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Abstract

Formation, expansion, and breakage of bubbles in single bubble and freely bubbling fluidized beds were studied
using an improved hybrid Lagrangian-Eulerian computational fluid dynamics (CFD) approach. Dense Discrete
Phase Model (DDPM) is a novel approach to simulate industrial scale fluidized bed reactors with polydispersed
particles. The model uses a hybrid Lagrangian-Eulerian approach to track the particle parcels (lumping several
particles in one computational cell) in a Lagrangian framework according to Newton’s laws of motion. The
interactions between particles are estimated by the gradient of solids stress solved in Eulerian grid. In this work, a
single bubble fluidized bed and a freely bubbling fluidized bed were simulated using DDPM coupled with kinetic
theory of granular flows (KTGF). The solid stress was improved to include both tangential and normal forces
compared to current hybrid methods with the consideration of only normal stress or solid pressure. The results
showed that solid pressure (normal forces) as the only contributor in solid stress would lead to overprediction of
bubble size and overlooking of bubble breakage in a single bubble bed. Also, the results showed the improved
model had a good prediction of bubble path in a freely bubbling bed compared to solid pressure-based model. It
was shown that increasing the restitution coefficient increased the particle content of the bubbles and it lead to
less breakage during the formation of the bubble. The probability of formation of bubbles was compared with
experimental results and solid stress model showed less discrepancies compared to the solid pressure-based model.
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1. Introduction

The vigorous mixing of powders and granules by
means of a fluidization agent has introduced the fluidized
beds as one of the best tools for powder processing spe-
cially when high heat and mass transfer rates are needed
(Grace, 1990; Kunii and Levenspiel, 1991). However, de-
sign and scale up of fluidized beds are difficult due to the
complex hydrodynamics for a bed charged with different
particles and their interactions at different operating con-
ditions (Cocco et al., 2017).

Mathematical modeling of fluidized beds can simplify
the design procedure and scale up of the fluidized beds in
a cost-effective approach (Cocco et al., 2017). Modeling
of a fluidized bed was initially performed by fluidization
models in which the bed is divided into two emulsion and
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bubble phases and semi-empirical correlations were used
to predict the hydrodynamics properties such as bubble
size and rising velocity, gas and solid volume fraction
(Davidson and Harrison, 1966; Hashemi Sohi et al., 2012).
These models are good to predict the outlet composition
of the fluidized bed products, and can be integrated to the
chemical plant process simulations (Singhal et al., 2017).
Recently, computational fluid dynamics (CFD) models
attracted the attentions for the simulation of fluidized bed
systems due to the progress in computational speed by the
means of parallel computation in multiple CPUs and
GPUs (Norouzi et al., 2017). There are two major CFD
methods to simulate fluidized beds called Eulerian-
Eulerian and Eulerian-Lagrangian. Eulerian-Eulerian
methods consider both gas phase and solid phase as con-
tinuous phases and add the granular properties of the
solid phase using with kinetic theory of granular flows
(KTGF) (Ding and Gidaspow, 1990). These methods are
good for the simulation of uniform particle systems in the
reactors up to a pilot scale. Several researches have been
conducted to reduce mesh dependency of these methods
in a large scale using filter approaches and extending
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Sundaresan, 2014). On the other hand, Eulerian-Lagrangian
methods consider a gas phase as a continuous phase and
track the particles using newton laws. There are several
ways to model the collisions between particles. Discrete
element method (DEM) is the most accurate one in which
spring dash soft sphere approach is used to model the par-
ticle collisions (Tsuji et al., 1993). However, it is impossi-
ble to simulate a large scale fluidized bed with billions of
particle collisions. Therefore, different methods have been
used to reduce the computational time (Benyahia and
Galvin, 2010). Simplifying the collision between the par-
ticles and reducing the number of particles by grouping
them into parcels are two major solutions. In the latter
one, actual particles are grouped into computational par-
cels that are tracked in the Lagrangian framework. The
event driven hard sphere and time driven hard sphere
methods are simplified collision methods suffering from
complex algorithm to search for particle-particle colli-
sions in dense and polydisperse systems (Hoomans et al.,
1996).

There is another approach to simplify the collisions us-
ing solid stress from Eulerian framework. In this method,
the particle volume faction and velocity are mapped to the
Eulerian grid and the solid stress tensor is calculated and
mapped back to the particles. This approach has been
used by several authors to study large scale fluidized beds
for different applications due to their low computational
cost. The most widely used method is called MP-PIC in
which isotropic normal stress acting on each particle re-
placed the collisions (Fotovat et al., 2015; Snider, 2007).
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Where P; is a positive constant with pressure unit, 6, is
the particle volume fraction, 6, is the particle volume
fraction at close packing, f is a constant number arbi-
trarily specified with recommended values in the range 2
to 5, ¢ parameter is a small number to avoid singularity at
close packing limits (Fotovat et al., 2015). Isotropic nor-
mal stress can avoid the particles from exceeding the
maximum packing limit, but it does not consider the shear
stresses. There are some studies in the literature reported
that this approach caused weak prediction of the bubbling
flow pattern in the bubbling fluidized beds (Liang et al.,
2014; Lu et al., 2017).

On the other hand, Popoff and Braun (2007) introduced
a dense discrete phase model in which, solid stress was
calculated using kinetic theory of granular flows in Eule-
rian framework. However, the collision term in their work
contained only the pressure like contributions (Normal
pressure) of the complete stress tensor:

@
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Where p, is the solid pressure, and p is the solid den-
sity.

This leads to unrealistic predictions at arecas close to
packing limit that occur in bubbling fluidized beds and
high granular temperatures. Cloete et al. have studied the
effect of shear and normal forces in a DDPM model on
dilute systems with periodic boundary conditions (Cloete
et al., 2012). However, the effect of shear and normal
forces have not yet been studied in real physical systems
specifically bubbling fluidized beds. Therefore, the tan-
gential forces were added to the model to improve the
DDPM model. Their effects on the formation of bubbles
and hydrodynamics of bubbling beds were studied in this
work.

2. Hybrid model equations

The mass and momentum conservation equations for
the gas phase are given by:

A(egp,) .
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and
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where &, is the volume fraction of gas phase, p, is the den-
sity of gas phase, Y)'g is the gas phase velocity, p, is the
pressure of gas phase, 7, is the shear tensor of the gas
phase, Kppy is the drag coefficient that can be calculated
using a Gidaspow drag model (Ding and Gidaspow,
1990), Vppy is the particle averaged velocity of the dis-
crete phase mapped to the cell center.

Particle velocity and position is calculated from Newton’s
law:

dv, g(py—py)

df FD (V - p) + + Finteraction

®)
p

Where 17 is the gas velocity, 17' is the particle velocity,

Fp stands for drag force, and Fuion 1S the collision
force between two particles calculated from:

1 =
—V-rp

Py

N
Finteraction =

©)

In the above equation, T, is a solid stress including solid
pressure, normal stress, and shear stress:
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where p,, W, and 4, are solid pressure, shear viscosity,
and bulk viscosity, respectively.
Dy is the solid pressure defined as:

Py = &pPp0+2p, (1 + epp) €p800 ®)

where first term is kinetic part and second term is colli-
sion part and g, is the radial distribution function that
modifies the probability of collisions between particles in
dense areas:

177!

e )3
8o = 1_(8 5 J ©
p,max

The bulk viscosity is defined by (Lun et al., 1984):

4 o
Ay = ?‘Spppdpgoa + epp)(?)l/z (10)

The shear viscosity is defined by (Gidaspow, 1994):
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where first term is kinetic part and second term is colli-
sional part and @ is granular temperature representing the
kinetic energy of the fluctuating particles derived from
kinetic theory model as:

3| O(e,p,@ -
7{% +V-(e,0,V,0)
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Equation (10) was solved algebraically by neglecting
the convection and diffusion terms in the transport equa-
tion.

2.1 Simulation setup

The simulation setup has been created based on a sin-
gle bubble injected by a jet in a fluidized bed at incipient
fluidization conditions and a free bubbling fluidized bed
with a uniform distributor to study the effect of solid
stress on single and multiple bubbles. A fluidized bed of
0.57 m width, 0.005 m depth and 1.0 m height was ini-
tially filled with glass beads at a diameter of 500 um and a

Table 1 Simulation parameters.

Single Freely
Quantity Unit bubble jet bubbling
bed
Column dimensions m 0.7 1 0.5 07
4 % 0.005 % 0.005
Static bed height m 0.5 0.3
ki
Gas density _g3 1.225 1.225
m
o kg
Gas Viscosity s 1.7894e—-05 1.7894e-05
Particle diameter um 500 700
. . kg
Particle Density =y 2660 2500
Particle~particle — 09-099  0.9-99
restitution
Specularity coefficient — 0.5 0.5
Number of parcel — 400000 250000
Packing limit — 0.6 0.6

density of 2660 kg m * up to a height of 0.5 m. The back-
ground velocity for the whole bed was chosen to be
0.3 ms ! to keep the bed close to its minimum fluidization
velocity and a central jet with the velocity of 10 ms ! was
used to create the single bubble inside the bed (Kuipers,
1990). The computational column consists of 22903 quad
cells. The second study was on a freely bubbling fluidized
bed of 0.5 m width, 0.005 m depth and 1.0 m height filled
with ballotini glass particles at a diameter of 700 um and
density of 2500 kg m™ up to height of 0.3 m. The superfi-
cial gas velocity for bubbling fluidization was 0.62 ms™!,
which equals to 1.75 times of the minimum fluidization
velocity (Hernandez, 2013). The computational column
consists of 12600 cells. The rest of operating conditions
can be found in the Table 1.

The time averaged vertical velocity of particles, and
averaged solid volume fraction were calculated by

pr (xa Y, Z)
N N
=D Ci(0.2.2)V i (6.2,2) 1 Y Ci(x,,2) (13)
i=1 il
N
e,(x.y.2) = Z&m (x,y,2)/ N (14)

i=1
where N is the number of snapshots, and C; (0 inside the
bubble and 1 in the emulsion phase) is an indicator defined
by a threshold that separates bubbles from the dense phase
which is recommended to be the arithmetic mean between
the maximum and minimum solid volume fraction
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e probability of the formation of the bubbles were
calculated according to:

N
B=1->C(x.y.z)/ N (15)
i=1
The bed properties were averaged for 10 s from 20-30 s
of the simulation with frequency of 10 frames/second.

3. Boundary condition and solver setup

Uniform gas velocity was selected at the inlet to repre-
sent the porous gas distributor coupled with a reflection
boundary condition to prevent the tracking particles from
draining out of the system. A pressure outlet was consid-
ered as the gas exit. No-slip boundary condition was se-
lected for the gas phase on the bed wall and Johnson and
Jackson boundary condition was used to calculate the
granular phase shear force at the wall boundaries.

The commercial flow solver ANSYS Fluent 16 was
used to complete the calculations. The phase coupled
SIMPLE scheme was used for pressure—velocity coupling
(Patankar, 1980). A second-order upwind scheme was
used for momentum equation and QUICK method for the
spatial discretization of volume fraction (Leonard and
Mokhtari, 1990). The first order implicit transient formu-
lation was used for temporal discretization.

4. Results and discussions

The particles were initially injected in the bed area by
means of particle parcels. Since the sum of parcel diame-
ters should be less than cell dimensions, the solid volume
fraction can exceed the solid packing limit in a specific
static bed height. Therefore, a minimum number of par-
cels should be injected to represent the static bed with a
realistic volume fraction of particles and specific height.

Fig. 1 Shows the mass of particle that should be in-

jected to reach 0.6 solid volume fraction of 700-micron
spherical particles in a static bed height of 0.3 m as a
function of number parcels. It should be noticed that
shapes of particles in this work were spherical according
to spherical particles in the experimental data. The shapes
of particle can affect minimum fluidization void fraction,
mixing, and drag model. However, it was out scope of the
current study, and we built our model with spherical as-
sumption.

As it can be seen, at least 250,000 parcels were injected
to achieve the same volume fraction of particles in the
bed. In order to evaluate the effect of solid stress compo-
nents on the predictions of DDPM model, single bubble
fluidized and freely bubbling (multiple bubbles) fluidized
beds were compared. As it is shown in Fig. 2(b) a single
bubble like a mushroom is created when a solid normal
pressure is responsible to simulate the particle collisions.
Since there is no shear force, a single bubble without any
breakage will continue to grow until it reaches the top of
the bed. This approach is reasonable for the initial forma-
tion of a bubble using a high-speed jet because the normal
forces imposed on the bubble are dominant. However, as
the bubble rises in the bed, it will start to break in to three
parts, and two bubbles will be formed as it can be seen in
the experimental results Fig. 2(a).

This can be explained by the fact that the shear forces
will restrict the single bubble from further expansion and
new bubbles will grow out of the original bubble. There-
fore, the last two terms were added to the solid stress
equation (5) to consider the shear stress generated by
granular flow. As it can be seen in Fig. 2(c), the bubble is
broken into three parts which shows the effect of shear
stresses on the bubble breakage. Moreover, a Eulerian-
Eulerian simulation was performed using the same condi-
tions and drag model as a control. The results showed the
same trend of bubble breakage as the DDPM model with
the consideration of a solid stress. However, the bubble
breakage happens quickly in the bed compared to the ex-
perimental results, which can be related to the discontinu-
ity in the drag model. After studying the effect of solid

1.18
1.16
1.14 "
1.12
1.1
1.08
1.06
1.04
1.02

Mass of particles (kg)

=Mass of injected particles

0 50,000 100,000 150,000 200,000 250,000 300,000 350,000 400,000 450,000 500,000
Number of parcels

Fig. 1 Mass of particles as a function of number of parcels in a static bed at 0.3 m height.
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Fig. 2 Formation of single bubble in a thin fluidized bed after
0.4 s; (left to tight) (a) Solid pressure model (b) Experi-
mental (Kuipers, 1990), (¢) Complete solid stress (d)
Euler-Euler model. Scale bar is 0.025 m.

stress on formation and expansion of a single bubble, a
freely bubbling fluidized bed was simulated. The bub-
bling fluidized bed works at volume fractions close to
packing limit which makes the tangential forces more im-
portant.

Fig. 3 shows the snapshots of a freely bubbling bed at
the initial conditions using two different collision ap-
proaches. As it is shown, the large bubble is formed at the
center of the bed as a result of breakage, expansion and
coalescence of the bubbles when shear stress is included
in the model. On the other hand, the bubbles are formed
separately through the whole bed using the solid pressure
approach. The number of bubbles and the solid volume
fraction in the bubbles for the case with the solid pressure
approach are higher. This means bubbles are initially
formed but they cannot grow so much because the normal
forces are smaller at lower velocities and shear forces are
dominant.

On the other hand, after the first generation of bubbles
are formed in the case with the solid stress approach, they
are attached to each other to form a larger bubble and fi-
nally a central bubble passing through the bed is formed.
Fig. 4 shows the probability of the formation of bubble at
the height of 0.25 m above the bed. As it can be seen, the
probability of the formation of bubble is fluctuating
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Fig.3 The instantaneous solid volume fraction of freely bub-
bling bed at the initial condition simulated using com-
plete solid stress (top) and solid pressure (bottom).
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Fig. 4 Probability of formation bubbles at 0.25 m above the
bed for model predictions and experimental from
(Hernandez, 2013).

through the whole bed for the case that a solid pressure is
used to represent the particle interactions. Coalescence
and breakage of the bubbles are not observed in this case
which confirms the previously reported results in the lit-
erature (Liang et al., 2014).
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©ofitthe probability of formation bubbles was evaluated
quantitatively using the root-mean-square deviation
(RMSD), which is defined as follows:

1 ¥ 2
RMSD = f— Y- X,
N;( )

Where X; and Y; denote the experimental and predicted
values respectively, and N is the number of observations.
Also, coefficient of variation was used to calculate the

(16)

Table 2 Discrepancy of simulations from experimental results
using different collision models.

Solid Solid Solid
Quantity Unit Stress, Stress, Pressure,
ey, =0.90 epp = 0.99 epp=0.99
RMSD — 0.0031 0.0018 0.0224
CV % 100 57.1 729

y (m)

ok
g

025

005 01 015 02 025 005 01
x(m) x(m)

(e) ®

Probability of formation of bubble B (left) and Solid
volume fraction (right) (a & b) Experimental (Hernandez,
2013) (¢ & d) Model with solid pressure (e & f) Model
with solid stress.

Fig. 5

A
=

relative discrepancy of the simulations:
s e-xy
N i=1
CyV =

2

The calculated discrepancies between experimental
and simulation results in the form of RMSD and CV are
presented in the Table 2. As it can be seen in the table the
model with solid pressure for prediction of particle colli-
sions has several orders of magnitudes (729 %) deviation
from the experimental results in prediction of bubble for-
mation probability. The stress model results produce
smaller discrepancies (100 and 57.1 %) which is in the
same order of magnitude reported using Eulerian models
in the literature (Herndndez, 2013). The effect of front
and back wall friction and the configuration of the distrib-
utor holes can be the reasons for current amount of dis-
crepancies between simulation and experimental results.

When the tangential forces are involved in the solid
stress in a DDPM model, the probability of the formation
of the bubble is in a better agreement with experimental
results and the predictions. It means that using a solid
pressure to represent the collisions in the freely bubbling
fluidized bed will not simulate the bubble pathways
through the center of the bed and downward movement of
particles. It should be noticed that in freely bubbling beds
tangential forces are larger compared to a single bubble
bed case formed by high velocity jet.

Fig. 5(a, ¢, e) shows the contours of the bubble proba-
bility and the time averaged solid volume fraction in the
bed for the experimental results and predictions. The bub-
bles are mostly formed in the center and close to the sur-
face of the bed. The model with the solid stress approach
was in a good agreement with the trend of experimental
results, but the model with a solid pressure overpredicted
the formation of bubbles at the bottom of the bed and un-
derpredicts the formation of bubbles close to the surface
of the bed. This is because tangential stresses are domi-
nant in the case of bubbling fluidized beds and ignoring
these terms would lead to unrealistic predictions in bub-
ble formation which controls the bed hydrodynamics. The
discrepancies between the model predictions and experi-
mental results can be related to the non-ideal distribution
of the air using a perforated distributor in the experi-
ments. Moreover, the experimental time averaged solid
volume fraction is compared with the model predictions
in Fig.5(b, d, f). As it shown, the solids are close to
packing limit beside the wall because the bubbles don’t
expand and rise in that region and their pathway is
through the center of the bed. This is consistent with the
well-known downward movements of particles beside the
wall which inhabits the rising of bubbles.

One of the parameters in a solid stress is the coefficient
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Fig. 6

of restitution that can be determined by the elasticity of
the particles. Fig. 6 shows the effect of this parameter on
hydrodynamics of bubbles. The particle volume fraction
inside the bubbles was increased from 5 % to 30 % when
coefficient of restitution was increased from 0.90 to 0.99.
It means that fewer bubbles are formed when the coeffi-
cient of restitution is increased. As shown in Fig. 6, the
formation of wake under the bubbles in the bubbling flu-
idized bed confirms the similar shapes of bubbles re-
ported in the literature. High velocity of particles under a
rising bubble creates low pressure under the bubble which
leads to the deformation of the tracking bubbles. This is
the main mechanism in formation of bubble path in bub-
bling fluidized beds.

The coefficient of restitution can be used as a con-
trolling parameter to predict the fluidization of sticky par-
ticles using a DDPM model. It means that more
segregation can happen between gas and solid phase when
the coefficient of restitution is decreased.

5. Conclusion

Single bubble and freely bubbling fluidized beds were
used to compare the ability of a modified hybrid Eulerian
Lagrangian model for the prediction of single and multi-
ple bubble behavior. Dense Discrete Phase Model coupled
with kinetic theory of granular flows was used to build
the model. Collision between particles were modeled by
gradient of solid stress calculated from Eulerian grid and
KTGF. The results showed that the predictions of bub-
bling hydrodynamics using hybrid Lagrangian Eulerian
methods were improved using a solid stress compare to
solid pressure-based model. It was found that eliminating
the tangential forces in current state of the hybrid La-
grangian Eulerian method lead to discrepancies in predic-
tions.

The results showed that a dense discrete phase model
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(b)

DPM volume fraction as function of coefficient of restitution.

coupled with kinetic theory of a granular flow is a reliable
approach if the solid stress is used in its complete form. It
was shown that using a solid normal pressure instead of a
solid stress will lead to the formation of round bubbles in
a normal force dominant region in a fluidization bed.
However, the formation of bubbles was underpredicted in
the shear force dominant region. The probability of the
formation of bubbles was deviating from experiments us-
ing the solid pressure approach in a freely bubbling fluid-
ized bed.
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