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Abstract—A numerical study on the flow field and particle mixing behavior in spouted beds with the aim of consid-
ering different base shapes was carried out using CFD-DEM modeling. Four spouted beds with different base angles of
180, 120, 90 and 60 degrees were compared. In order to have a qualitative and quantitative analysis on the mixing
behavior, particle tracing and Lacey mixing index calculation were executed for the models. Rectangular spouted beds
generate dead-zones in the corners of the system that causes less ultimate mixing index value. As the base angle
decreases, the mixing index tends to increase. A mixing degree of the case with 180 degrees base angle reaches no
more than 79% at the end of the simulation, which is the lowest, whereas a mixing degree of the 60 degrees base angle
reaches the maximum value of 97%, which is the highest. Particle tracing conducted in these models indicates that this
matter is due to the observed fact that with more incline of the base walls, particles slip more into the spout, thus enter-
ing the circulating flow. The results also indicate this increase in the slope has almost no effect on the rate which the

mixing index reaches its maximum value.
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INTRODUCTION

Fluidized beds and spouted beds are used in numerous indus-
trial applications due to their distinctive features. These applications
include, but are not limited to, particle drying, fast pyrolysis, coat-
ing and fast freezing of particulate foods [1]. While these systems
are applicable to different types of particles, spouted bed are spe-
cially used for Geldart D particles [2] which are also called spoutable
particles. As a matter of fact, spouted beds were invented to over-
come the defects of fluidized beds when used with coarse particles,
as these particles when used in a fluidized bed, are prone to slug
generation. These slug bubbles are considered as an interruption to
the flow regime, since they prevent a uniform bed expansion. Large
bubble generation and slug formation is a waste of gas momentum
as it works as a sudden burst inside the system, rather than aerat-
ing and expanding all of the particles inside the bed [3,4]. The
spouted bed flow regime is well-known for its cyclic flow pattern
of particles [5,6]. This circulative flow behavior allows for better
particle mixing. The mixing of particles is important since it affects
the overall performance of the system, inasmuch as efficient mix-
ing avoids generating hot zones in processes that include thermal
exchange between the particles and the spouting fluid [7]. Also,
efficient mixing is essential for uniform coating of pharmaceutical
particles [8].

The overall dynamic conditions of spouted beds, which includes
the mixing behavior of particles, is affected by the bed geometry,
fluid properties (such as gas density and inlet velocity) and solid
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properties (particle diameter, packed bed height, particle density,
etc.) [1,5]. Studies on the mixing characteristics have been con-
ducted in the recent years regarding different aspects of these sys-
tems. Zhang et al. studied the effect of particle size on the mixing
characteristics of a rectangular spout-fluid bed [9], effect of parti-
cle density [10] and the effect of inlet gas velocity of the main spout
and the background fluidizing air [7]. Another research studied the
effect of differing particle diameters in a binary particle mixture
[11]. Renzo et al. studied a system of binary mixture with analyz-
ing the effect of different particle densities of the binary mixture
[12]. Saidi et al. studied the effect of inlet gas velocity frequency on
the mixing and segregation characteristics of a pulsed fluidized bed
[13,14]. Ren et al. [15] investigated the eftect of particle density on
the mixing behavior of a conical spouted bed. Chen et al studied
the effect of annular gas inlet on solids circulation behavior in a
circulating fluidized bed. In this paper, geometrical characteristics
of a draft tube were also investigated [16]. Wang et al. studied the
effect of superficial gas velocity on particle flux and hydrodynam-
ics in a circulating fluidized bed downer reactor [17]. Studies on
different geometrical aspects of these systems that affect the mix-
ing behavior are present in the extensive literature, including the
effect of different shapes of baffle, or separating wall in a circulat-
ing spouted bed [16,17] while other geometrical investigations, such
as the effect of base angle, are rarely found.

Recently, Batista and Béttega [6] studied the effect of cone geom-
etry on spouted bed fluid dynamics. In their research, the dynamics
of the system was evaluated using cycle time of the bed. Different
angles of the cone were investigated (90, 75, 60, 45, 30, 28 degrees),
and the results showed that as the angle decreases, cycle time of the
bed also decreases. Yue et al. studied the effect of the cone angle
and baffle shape on spout deflection in a spout-fluid bed. Their
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study primarily focused on mitigating the spout deflection, and the
base geometries that they studied were 90 and 120 degrees [3]. Lou
et al. also investigated the effect of the base angle of a 2-D spouted
bed on the hydrodynamics and solid temperature by modeling four
different geometries with inclination angles of 30, 45, and 60 degrees
[18]. Perazzini et al. examined the effect of cone angle on drying
skimmed milk, comparing three different cone angles of 45, 60 and
75 degrees [19]. In these studies, the same number of solids were
used for their differing cases. However, in most of the present stud-
ies, the same packed bed height was considered for the investiga-
tions, which results in different solids mass between cases since with
decreasing cone angle; there will be fewer particles within the same
static height [19-21]. Although in the studies mentioned above the
effect of cone angle was investigated on different system proper-
ties like circulation and hydrodynamics, a quantitative and qualita-
tive study on mixing regarding different cone angles is lacking,
Studies on mixing characteristics of spouted beds have been
conducted experimentally and numerically. Experimental proce-
dure is a great tool for visual observation of particle behavior. Zhang
et al. used a new method to investigate the mixing of a spout fluid
bed [22]. They implemented microwave heating on the heat absor-
bent tracer particles in a spout fluid bed and then captured their
real time trajectory using infrared camera to investigate the mixing
characteristics of the system. Nevertheless, an experimental proce-
dure is expensive compared to numerical simulation. The numeri-
cal methods used for simulating these systems, being two-fluid
model and discrete element method, are also widely used. Among
these two models, discrete element method is best suitable for
studying these two-phase systems and specially investigating their
mixing behavior, since in contrast to the two-fluid model, it pro-
vides detailed information about the particle dynamics like real
time particle position that is essential in calculating the mixing
index. The CFD-DEM method has been proven accurate and ben-
eficial in the extensive literature. As a verifying example, Link et al.
[1] published their results regarding a comparison between experi-
mental and CFD-DEM study that confirmed the reliability of the
CFD-DEM. Wang and Shen also studied the gas-solid flow and
heat transfer of a char combustion process in a bubbling fluidized
bed using a CFD-DEM approach with particle size polydispersity
and thermochemical sub-models. Their model validation and results
demonstrated the applicability and high potential of the CFD-DEM
method [23]. As mentioned in this section, a study that specifi-
cally concerns particle mixing characteristics comparison between
spouted beds with different base angles and the hydrodynamics
that directly influence this matter is rarely found in the extensive
literature. For this reason, a detailed CFD-DEM investigation on
the mixing behavior has been performed in this study. Due to the
lack of detailed analysis on the effect of geometry on mixing behav-
ior of spouted beds, emphasis was put on the eftect of the base angle
on the mixing. To conduct a quantitative study on the mixing in
the spouted bed, Lacey mixing index was chosen and calculated for
the systems; and in order to have a qualitative comparison, parti-
cle tracing was executed to visualize the mixing state of the sys-
tems. In addition, several aspects of hydrodynamics of the systems
were also analyzed with regards to the mixing behavior. Results
indicate that base angle decrease has positive impact on mixing
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characteristics of the systems.
MATHEMATICAL MODEL

1. Governing Equations for CFD-DEM Modeling

A CFD-DEM was utilized for this study. The model used is the
same model originally developed by Hoomans et al. in 1996 [24].
Two methods are at hand for simulating the contact forces between
particles: Hard sphere and soft sphere. In the latter model the par-
ticles as deforming objects can be modeled by a spring and dash-
pot, whereas the former model assumes the particles as rigid solids
that have momentary contact. The soft sphere model was chosen
for this study [1,22,25].

Dynamics of each particle is tracked in a Lagrangian frame and
obeys the Newtonian equation of motion:

dv V.3
mpaf-’ =-V,Vp+ —g(uf—v},) +m,g (1)

The fsign is the momentum transfer coefficient due to drag. The
drag model used in this equation is the same model implemented
by Hoomans et al. [24] and Kawaguchi et al. [26], namely the Gidas-
pow model, that is a combination of the Ergun and Wen & Yu equa-
tions. The Ergun equation is developed for dense flows and low
porosities (5<0.8) and the equation is written as following:

2
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The Wen & Yu equation is used for dilute flows and high porosi-
ties (§>0.8):

3 Py ~1.65
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Cp, is the drag coefficient for an isolated spherical particle given by
Schiller and Naumann (1933). This model, when used with the
Gidaspow model, proves better agreement with experimental results

[5]:
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The gas phase is treated as a continuum in the Eulerian frame and
is computed via the volume averaged Navier-Stokes equation:

gt(gfpf) +V-(gpu)=0 (6)

&E(G00)+V- (Gouu)=— V-V (G7)-S,+ 508 ()

Since the spouting gas in this simulation is air at 20 °C, it is as-
sumed to obey the general rule of a Newtonian fluid. Thus the vis-
cous stress tensor 7 would be:
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This is the term that enables the two-way coupling for this two-
phase system.

The fluid flow for this simulation is considered to be laminar,
because of the large size of the particles. Although flow around the
spout can be turbulent, particles are hardly affected by these tur-
bulent fluctuations due to their inertia, i.e., velocity fluctuations are
mostly damped because of the presence of the particles [1].

The porosity is calculated by the conventional way Hoomans et
al. [24] introduced in their work. The equation is given by:

> oV, (10)

cell i e cell
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In this equation, f.; is the volume fraction of particle i present in a
cell. This method is the most straightforward way to calculate the
porosity inside an Eulerian grid cell and works well when the cell
volume is significantly greater than the particle volume [1].

NUMERICAL PROCEDURE

1. Model Verification and Grid Independency

The modeling was performed by employing the open source
OpenFOAM software in addition to Fortran coding for postpro-
cessing data. The initial step was verification of obtained results
using the same pseudo-2D spout-fluid setup in Link et al. [1]. Fig.
1 represents the geometrical structure of the bed. The main spout-
ing gas is injected via the middle inlet. Background gas (also called
as fluidizing gas) is inserted via the remaining surface of the bot-
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Fig. 1. Schematic view of the bed used in validation.

Table 1. Particle properties

Property Value Unit
d, 2.5 mm
X 2,526 kg/m’
Particle no. 24,750 -
€upiop 0.97 -
€iprow 0.97 -
Foop 0.10 -
Fo o 0.10 -
Bopiop 0.33 -
Bopiow 0.33 -

Table 2. Validation case setup

Property Value Unit
Spouting gas velocity 30 m/s
Fluidizing gas velocity 1.5 m/s
Py 1.2 kg/m’
Pressure 101,325 Pa

Gas viscosity 1.8x10°° Ps

tom pane to the two sides of the spout inlet. The height, width,
and depth of the bed is 750 mm, 150 mm, and 15 mm, respectively.
The width of the spout inlet is 10 mm, so the width of the back-
ground gas inlet would be 70 mmx2. A number of 24750 glass par-
ticles, same as what was used in Link et al. [1] was used in the
simulation. Details of particle properties are listed in Table 1.

Boundary conditions and case setup for the validation are also
equivalent to the research paper mentioned. For this initial setup,
the case A of Link et al. [1] was used as simulation setup. Accord-
ing to this case, the spouting and background gas inlet velocities
are 30 m/s and 1.5 m/s, respectively. The top plane boundary con-
dition is exit to the atmosphere and the side planes represent the
walls of the bed. Details of the case setup are listed in Table 2.
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Fig. 2. Time - averaged particle flux comparison.
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Fig. 3. Grid independence test.

The results were verified via comparing the simulation data
corresponding to particle flux at z=130 mm with that of Link et al.
[1]. It can be seen in Fig. 2 that the plot extracted from the simula-
tion is comparable to the plot of the mentioned article.

Prior to modelling the systems and validating the simulation
results, a grid independence test was carried out to determine the
optimum mesh number that was sufficiently accurate for model-
ling the systems. A grid independence test was conducted for the
spout-fluid bed system that was studied in the work of Link et al.
[1]. First, a coarse grid was defined to model the system with 1228
meshes, and the grid was refined by 20% step by step. The mean
axial particle flux was reported to evaluate the grid independency.
At 2400 mesh number, the results showed a plausible accuracy,
which had a less than 2% difference with the 20% finer grid. The

180 degrees

120 degrees

(@

(a) (b)
Fig. 4. Schematic view of the geometries studied (a) 180 degrees, (b) 120 degrees, (c) 90 degrees, (d) 60 degrees base angle.
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Table 3. Simulation setup of each case

Case U, U, Unit
180° 51 0 m/s
120° 51 0 m/s
90° 51 0 m/s
60° 51 0 m/s

results are shown in Fig. 3.
2. Case Setup

In this research the hydrodynamics and mixing behavior in
spouted beds with different bed geometry were compared. The
first case, a conventional flat bottom spouted bed, was selected as
the base condition. To create it, the case used in the verification
was selected. The air flow of the background fluidizing gas was
transferred to the main spouting gas so that the overall air flow in
the system would be identical to the initial validation setup and
the simulation setup of Link et al. [1]. As mentioned in Table 2,
the inlet velocity for the background air is 1.5m/s. The surface
which this air is inserted from is 70 mmx15 mmx2. By calculat-
ing this air flow then transferring it to the spout inlet, which has a
surface of 10 mmx 15 mm, an additional velocity of 21 m/s would
be added to the spout inlet velocity. This spout inlet velocity was
fixed and used throughout all case setups. To solve each case in ten
seconds, around five days of run time was needed using a system
with an Intel core-i7 930 CPU.

Cases 2 to 4 represent tapered spouted beds. Since the aim of this
research was to investigate the effect of base angle on the hydrody-
namics and mixing behavior, each of the cases of 2, 3 and 4 has a
specific bottom base angle. Details of the setups of each case are
listed in Table 3 and the graphical representation of each case is
shown in the Fig. 4.

The collision parameters of these cases were the same as the

£ £
S (=]
R R
£
&
o 60 degrees
(c) (d)
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Table 4. Static bed height of the cases

Hs Ums
Case
m m/s
180° 0.13 23
120° 0.1489 24.62
90° 0.1627 25.73
60° 0.1825 27.25

case used for verification. As mentioned in Table 3, to have a legit-
imate comparison, the same number of particles was considered
for each case instead of considering the same packed bed height.
This is because using an inclined wall with the packed bed height
method would give a smaller number of particles for each case, and
as the slope increases with less base angle, a significant number of
particles would be omitted from the bed. As a result, packed bed
height would differ among the cases. By increasing the packed bed
height, minimum spouting gas velocity, Ums, also increases. Ums
is calculated for each case using the well-known Mathur and Gish-
ler [4] empirical expression given below:

1
(N2 o2

Table 4 reflects the packed bed height and minimum spouting gas
velocity for each case.

RESULTS AND DISCUSSION

In this study, a detailed investigation and comparison between
four different cases with base angles of 180, 120, 90 and 60 degrees

(@) (b)

Fig. 5. Velocity vectors of particles.

was carried out. Later in this section, hydrodynamics, mixing degree
and particle tracing of the cases are compared.
1. Hydrodynamics

Particle velocity vectors in different cases are depicted in Fig. 5.
In the 180 degrees case, particles in the annulus close to the vicinity
of the spout flow; tend to have directions towards the main spout
flow. As a result, particles in this area are more dynamic in the whole
bed. In contrast, particles residing farther away from the spout vicin-
ity; especially in the lower parts of the bed and in corners, appear
to have randomized directions that are rarely or not pointed towards
the spout. Thus, these particles are almost stationary throughout
the whole process, and they tend to create dead-zones in the sys-
tem. These dead-zones have negative effect in the overall mixing
process and system homogeneity. Further investigations of the
dead-zones are in the next section.

As the base angle decreases, the results show more particles
inclined towards the spout flow. With more particles slipping into
the flow; more mobility is achieved throughout all particles of the
system. This mobile behavior results in fewer particles stuck to the
walls of the system and less dead-zone formation.

Fig. 6 shows the time-averaged air velocity vectors of the cases
studied. This plot and other time-averaged plots given in this study
were extracted from the simulation after the system had reached a
steady state condition and 10 seconds of steady state simulation
was used for the time-averaged plots. Note that effects of the ini-
tial conditions were also deleted from the time-average investiga-
tions. As it is demonstrated in the figures, in the 180 degrees case,
air flow around the main spout at the bottom of the bed is directed
horizontally away from the spout inlet. Although the velocity mag-
nitude is low in these parts, this air flow direction actually pushes
away the particles residing in the dead-zones from the spout flow.
Thus, this kind of flow behavior, has negative effect on particle loco-

U Magnitude

I 3.726e+00

2.7942

Il 8629

093154

2.005e-04

(c) (d)
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Fig. 6. Air velocity vector of the cases.

(a) (b)

Fig. 7. Time - averaged radial particle flux.

motion, since the main mechanism that aids the particle mobility
in the system, is the main spout flow. Particles need to slip from
the annulus into the spout flow in order to have better mobility.
Air flow velocity vector in the case of 120 degrees base angle also
tends to push away the particles from transferring into the spout,
since the major part of the velocity magnitude comes from the
horizontal component of the velocity vector. This is because of the
geometrical properties of the conical bed walls. However, as the
base angle decreases, air flow velocity vectors change their direc-
tion towards a more upward orientation, resulting in less leftward
and rightward thrusts among particles positioned to the left and

June, 2023
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right of the spout.

In Fig. 7 the time-averaged radial particle flux contour plots are
given. The contour plots imply that there is solids mass transfer to
the spout channel in the areas close to the spout flow in all cases
of 180, 120, 90 and 60 degrees. Moving further away from the
spout flow; solids mass transfer decreases and in the area near the
walls and corners in the lower half of the beds, particle flux is near
zero. As the base angle decreases, these areas with zero particle
flux tend to become smaller, insofar as in the 60 degrees case there
is minimal area with zero particle flux near most parts of the walls.
In addition, another pattern can be seen among the cases, that in
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(a) (b)

Fig. 8. Particle trajectory.

the 180 degrees case as we move downwards along the bed walls,
the zero-flux zone becomes larger, and the widest area is at the bot-
tom, whereas in other inclined cases, this is not necessarily true. As
a matter of fact, the governing pattern for these other cases is that
the zero-flux area is widest at the junction of the base wall and
vertical wall.

Fig. 8 reflects real time particle trajectory path lines. To present
a dear and less crowded plot, 247 particles were randomly chosen
among all the particles scattered in the system and were tracked
for 1 second in real time simulation. As can be seen in this plot, par-
ticles that are entrained by the spout flow and the circulative regime
of the system posse a relatively long path line that represents the
large distances they have traveled in the one second, which prompts
mixing with other particles in the flow. In contrast, particles trapped
in the corners of the system (dead-zones) have miniscule move-
ment, which results in no mixing with other particles. By increas-
ing the base angle, these areas that contain near to zero particle
path line length become larger. This claim can also be proved by
tracking the velocity of every particle in the system.

Fig. 9 shows the overall time averaged comparison of particle
movement throughout the entire beds. In these charts, particles
that have a movement velocity below an infinitesimal value are cate-
gorized as stationary particles, and other particles are divided into
four motional groups with regard to their dominant direction. Cases
with smaller base angle have a lower proportion of stationary par-
ticles trapped in the dead-zones. In contrast, higher number of
particles have downward movement, which are mostly the parti-
cles in the annulus region. Particles that are moving towards the
center of the system, namely inwards direction, have almost the
same proportion of the data. The amount of particles that have
upwards motion, which are the particles entrained in the spout
channel, becomes slightly larger with a decrease in the base angle.
Same pattern of slight increase is perceptible for the particles mov-

U Magnitude
s 3.850e 100

2.8878

1.9253

I 096276
2.623e-.04

(c) (d)

100 mm Stationary
= Downwards
s Inwards
W Upwards
mm Outwards

80

60

|
8:?.

case

Fig. 9. Time - averaged motion directions ratio.

ing outwards from the center of the system. These outward move-
ments can be seen at the top region of the spouted beds that the
spout channel creates a fountain of particle flow. Therefore, the same
slight increase becomes more recognizable since particles entrained
by the spout enter the fountain last.

Next, axial particle flux is discussed using plots given in Fig. 10.
Mean particle flux is plotted at different heights of 0.12m, 0.10 m,
0.07m and 0.04m near the bottom of the beds, where the flux
seams to vary among the cases. Fig. 10(a) represents a compari-
son of the particle flux between the four cases of 180, 120, 90 and
60 degrees at 0.12 m. At this height, the case of 180 degrees shows
the same behavior as static height; thus, the system has a robust
particle stimulation, since this height is close to its static bed height.
As the base angle decreases, particle flux at the sides of the bed
decreases, to the extent that for the 60 degrees case, the value is
almost zero. This is expected, since as it was mentioned before, the

Korean J. Chem. Eng.(Vol. 40, No. 6)
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Fig. 10. Time - averaged Axial particle flux comparison at heights (a) 0.12 m, (b) 0.10 m, (c) 0.07 m, (d) 0.04 m.

cases with inclined base walls appear to have their least solids mass
transfer at the whereabouts of junctions of the base wall and the
vertical wall. In the 60 degrees case, this junction is located at the
height of 0.1212m. In the other cases of 90 and 120 degrees, we
also have more mobility among particles, since their plots have
non-zero values. Fig. 10(b) shows the particle flux at H=0.10 m.
At this height the plot for the 180 degrees case still has not reached
the values near zero and the dead-zones of the system. The cases
of 120 and 90 degrees start to flatten at the sides, meaning this is
where the dead-zones start to form. The case of 60 degrees, on the
other hand, has a horizontally shorter plot. This is because the
geometry of the system is narrower compared to the other cases.
In addition, the domain which the plot has zero value is shorter
compared to the other cases.

Fig. 10(c) illustrates the particle flux plot at the height of 0.07 m
that is the junction height for the 90 degrees case. At this height,
all of the cases appear to have reached the dead-zones, and a wide
domain of the plots have flattened out, having values near zero. In
contrast, the 60 degrees case shows infinitesimal to no flattening at
the sides, and has values slightly lower than zero. This means that
at this point dead-zones no longer are present, and solids mass
transfer is being done in the system. Next, Fig. 10(d) shows the par-
ticle flux at the height of 0.04 m, which is again near the 120 degrees
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case junction at 0.0404 m. The flat zero value area for the cases of
180 and 120 degrees has grown larger, meaning more particles are
stuck in the dead-zones to the sides of the system. The 60 degrees
case plot has become shorter in horizontal length, this is again due
to the geometry of the bed. This plot shows no values of zero at
the sides of the system. Thus, dead-zones are not effective at this
part. The 90 degrees case also starts to cut off at the edges, as the
height is at the narrowing part of the system. In this case, the zero
flattened area has become shorter, meaning dead-zones have become
smaller. To conclude the analysis on the flux plots, in the conven-
tional 180 degrees case, dead-zones become larger as we move
towards the bottom of the bed. By giving incline to the bottom walls
of the system, the dead-zones are cut off, resulting in less particles
stuck to the sides of the system, and never entering the circulating
flow of the bed.
2. Mixing Characteristics

For a deeper understanding of the mixing behavior, quantita-
tive degree of mixing was calculated for each case. Several means
have been introduced for statistical analysis of particulate mixing,
Wen et al. published a comparative study on different mixing index
calculation methods [27]. Among the mixing indices introduced,
Lacey mixing index [28] is the most used due to its ease of appli-
cation and suitable index-time curve, that is valued between 1 and
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Fig. 11. Sample size effect investigated for the 180 degrees case.

0. The index-time curve being valued this way facilitates the com-
prehension of the mixing of the system. Hence, lacey mixing index
was chosen and calculated for the system geometries. The formu-
lae of calculating this index are given later on in this section. This
method basically clusters the particles into a binary group by a neu-
tral property, say by coloring a fraction of the total particles and
then tracing them in the system. Calculation of this index requires
the bed to be divided into N multiple samples. As discussed by
Ren et al. [15], the Lacey mixing index depends on the sampling
size. The lacey mixing index simply considers the tracer particle
concentration variance in each sample in comparison with the whole
tracer particle concentration. The effect of the sample size was inves-
tigated to select a plausible sample size, and the results are illustrated
in Fig. 11. As shown in Fig. 11, an excessively large sample yields a
higher mixing index, which may incorrectly indicate that the mixed
state of the system is better than the actual condition of the sys-
tem. As an example, consider that we take only one sample from
the bed and its volume is equal to the whole bed size. As this sam-
ple includes all of the particles of the system, the tracer particle
concentration in this sample is equal to the overall tracer particle
concentration. This leads to zero variance, which results in a fully
mixed index. In contrast, an extremely small sample size would
cause excessive mixing index plot fluctuations and irrational results,
in addition to giving out a smaller mixing value.

Therefore, samples of identical volume were taken from the bed,
each having dimensions of 10 mmx10 mmx15 mm. In addition,
we attempted to define the sample size so as not to have samples
that contain both normal and tracer particles at the beginning of
the lacey mixing index calculation, as this will cause a mixing plot
with an initial mixing value higher than zero. Fig. 12 shows a sche-
matic of the samples taken from one of the cases (60 degree case).

The concentration of the tracer particles is then considered in
each sample. After that, the variance of the concentration of each
sample as compared to the total average tracer concentration is
calculated. In this study, half of the particles in each system were
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Fig. 12. Schematic of samples taken from the system.

colored. Therefore, the total average concentration of the systems,
denoted by P, is 0.5; the variance, S, is calculated by:

2_lN B2
S _N;(Pi P) (12)

As mentioned, N is the number of samples taken from the bed. P;
is the local concentration of tracer particles in a sample. A com-
pletely mixed bed would have a variance of S;. The subscript r
denotes the state of being randomized and fully mixed. For a sys-
tem with given total average concentration of tracer particles S;
could be calculated using the following equation:

:I_)x(l—F)

s, (13)
n

where, n is the possible number of particles in a sample. In addi-

tion, variance of a completely segregated mixture is shown by S;

and is calculated by:
Se=Px(1-P) (14)

At last, the degree of mixing is defined by M, and the formula is
given by:

so—s
0
M=

. "
Since S’ represents a mixing state between the states of fully mixed
and fully segregated, and its value is between S; and S;, the mix-
ing degree M of a given binary mixture at any time would be a
number between 1, fully mixed, and 0, fully segregated. In that man-
ner, lacey mixing index can clearly demonstrate the state of mix-
ing of the system.

Korean J. Chem. Eng.(Vol. 40, No. 6)
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Fig. 13. Real - time particle tracing comparison.

In addition to the mixing index, real-time graphical illustration
of particle tracing of the spouted beds was also carried out in this
study. The focus of particle tracing was to illustrate the formation
of the dead-zones in each geometry. In each case, at the time when
the spouted bed reached a steady state operating condition, the

June, 2023

lower half of the particles were colored in red. After that, they
were traced throughout the bed. Snapshots of this particle tracing
were taken from each system and compared in Fig. 13.

As shown in the figures, dead-zones are created in the bottom
of the bed to the left and right side of the spout. The particles in
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Fig. 14. Lacey mixing index comparison.

these zones have minimal movement compared to the rest of the
particles in the system. Particles that form the dead-zones tend to
be stationary and do not get involved in the mixing process, result-
ing in poor mixing behavior of the system and less mixing degree.
As the angle decreases, the size of the dead-zones also decreases.
Dead-zones formed in the rectangular spouted bed are more “stub-
born” compared to other geometries. Even after 6 seconds of
simulation, a major part of the dead-zones remains segregated. In
contrast, dead-zone formation in the geometry with 60 degrees
base angle shows the least stability, to the extent that after 6 sec-
onds of simulation only a minimal part of the tracer particles remains
stuck to the base walls. Thus, as the angle decreases, base walls get
more inclined and more particles tend to slip into the spout flow,
resulting in more mixing of particles and improved mixing char-
acteristics.

Quantitative results of Lacey mixing index calculation are also
shown in Fig. 14. This plot demonstrates the comparison of the
mixing indices between the geometries. As shown in the mixing
index plot, with the decrease of angle, the mixing index increases,
meaning that the overall mixing behavior of the system has im-
proved. These results comply with the particle tracing discussed
previously. Meaning that the smaller number of particles stuck in
the dead-zones, the more maximum value of mixing degree.

Another feature that stands out in this plot is that the initial speed
of the mixing index appears to be the same among the cases. This
issue has been investigated in the extensive literature, and conclu-
sions gather around the same opinion that the initial speed which
the mixing degree time-index curve of spouted beds reach, the
maximum degree of mixing is only related to the velocity of the
air inlet [7,17,27-31].

Finally, note that the minimum spouting gas velocity is increas-
ing throughout the cases because of the geometries that affect the
packed bed height. As mentioned in the previous sections, the same
spout inlet velocity was used for all the cases. This means that for
the cases with less base angle, Usp/Ums would be less. Thus, if equal

values of Usp/Ums were to be used, the results would change slightly
for the better.

CONCLUSIONS

The mixing characteristics of spouted beds were investigated in
this study. Using these simulation conditions, four cases of conical
spouted beds with base angles of 180, 120, 90 and 60 degrees were
analyzed and compared in order to study the effect of geometry
on mixing behavior of these systems. In all cases, mixing behavior
was studied at the systems equilibrium, and the effects of initial
transient unsteadiness were omitted from the data. Mixing was
examined through different aspects. Dynamic behavior was exam-
ined by particle flow; air flow and analysis of particle flux at differ-
ent parts of the bed. Lacey mixing index was chosen for quantitative
calculation of the mixing degree of the systems. In addition, to
have a qualitative examination of the mixing, particle tracing was
conducted for the systems. Following results were concluded from
this work:

1) Spouted beds are prone to form dead-zones by accumula-
tion of particles in the lower corners of the system that result
in less particle interaction with the flow and circulation, there-
fore less mixing degree.

2) Base angle is effective in the dynamic behavior of the sys-
tems. With smaller angles, smaller dead-zones are formed in
the system. Smaller angles also result in less unyielding dead-
zones.

3) In contrast to flat-bottom spouted beds, dead-zones in spouted
beds with inclined base walls tend to form at the junctions
of the base walls and vertical bed walls.

4) Smaller angles represent better overall mixing behavior and
higher mixing degree. As a qualitative way of expressing the
matter at hand, tracer particles are more uniformly distrib-
uted in the bed when angle decreases.

NOMENCLATURE

Roman Symbols

: drag coefficient

: distribution function

:bed diameter

:inlet diameter

: particle diameter

: gravitational acceleration

: packed bed height

: unit vector

:lacey mixing index

: particle mass

: number of samples

:number of particles in each sample

: pressure

: average tracer particle concentration
: tracer particle concentration in ith sample
: position

: Reynolds number

: variance
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S, :variance of totally mixed state

S;  :variance of totally segregated state
S,  :particle drag sink term

t :time

u,  :fluid velocity

U, :minimum spouting gas velocity
v,  :particle velocity

V,  :particle volume

V.; :mesh cell volume

Greek Symbols

£ :momentum transfer coefficient
&  :volume fraction of particles

&  :volume fraction of fluid

Yy viscosity of fluid

pr :fluid density

p,  :particle density

7 :fluid stress tensor

4 :gas phase bulk viscosity

f  :volume fraction
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