure drop across an oscillating bed depends
on the characteristics of the particles and the plate design, the
value of the pressure drop across an oscillating the bed at steady
state is between that of a dilute bed at steady state and a stable
bed at steady state [21]. The calculated pressure drop across
the oscillating bed agrees qualitatively with the experimental
investigation.

The snapshots of the simulation results at different times for
case 6 are shown in Fig. 8(a). A stable bed is formed at steady
state. Fig. 8(b) shows the snapshots of the discharging of solids
at different times. The dumping of solids in a bubbling bed is
due to the eruption of the bubbles at the surface of the bed and
the particles slosh towards the plate, forcing a group of particles
to fall into the wind-box [21]. Such a dumping mechanism is
predicted in the current simulation. In Fig. 9(a) and (b), the dis-
charge of solids and the pressure drop across the bed fluctuates
due to the dumping of the solids into the wind-box periodically.
The pressure drop across the bed at steady state is approximately
35 mmH;O. In the experiments of [22], the pressure drop across
a stable bubbling bed is between 10 and 35 mmH>0O. Our sim-
ulation results agree quantitatively well with the experimental
results in the stable pressure drop. The differences in the time to
steady state are probably due to the fact that the 2D simulation
results are compared with the 3D experimental results and the
opening of the plate (see later).

In case 11, a flooding bed is obtained and the snapshots of
the system at different times are shown in Fig. 10(a). Similar to
the experimental observations of [21,22], large slugs are formed
in the system. The particles discharge into the wind-box via the
weeping and dumping mechanisms (Fig. 10(b)). With a weeping
mechanism, particles fall into the wind-box from the periph-
ery of the holes individually and the rate of solids discharging
decreases. Therefore, the discharging of solids is slower the
solids feeding rate (also shown in Fig. 11(a) and the particles
finally flood out of the system. Fig. 11(b) shows the pressure
drop across the bed as a function of time. Because of the accumu-
lation of the particles above the plate, the pressure drop increases
monotonically, which agrees well with the experimental result
of [22].

Fig. 12(a) and (b) are flow regimes as functions of the solid
mass flux and the gas velocity from the experimental observation
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Fig. 11. (a) The simulated solid mass flux as a function of time for the case 11.
The dash line indicates the solids feeding rate. (b) The simulated pressure drop
across the bed as a function of time for the case 11 together with the experimental
results of [22].

[22] and the CFD simulation, respectively. In both cases, the
flow regime changes from a non-growth bed, a dilute bed, a
stable bubbling bed to a flooding bed with the increase of the
solids feeding rates and/or the gas velocities. When comparing
the stable operation range of such a system, the 2D simulated
results agree qualitatively with the 3D experimental data.

In all the above comparisons, we find that the five types flow
regimes, the pressure drop across the bed at steady state for
the dilute and stable beds, and the flow regimes as functions
of the solids feeding rate and the gas velocities are well simu-
lated. However, the solids feeding rates are very different from
the experimental prediction and the experimental observation
of [22]. The deviations are probably due to the following two
reasons. Firstly, a two-dimensional simulation has been used to
predict the behaviour of a three-dimensional system. The motion
of the particles and the gas has been restricted in the simula-
tion compared with the experimental investigation. Secondly,
the distributor may cause such a deviation. The opening ratio
of a two-dimensional system is the length of the opening holes
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Fig. 12. The comparison of the flow regimes as functions of the solid feeding
velocity and gas velocity between of the (a) experimental results of [22] and (b)
simulation results.

divided by the column width, while the opening ratio of a three-
dimensional system is the area of the opening holes divided
by the cross-section area of the column. The plane through the
cylindrical column along its height is simulated in this work.
Although the linear open ratio of the distributor in the simula-
tion is the same as that in the experiments, the numbers of the
holes are different when one fixed the opening ratio constant.
The difference in the number of the hole affect the gas velocity
through the hole and therefore the deviation of the current sim-
ulation results from the experimental investigation is possible,
although we have made the closest approach to the real system.

5. Conclusion

An Eulerian—Eulerian approach coupled with kinetic theory
of granular flow (KTGF) for the solid phase Computation Fluid
Dynamics (CFD) method was applied to study a countercurrent
staged fluidised bed. The non-growth bed, the dilute bed, the
oscillating bed, the stable bubbling bed, the flooding beds were
modelled as different operating conditions. The predicted pres-
sure drops across the bed in different beds agree quantitatively
well with the experimental results of Kuo and Cheng [22].

The microscopic study on the discharging mechanism agrees
with the experimental observation of Ju et al. [21]: the raining

mechanism is the major discharging mechanism in a non-growth
bed; the circulating dumping mechanism is the major discharg-
ing mechanism in an oscillating bed; the weeping mechanism
is the major discharging mechanism in a flooding bed and the
bubble erupting dumping mechanism is the major discharg-
ing mechanism in dilute and stable bubbling beds. The flow
regime changes from a non-growth bed, a dilute bed, a stable
bubbling bed to a flooding bed with the increase of the solids
feeding rates and/or the gas velocities in both our simulations
and previous experimental results. When comparing the stable
operation range of such a system, the 2D simulated results agree
qualitatively with the 3D experimental data. Nevertheless, we
demonstrated that CFD is capable to catch both the macroscopic
and microscopic behaviour of the system and predicted quanti-
tatively well in the values of the pressure drop across the bed
for the dilute flowing regime and the bubbling flowing regime
at steady state, which are probably one of the most important
operation parameters in real operations.
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Appendix A. Calculation of the simulation parameter at
boundaries

The feeding velocity, the solids fraction and the granular tem-
perature of the particle phase at the inlet are required for the
simulation. In the experiment of [22], the feeding of solids is
h=0.139m above the top of the column. The particle phase
inlet velocity is,

2gh = 1.65m/s (A.1)

Ug =

The solids fraction in the particle phase can be obtained from
the solids feeding mass flux, 71, the density of the solid phase,
s, and the particle phase velocity, i as

m

& = — (A.2)
Psls
The granular temperature is [16],
05 = 0.004(us)? (A.3)

Because the gas phase is modelled as a turbulent phase and
the k—¢ model is used to model the turbulent kinetic energy of
the gas phase, two simulation parameters for the turbulence are
required.

The turbulent kinetic energy of the inlet gas is obtained by

[16],
k = 0.004(iig)’ (A4)

where i is the inlet gas velocity, and the turbulent dissipation
rate is,

¢ =20 (A.5)
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where « is the von Karman constant and d is the diameter of the
fluidized bed.
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