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Hydrodynamics of fluidized beds with binary mixtures of particles is important in
many industrial applications. The binary particles are generally in the Geldart
particle range. In our earlier work, (Part I) of this work simulations were carried out
and qualitative analysis was presented. Quantitative predictions of gas velocity and
particle velocity profiles have been presented in the present work, which is Part II
of the two-part work on computational fluid dynamics (CFD) simulations of binary
fluidized beds. It was observed that the dynamics of the bed vary for different
binary mixtures and are a strong function of superficial velocity and bed height.
Mixing and segregation in beds for two different initial bed heights and six different
binary mixtures and superficial velocities have been identified. Segregation is
prominent for binary mixtures with 20 wt.% and 80 wt.% of large particles,
whereas mixing is observed in 40 wt.% and 60 wt.% large particle mixtures.
Bypassing of gas near the walls is prominently seen for 60 wt.% large particles
with gas velocities as high as 5 m/s. Time-averaged axial particle volume fractions
have been observed to be lower in the dilute phase with large undulations in the
middle whenever the bed is well mixed for central axial profiles. The axial volume
fraction profiles also confirm the mixing and segregation for the 40 wt.% and
20 wt.% composition of large particles for the operating conditions considered for
the study. Bed height expansion is linear until a certain superficial velocity with the
increase or decrease depending on the superficial velocity or bed height of
operation. Furthermore, correlations for minimum fluidization velocity and
pressure drops from the literature have been compared with experimental
results. The simulated data have been considered for the development of a
correlation for minimum fluidization velocity. The predicted results match
experimental data with a 10%–15% deviation.
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1 Introduction

Fluidized beds are one of the most important multiphase reactors having gas–solid,
liquid–solid, or gas–liquid–solid flows. Some of the most common applications of
fluidization include catalytic cracking and coal gasification. Hydrodynamics is critical for
the good performance of fluidized beds because it involves spatial and temporal variation of

OPEN ACCESS

EDITED BY

Abdolali K. Sadaghiani,
Sabancı University, Türkiye

REVIEWED BY

Miryan Celeste Cassanello,
University of Buenos Aires, Argentina
Chenlong Duan,
China University of Mining and
Technology, China

*CORRESPONDENCE

Arijit Ganguli,
ganguliarijit@gmail.com

RECEIVED 25 January 2023
ACCEPTED 22 May 2023
PUBLISHED 07 July 2023

CITATION

Ganguli A and Bhatt V (2023), CFD
simulations to study bed characteristics in
gas–solid fluidized beds with binary
mixtures of Geldart B particles: II
quantitative analysis.
Front. Energy Res. 11:1150943.
doi: 10.3389/fenrg.2023.1150943

COPYRIGHT

© 2023 Ganguli and Bhatt. This is an
open-access article distributed under the
terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication
in this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Energy Research frontiersin.org01

TYPE Original Research
PUBLISHED 07 July 2023
DOI 10.3389/fenrg.2023.1150943

https://www.frontiersin.org/articles/10.3389/fenrg.2023.1150943/full
https://www.frontiersin.org/articles/10.3389/fenrg.2023.1150943/full
https://www.frontiersin.org/articles/10.3389/fenrg.2023.1150943/full
https://www.frontiersin.org/articles/10.3389/fenrg.2023.1150943/full
https://www.frontiersin.org/articles/10.3389/fenrg.2023.1150943/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fenrg.2023.1150943&domain=pdf&date_stamp=2023-07-07
mailto:ganguliarijit@gmail.com
mailto:ganguliarijit@gmail.com
https://doi.org/10.3389/fenrg.2023.1150943
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org/journals/energy-research#editorial-board
https://www.frontiersin.org/journals/energy-research#editorial-board
https://doi.org/10.3389/fenrg.2023.1150943


the phases that affect the transport phenomena (heat and mass
transfer characteristics). While unary fluidized beds have been
extensively studied for many decades, binary fluidized beds
continue to interest researchers. With the advent of
computational fluid dynamics (CFD) and advanced experimental
techniques to measure velocity and volume fraction distributions of
both phases, researchers have conducted interesting studies on
binary fluidized beds. Furthermore, an important aspect in binary
particle-based fluidized beds is that the minimum fluidization
velocity varies non-linearly with bottom or top particles in
contrast to a uniformly sized bed, and the particle velocity
increases with an increase in the superficial velocity. A
comprehensive literature review on the work carried out by the
various authors using experimental techniques (Čársky et al., 1987;
Hoffmann et al., 1993; Chehbouni et al., 1994; Gauthier et al., 1999;
Leu and Wu, 2000; Harris et al., 2002; Ellis et al., 2004; Chew et al.,
2010; Mazzei et al., 2010; Rao et al., 2010; Jayarathna and Halvorsen,
2011; Sau and Biswal, 2011; Di Maio et al., 2012; Obuseh et al., 2012;
Lan et al., 2014; Philippsen et al., 2015; Leion et al., 2018; Menéndez
et al., 2019; Penn et al., 2019; Chew and Cocco, 2021; Emiola-Sadiq
et al., 2021; Gupta and De, 2021) and mathematical modeling/CFD
(Cooper and Coronella, 2005; Du et al., 2006; Gao et al., 2009; Pei
et al., 2010; Zaabout et al., 2010; Chang et al., 2012; Mostafazadeh
et al., 2013; Benzarti et al., 2014; Sahoo and Sahoo, 2016; Bakshi
et al., 2017; Agrawal et al., 2018; Chang et al., 2019; Daryus et al.,
2019; Khezri et al., 2019; Shrestha et al., 2019; Kotoky et al., 2020)
has been presented in Part I of our work (Ganguli and Bhatt, 2023).
In Part II (the present work), the major focus is to understand the
prominent experimental works dealing with the gas and particle
velocity distribution across the bed, along with prominent
correlations on minimum fluidization velocity and pressure drop
for binary fluidized beds in the published literature.

With the advent of the 21st century, researchers (Zhang et al.,
2006) emphasized the need for studies on the bed dynamics of the
Geldart B type of particles and binary mixtures. Furthermore,
experimental studies on binary mixtures gained importance at
the end of the 20th century (Noda et al., 1986; Chyang et al.,
1989) because the bed dynamics differed from the single-particle
beds. In fluidized beds with binary systems, the fraction that mostly
forms the top layer of the bed or the one that floats is called the
flotsam, and the one at the bottom layer or the one that sinks is called
the jetsam. A major challenge in binary systems is that the beds
reach equilibrium with either mixing or segregation of particles as
two extremes. In applications like coal gasification, where synthetic
gas (syngas) is the desired output, the segregation of particles may
lead to the coal particles remaining unreacted, reducing the syngas
yield (Roy et al., 2021). Furthermore, segregation is observed when
binary mixtures of particles with varying densities are present in the
bed, whereas mixing is observed when mixtures of varying sizes are
present. In such beds, the bubbles rise through the center of the bed,
and the rise velocity of the bubbles increases with the superficial
velocity of the gas. Recently, interesting and significant progress in
studies on bed dynamics of binary fluidized beds using experimental
techniques for bubbling fluidized beds related to velocity
distribution of bubble and solid particles (both flotsam and
jetsam) have been carried out (Zhang et al., 2017; Kalo et al.,
2019; Singh et al., 2019; Roy et al., 2021). The bed dynamics of
fluidized beds with binary mixtures have been studied by advanced

experimental techniques that include non-intrusive techniques like
1. electrical capacitance tomography (ECT) (Singh et al., 2019), 2.
radioactive particle tracking (RPT) (Roy et al., 2021), 3. digital image
analysis, 4. magnetic resonance imaging (MRI), and 5. positron
emission particle tracking and intrusive techniques like 1. pressure
probes for measuring pressure drops and quality of fluidization and
2. optical probes for measuring particle diameter, particle
velocity, etc.

1.1 Experimental studies on fluidized beds
involving unary and binary systems

Hoffmann et al. (1993) carried out experimental investigations
in binary mixtures to study mixing and segregation behavior. A new
empirical correlation was developed for bubble wake angles for
Geldart B particles. The rate of material interchange between the
wake of a rising bubble and the surrounding bubbles is independent
of minimum fluidization velocity. The authors modeled mixing/
segregation behavior in binary systems.

Singh et al. (2019) carried out mixing and segregation studies for
unary and binary beds using ECT measurements to understand the
temporal particle velocity and bubble size distribution in binary
beds. The authors investigated the effect of different parameters like
the same and different size ratios, namely, 96 μm, 430 μm, 922 μm,
and 3,500 μm, on the hydrodynamics of beds with binary mixtures
and unary beds of particle sizes 96 μm and 922 μm. The gas
superficial velocity was varied in the range of 0.006–0.684 m/s.
The authors found extremely novel and interesting facts on the
dynamics of beds with binary mixtures in transient situations and
segregating beds. Some salient features revealed were the
characterization of segregated regions in the bed large diameter
ratios (96 μm and 922 μm), the effect of bubbling behavior on
segregation, and the effects of gas velocity and mixture
composition on transient segregation of binary beds. The authors
also found the importance of a higher amount of smaller particles in
the reduction of segregation in beds. According to the authors, the
data provided by their study would be helpful in building robust
Eulerian–Eulerian CFD models for predicting dynamics of
segregation and mixing in unary and binary fluidized beds.

Kalo et al. (2019) studied the dynamics of unary and binary
fluidized conical beds using RPT composed of particle sizes of
0.6 and 1 mm, respectively. The authors found interesting results
in terms of gas–solid and particle–particle interactions in conical
beds using time-averaged quantities (mean and rms velocities). One
of the major findings was the ability of conical beds to provide better
mixing even at lower superficial velocities compared to cylindrical
beds. Furthermore, the authors observed that gas–solid interactions
played a vital role at the bottom while particle–particle interactions
played an important role at the top in the dynamics of binary conical
beds with 50–50 wt.% composition.

Gupta and De (2021) performed experimental measurements
for a dual fluidized bed under a fast fluidization regime. The authors
found that poly-disperse binary mixtures have different pressure
profiles than unary (uniformly sized) sand particles with narrow
particle size distribution. Segregation is high in the bubbling
fluidized bed riser and decreases with increases in superficial
velocities. Furthermore, the authors highlighted the influence of
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pressure drop on poly-disperse mixtures and presented an analytical
model to justify their results. The authors also found that the trends
of pressure drop with an increase in superficial velocities were
similar to those of bubbling fluidized beds.

Roy et al. (2021) carried out experimental investigations to study
bed dynamics in a binary fluidized bed with different particle sizes
(0.5 and 2 mm sized particles). The authors found that with an
increase in the 2 mm fraction from 10 wt.% to 40 wt.%, the
computed bubble-rise velocity decreased, which in turn caused a
decrease in the velocity of particles. This is in contrast to the results
for a bed of uniformly sized particles (also termed a unary bed),
where the influence of superficial velocity on bubble diameter and
rise velocity has an increasing trend (Penn et al., 2019). In unary
beds, as the ratio of superficial velocity (Ugs) to minimum superficial
velocity (Umf) increased from 1 to 3, a corresponding increase in
bubble-rise velocity was observed. For a particle diameter of
0.5 mm, the difference in particle velocity at the center
increased, while when a coarser fraction was added to
0.5 mm particles, the bubble-rise velocities decreased. The
authors also investigated the axial velocity profiles for both
particles and gas. For lower superficial velocities, the axial
velocities of the particles were fully developed while having
an inversion near the walls. With the increase in the coarse
fraction of particles, the authors observed an increase in particle
velocities. The authors emphasize that the data for velocity
distribution are not available for binary/polydisperse beds.

1.2 Objective of the present work

The following points have been deduced from the literature
review: 1. few numerical investigations on velocity and volume
fraction distributions of both phases in binary fluidized beds
exist, while experimental data for binary systems for bubbling
fluidized beds are available using RPT and ECT. 2. Researchers
have found that more than a 50 wt.% presence of small particles in a
binary mixture caused changes in the axial profiles of particle holdup
and abrupt changes in the bed height at the final steady state. 3. Few
correlations predict minimum fluidization velocity and pressure
drop for binary mixtures and Geldart B particles.

This study envisages the following numerical simulations using six
different binary mixtures: 1. Characterization of the bubbling fluidized
bed in terms of time-averaged mean gas and particle velocities (of both
small and large particle sizes) in the bottom,middle, and dilute zones. 2.
Characterization of bed dynamics in terms of time-averaged solid
holdup in the axial direction. 3. Investigation of the effect of
operating parameters like superficial velocity and initial bed height
on bed dynamics (minimum fluidization velocity and pressure drop). 4.
Development of correlations for minimum fluidization velocity and
pressure drop for binary systems.

2 Numerical modeling

2.1 Models

Two-phase modeling has been performed using the
Eulerian–Eulerian multiphase model coupled with an RNG k–ε

model. The Syamlal et al. (1993) model was used for the
modeling of granular viscosity, while the Syamlal and O’Brien
(1987) model was used for modeling the drag of the system. The
Schaeffer (1987) model (Schaeffer model) was used for simultaneous
calculations of frictional pressure and viscosity. Granular bulk
viscosity was modeled by the Lun et al. (1984) model; the
Ahmadi and Ma (1990) model was used for simultaneous
modeling of solids pressure and radial distribution. All the
models and governing equations and various other parameters
were kept the same in Ansys Fluent 18.1. A detailed description
can be found in Ganguli and Bhatt (2023).

2.2 Geometry details

A 3D cylindrical geometry of height 1.4 m and diameter of
0.072 m was chosen for simulations. Figure 1A shows the 2D
schematic of the geometry created in Ansys Fluent 18.1. Three
different radial positions were used for collection of data, as shown
in Figure 1A.

2.3 Material properties

Air as a fluid phase with a combination of glass particles as a
solid phase is used in the system. The density of air is 1.22 kgm−3,
and the dynamic viscosity is 0.000017 kgm−1s−1. The glass particles
have a varying diameter between 154 μm (fine particles) and 488 μm
(large particles) (with a size ratio of 3.2) based on the percentage of
large particles in the mixture. The density of glass particles is
2,485 kgm−3, and the dynamic viscosity is 0.00082 kgm−1s−1. The
phase properties have also been used for simulation purposes by
Jayarathna and Halvorsen (2011).

2.4 Grid sensitivity

Figure 2 shows the radial gas velocity profile at Position 2 of
Figure 1A for three different meshes. The mesh elements are as
follows: Mesh 1 has 173,040 elements, Mesh 2 has 267,786 elements,
and Mesh 3 has 497,568 elements. As the mesh number increases,
the mesh refinement near the wall also increases. The error between
Mesh 1 andMesh 2 is 10%, while that betweenMesh 2 andMesh 3 is
2%. Therefore, Mesh 2 was used for further simulations. Figure 1A
shows axial and radial views of Mesh 2. The mesh used is the same as
the one used by Ganguli and Bhatt (2023).

2.5 Simulation details

The solution method for all the simulations is the same as
our previous work (Ganguli and Bhatt, 2023). Only a brief
description is provided. The convergence criterion was kept
as 10−3 for the continuity equation and 10−4 for the other
equations. A first-order implicit scheme was used for the
transient formations. Pressure–velocity coupling was
achieved using the phase-coupled SIMPLE scheme. For the
calculations of volume fraction, momentum, turbulent
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dissipation rate, and turbulent kinetic energy, the first-order
upwinding scheme was used. Table 1 gives the details of the
simulations about the mixture types, particle size, initial bed
heights, and superficial gas velocities.

3 Results and discussion

In this section, the gas and particle velocity profiles for both
unary and binary beds have been presented for two bed heights

and three superficial velocities for each bed height and all
compositions. The velocity profiles (radial profiles) are
presented at three different axial positions from the time-
averaged data of 7 s. Furthermore, axial particle volume
fraction profiles of the centerline are presented for two
compositions for the superficial velocities and bed heights
considered. An empirical correlation between pressure drop
and minimum fluidization velocity has been obtained by
regression of the data generated from the validated CFD
model. All compositions referred to in the work are in
weight percentage (wt.%).

3.1 Model validation

The validated model used in our previous work has been used
(Ganguli and Bhatt, 2023). Further validation of the model for
pressure drop has been performed with additional data available for
the mixtures of 40 wt.% large particles and 60 wt.% large particles,
while for work to determine the mean velocity distribution of small
and large particles has been performed with the experimental data of
Roy et al. (2021). For pressure drop predictions, simulations were
performed for a bed with an initial bed height of 0.235 m, and the
superficial gas velocity was varied in a range ofUgs = 0.08–0.225 m/s.
Figure 3 shows the variations of pressure drop with variations in
superficial gas velocity for 40 wt.% and 60 wt.% large particles
mixtures. The average error between the model and the
experimental value was 6%. Figures 4A–C shows the comparison
of predicted results of mean velocity profiles with the results of
published literature (Roy et al., 2021) for the case of a 10 wt.% binary
mixture composition and superficial velocities in the range of
1.1–2.1 m/s. Deviations in the range of 10% have been observed

FIGURE 1
(A) Schematic of 2D plane (from Ansys Fluent 18.1) showing radial positions for data collection. (B) Different views of Mesh 2.

FIGURE 2
Variation in gas velocity for three different grids for Position 2 of
Figure 1 at a steady state for superficial velocity of 0.3 m/s and
100 wt.% small particles of the binary mixture 1. 173,040 mesh
elements, 2. 267,786 mesh elements, and 3. 497,568 mesh
elements.
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for the compositions considered in the literature. This clarifies two
aspects: the first being that validation with pressure drop
measurements is not a sufficient criterion for model validation,
and second, Eulerian–Eulerian models need to be tested with more
experimental data. A further argument can also be made that the
investigations of published literature have been made with a size
ratio of 4 with larger sized particles in the size range (0.5–2 mm),
while the present work has used the size range of (0.154–0.488 mm)
and a size ratio of 3.2. The comparison for the other two
compositions (30 wt.% and 40 wt.%) has been provided in the
Supplementary Material. The deviations in these cases were less
than 10%, suggesting that the Eulerian–Eulerian models with KTGF
model predict well for binary mixtures.

3.2 Effect of mixture composition,
superficial velocity, and bed height on gas
and particle velocity profiles

The gas and particle dynamics for both small and large particles
are quantified in the validated model by plotting each of the mean
velocity profiles for all particle mixtures at three different superficial

velocities for three different bed heights. For understanding, the
dynamics of solid particle quantification have been further
determined in the form of particle axial volume fraction profiles
for the centerline. The axial locations at which the radial velocity
profiles have been calculated are shown in Table 2.

The gas and particle velocity profiles at different axial locations
for different superficial velocities and bed heights for the 20 wt.%,
40 wt.%, 60 wt.%, and 80 wt.% mixtures of large-sized particles are
plotted in Figures 5–8, while those for the 0 wt.%, 80 wt.%, and
100 wt.% mixtures of large-sized particles are provided in the
Supplementary Material because the main focus of the present
work is understanding segregation and mixing in binary beds.
Numbers have been used to denote the axial locations for the
collection of axial velocity data in radial positions. The axial
positions are chosen in the bottom, middle, and dilute zone
based on the experimental data collection positions as per
Jayarathna and Halvorsen (2011). Furthermore, the axial
positions depend on the bed height considered. The axial
positions and radial variations have been represented in
dimensionless form for all figures. This is because the steady
state bed height is different for different initial bed heights, and
the axial positions are non-dimensionalized using the final steady
state bed height. The mean gas and particle velocities have been
time-averaged over 7 s before the results are presented. Similarly, the
particle volume fractions for the vertical centerline of the bed have
been presented after time-averaging. The size ratio has been
considered constant as 3.2 for all simulations, and only
compositions have been varied [binary mixtures having 0 wt.%,
20 wt.%, 40 wt.%, 60 wt.%, 80 wt.%, and 100 wt.% of large
particles (488 μm), respectively].

The dimensionless distance range is taken as −1 < r/R < 1.
During the profile analysis, the start position is the leftmost radial
position (or left-hand wall), and the end position is the rightmost
radial position (right-hand wall). The terminology for axial positions
and superficial velocities describing velocity profiles for an initial
bed height of 0.335 m (z/H = 0.24) and 0.635 m (z/H = 0.45) has
been tabulated in Table 2.

3.2.1 Binary mixture with 0wt.% large particles and
100wt.% small particles: initial bed height of
0.635m (z/H = 0.45)

The information for the unary bed of the present case is shown
in Supplementary Figure S2. The gas velocity and particle velocity

TABLE 1 Parametric data for the simulations.

Mixture data Particle size (μm) Initial bed height (m) Superficial gas velocity Ugs (m/s)

Fine particle (wt.%) Large particle (wt.%)

100 0 154 0.335, 0.635 0.3, 0.45, 0.6

80 20 220.8 0.335, 0.635 0.3, 0.45, 0.6

60 40 287.6 0.335, 0.635 0.3, 0.45, 0.6

40 60 354.4 0.335, 0.635 0.3, 0.45, 0.6

20 80 421.2 0.335, 0.635 0.3, 0.45, 0.6

0 100 488 0.335, 0.635 0.3, 0.45, 0.6

FIGURE 3
Variation in pressure drop as a function of gas superficial velocity
(Ugs) for bed height = 0.235 m. (1) 40 wt.% large particles experimental
data. (2) 60 wt.% large particles experimental data. ■ 40 wt.% large
particles CFD predicted data; ▲ 60 wt.% large particles CFD
predicted data.
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profiles for the binary mixture with 0 wt.% large particles and an
initial bed height of 0.635 m (z/H = 0.45) are first presented. For a
superficial velocity of Ugs = 0.3 m/s (Case 1) and the dimensionless
axial position of 0.3 (Position 1), clear upward parabolic profiles
near the walls (with a maximum axial velocity of Ug = 0.9 m/s) and
downward near the walls are observed. However, for the
dimensionless axial position of 0.6 (Position 2), a flow reversal
near the wall is observed with an increase in velocities until r/R =
0.5 and a decrease in velocities from there to the wall. For the
dimensionless axial position of 0.85 (Position 3), the velocities reach
1 m/s for r/R = 0.9, follow a straight line until r/R = 0.75, and then
decrease and experience flow reversal very near to the wall. Thus, the
velocity profiles show that flow is distinctly upward in the central
region of the bed with a downward counter flow near the wall.

For a superficial velocity ofUgs = 0.45 m/s (Case 2) and Position
1, an off-center maximum is seen at r/R = 0.5, after which the
velocities decrease non-linearly with a flow reversal near the left wall.
Similarly, for Position 2, an upward velocity near the wall (with
maximum velocity up to Ug = 4 m/s) decreases to Ug = 0 m/s at the
center and then goes in the downward direction with a maximum
velocity ofUg = −0.5 m/s near the left wall and finally ending atUg =
0 m/s at the right wall. This indicates mixing in the region of
Position 2. For Position 3, a flat profile in the central region with
a flow reversal at both ends of the walls is observed (with a
maximum velocity of Ug = 1 m/s from r/R = 0.5 to r/R = −0.5,
after which it decreases until near the wall).

For superficial velocity of Ugs = 0.6 m/s (Case 3) and Position 1,
the gas velocities increase until a certain dimensionless radial

FIGURE 4
Comparison of model predictions with experimental data of Roy et al. (2021) for 10 wt.% large particles (2 mm size) and 90 wt.% small particles
(0.5 mm size). (A) Ugs = 1.1 m/s. (B) Ugs = 1.6 m/s. (C) Ugs = 2.1 m/s. Bold triangle symbols (▲) denote smaller particles, while square symbols (■) denote
larger particles. Solid lines denote CFD predictions.

TABLE 2 Dimensionless axial locations for various superficial velocities for all binary mixtures.

Case
no.

Superficial
velocity
(m/s)

0 wt.% large
and 100 wt.%
small particles
(Positions 1,

2, 3)

20 wt.% large
and 80 wt.%
small particles
(Positions 1,

2, 3)

40 wt.% large
and 60 wt.%
small particles
(Positions 1,

2, 3)

60 wt.% large
and 40 wt.%
small particles
(Positions 1,

2, 3)

80 wt.% large
and 20 wt.%
small particles
(Positions 1,

2, 3)

100 wt.% large
and 0 wt.%

small particles
(Positions 1,

2, 3)

1 0.3 0.28, 0.61, 0.85 0.20, 0.40, 0.59 0.16, 0.33, 0.43 0.15, 0.29, 0.37 0.13, 0.27, 0.33 None

2 0.45 0.28, 0.61, 0.85 0.20, 0.40, 0.59 0.16, 0.33, 0.43 0.15, 0.29, 0.37 0.13, 0.27, 0.33 0.14, 0.28, 0.34

3 0.6 0.28, 0.61, 0.85 0.20, 0.40, 0.59 0.16, 0.33, 0.43 0.15, 0.29, 0.37 0.13, 0.27, 0.33 0.14, 0.28, 0.34
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distance of r/R = −0.6, then decrease for a short distance and become
flat. Then, the gas velocities decrease up to r/R = 0.5, after which
there is a downward flow and an upward flow near the wall. For
Position 2, a downward flow is observed (with velocities up to
Ug = −0.5 m/s) near the walls with upward velocities from r/
R = −0.5 to 1, with an off-center maximum at r/R = 0.45, and

then decrease to zero at the wall. For Position 3, a similar trend as
that of Position 2 is observed. The only difference is that the
maximum occurs at r/R = 0.15, and a flow reversal occurs near
the left wall. Thus, for Case 3 at lower positions, gas recirculation is
observed with upward velocities on the left side of the column and
downward velocities on the right side of the column, signifying

FIGURE 5
(A) Time-averagedmean axial gas velocity profiles for 20 wt.% large particles inmixture: 0.335 m (z/H= 0.24) initial bed height with (A)Ugs =0.3 m/s,
(B) Ugs = 0.45 m/s, and (C)Ugs = 0.6 m/s. 1. z/H = 0.33, 2. z/H = 0.66, and 3. z/H = 0.87, and 0.635 m (z/H = 0.45) initial bed height with (D) Ugs = 0.I/s, (E)
Ugs = 0.45 m/s, and (F)Ugs = 0.6 m/s. 1. z/H = 0.20, 2. z/H = 0.40, and 3. z/H = 0.59. The solid line denotes smaller particles, while the dotted line denotes
larger particles. (B) Time-averaged mean axial particle velocity profiles for 20 wt.% large particles in mixture and 0.335 m (z/H = 0.24) initial bed
height with (A) Ugs = 0.3 m/s, (B) Ugs = 0.45 m/s, and (C)Ugs = 0.6 m/s. 1. z/H = 0.33, 2. z/H = 0.66, and 3. z/H = 0.87, and 0.635 m (z/H = 0.45) initial bed
height with (D) I 0.3 m/s, (E) Ugs = 0.45 m/s, and (F) Ugs = 0.6 m/s. 1. z/H = 0.20, 2. z/H = 0.40, and 3. z/H = 0.59. The solid line denotes smaller particles,
while the dotted line denotes larger particles.
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mixing. For the middle and top of the bed, the gas velocities are
skewed toward the right with 90% of the upward flow with
magnitudes up to 3 m/s and minor downward velocities at the
left wall with magnitudes of Ug = −0.5 m/s.

Particle velocities for Cases 1, 2, and 3 have been demonstrated in
Supplementary Figure S2. At Position 1 Case 1, a parabolic profile is
observed at the central portion with downward particle velocities near

the walls (asymmetric in nature), which indicates fully developed flow
in the central portion. For Position 2, an asymmetric parabolic profile
with peak velocities at the right and downward velocities only at the left
wall is observed, which indicates a drift of upward particle flow toward
the right and downward particle flow toward the left. For position 3, a
tectonic shift is observed in the particle velocity profile with upward
velocities on the left and downward velocities on the right. The profile is

FIGURE 6
(A) Time-averagedmean axial gas velocity profiles for 40 wt.% large particles in the mixture and 0.335 m (z/H = 0.24) initial bed height with (A)Ugs =
0.3 m/s, (B)Ugs = 0.45 m/s, and (C)Ugs = 0.6 m/s. 1. z/H = 0.33, 2. z/H = 0.66, and 3. z/H = 0.87, and 0.635 m (z/H = 0.45) initial bed height with (D)Ugs =
0.3 m/s, (E) Ugs = 0.45 m/s, and (F) Ugs = 0.6 m/s. 1. z/H = 0.21, 2. z/H = 0.43, and 3. z/H = 0.64. The solid line denotes smaller particles, while the dotted
line denotes larger particles. (B) Time-averagedmean axial particle velocity profiles for 40 wt.% large particles in themixture. (i) 0.335 m (z/H = 0.24)
initial bed height with (A) Ugs = 0.3 m/s, (B) Ugs = 0.45 m/s, and (C) Ugs = 0.6 m/s. 1. z/H = 0.33, 2. z/H = 0.66, and 3. z/H = 0.87, and 0.635 m (z/H=0.45)
initial bed height with (D) Ugs = 0.3 m/s, (E) Ugs = 0.45 m/s, and (F) Ugs = 0.6 m/s 1. z/H = 0.33, 2. z/H = 0.66, and 3. z/H = 0.87. The solid line denotes
smaller particles, while the dotted line denotes larger particles.
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a mirror image of the one for Position 2 with higher velocities for both
upward and downward flows. The velocity magnitudes increase as we
go from position 1 to 3 in the axial direction.

For Case 2 and Position 1, upward velocities with maxima
approximately Us1 = 0.9 m/s are observed near the left wall,
while downward velocities are seen from r/R = 0.35 to the

end at the left wall. For Position 3, the velocity profile is slightly
different, with a near-wall peak at the left wall while remaining
constant over a certain radial distance, decreasing linearly until
r/R = 0.5, till velocity becomes zero and then decreasing
velocities with negative magnitude from r/R = 0.5 to the
left wall.

FIGURE 7
(A) Time-averaged mean axial gas velocity profiles for 60 wt.% mixture and 0.335 m (z/H = 0.24) initial bed height with (A) Ugs = 0.3 m/s, (B) Ugs =
0.45 m/s, and (C) Ugs = 0.6 m/s. 1. z/H = 0.33, 2. z/H = 0.66, and 3. z/H = 0.87, and 0.635 m (z/H = 0.45) initial bed height with (D)Ugs = 0.3 m/s, (E) Ugs =
0.45 m/s, and (F) Ugs = 0.6 m/s. 1. z/H = 0.33, 2. z/H = 0.66, and 3. z/H = 0.87. (B) Time-averagedmean axial particle velocity profiles for 60 wt.%mixture
and 0.335 m (z/H = 0.24) initial bed height with (A) Ugs = 0.3 m/s, (B) Ugs = 0.45 m/s, and (C) Ugs = 0.6 m/s. 1. z/H = 0.33, 2. z/H = 0.66, and 3. z/H =
0.84, and 0.635 m (z/H = 0.45) initial bed height with (D) Ugs = 0.3 m/s, (E) Ugs = 0.45 m/s, and (F) Ugs = 0.6 m/s. 1. z/H = 0.33, 2. z/H = 0.66, and 3. z/
H = 0.84.
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For Case 3 and Position 1, a profile similar to Case 2 is observed
with higher maximum velocities. Position 2 is characterized by
downward velocities near the left wall and upward velocities
from r/R = −0.4, with a maximum of Us1 = 0.85 m/s near the
left wall.

Thus, fully developed profiles for all velocities in the bottom,
middle, and top portions are observed for lower superficial

velocities. As the superficial velocity is increased, asymmetric
sinusoidal profiles are observed. Magnitudes of maximum particle
velocities are higher as the superficial velocities increase, ranging
from Us1 = −1 to Us1 = 1.25 m/s on the right and left sides,
respectively. Thus, although gas velocities have fully developed
profiles, particle velocities have sinusoidal profiles denoting good
mixing.

FIGURE 8
(A) Time-averaged mean axial gas velocity profiles for 80 wt.% mixture and 0.335 m (z/H = 0.24) initial bed height with (A) Ugs = 0.3 m/s, (B) Ugs =
0.45 m/s, and (C) Ugs = 0.6 m/s. 1. z/H = 0.33, 2. z/H = 0.66, and 3. z/H = 0.87, and 0.635 m (z/H = 0.45) initial bed height with (D)Ugs = 0.3 m/s, (E) Ugs =
0.45 m/s, and (F) Ugs = 0.6 m/s. 1. z/H = 0.33, 2. z/H = 0.66, and 3. z/H = 0.87. (B) Time-averagedmean axial particle velocity profiles for 80 wt.%mixture
and 0.335 m (z/H = 0.24) initial bed height with (A) Ugs = 0.3 m/s, (B) Ugs = 0.45 m/s, and (C) Ugs = 0.6 m/s. 1. z/H = 0.11, 2. z/H = 0.21, and 3. z/H =
0.32, and 0.635 m (z/H = 0.45) initial bed height with (D) Ugs = 0.3 m/s, (E) Ugs = 0.45 m/s, and (F) Ugs = 0.6 m/s 1. z/H = 0.21, 2. z/H = 0.43, and 3. z/
H = 0.64.
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3.2.2 Binary mixture with 20wt.% large particles
and 80wt.% small particles: initial bed height of
0.335m (z/H = 0.24)

Figures 5A–C shows the gas velocity profiles for the binary
mixture with 20 wt.% large particles and an initial bed height of
0.335 m (z/H = 0.24). It can be observed that gas velocity profiles for
all three superficial velocities and all axial positions considered are
less than Ug = 0.75 m/s in the bulk (center of the bed) in magnitude
and have flat profiles except for the case of Ugs = 0.6 m/s. The gas
velocities near the walls represent maxima for all the axial positions,
increasing with superficial velocities. The profile for Position 1 and
Case 3 shows a higher maximum (Ug ~ 1.75 m/s) near the left wall
decreasing to zero at r/R = 0.5 and amaximum at the right wall. Both
these patterns represent bypassing of the gas for all velocities.
Similarly, for Position 1 Case 2, a maximum at the right wall
occurs at Ug = 1.25 m/s, while that at the left wall occurs at
Ug = 2 m/s. Position 2 for Case 3 also has an increasing trend
from r/R = −0.2 to r/R = 0.8. The profiles show an upward trend. An
important observation is that when gas velocities (referred also as
bubble-rise velocity) of Cases 2 and 3 are compared at the highest
position, an inverted parabolic profile is observed in both cases with
nearly same magnitudes. This is attributed to the fact that the larger
particles tend to decrease the effect of superficial velocity on the
bubble-rise velocity. This contradicts the fact that an increase in
superficial velocity would cause a corresponding increase in rise
velocity.

Figures 5A–C shows the variation in particle velocities for the
binary mixture for both large and small particles at an initial bed
height of 0.335 m (z/H = 0.24). For Case 1, Position 1 shows upward
velocities for all radial locations. Furthermore, lower particle
velocities are observed for all axial positions with downward
velocities for Position 2 in bulk and upward velocities near the
wall. Both small and large particles demonstrate the same trends
with a slight difference in their magnitudes (the smaller particles
have higher velocities than the larger particles). An asymmetric
profile with downward particle velocities of smaller diameter
particles in the left portion of the bed and upward velocities in
the right portion of the bed has been observed for Position 3. The
particle velocities for larger particles are not observed for this axial
position (Position 3) superficial velocity bed height. This might be
attributed to the difference in dispersion height of the bed as also
observed by Singh et al. (2019). For Case 2 Position 1, the particle
velocities are found to be nearly zero with upward velocities near
both walls (in region 0 < r/R < −0.4; 0.5 < r/R < 1) for smaller
particles, while the larger particle velocity magnitudes are lower for
the entire bed, indicating that the kinetic energy of larger particles
depends on the particle–particle collisions, gas–particle collisions,
and collisions with the walls. Position 2 shows a very different profile
with upward velocities in the region 0 < r/R < −0.4, downward
velocities in the region 0 < r/R < 0.1, and upward velocities in the
region (0.1 < r/R < 1) for both diameters of particles (with a
difference in velocity magnitudes). For Position 3, downward
velocities with maximum velocity magnitudes of −0.34 m/s (for
smaller particles) on the left-hand side and upward velocities on
the right-hand side are observed. On the right-hand side, a
maximum is seen at position r/R = 0.8. For Case 3, an
asymmetric profile with upward velocities in the left portion of
the wall (in region 0 < r/R < 0.2) and downward velocities on the

right half is observed for Position 1. Positions 2 and 3 have
downward velocities with maximum velocity magnitudes
of −0.56 m/s (for smaller particles), respectively, on the left-hand
walls (in region 0 < r/R < 0.5).

To summarize, the particle velocities for larger particles are
always lower than those of the smaller particles for this composition.
This is evident for all superficial velocities and all positions. At lower
superficial velocities, the larger particles do not reach the topmost
position due to difference in dispersion height. Bypassing of the gas
for lower superficial velocities takes place through the near-wall
region with clear segregation of the bed as observed from the particle
velocity profiles. This is explained as follows: because the particle
velocities of both particle sizes are higher than minimum
fluidization velocities, they move at different velocities. The larger
particles reach a particular height and either move axially or radially
in the case of mixing or remain at a constant position. The smaller
particles, however, move to a higher height and keep moving both
radially and axially. Hence, for the highest position and the highest
superficial velocity, there is no presence of larger particles for the
composition under consideration. In other words, the larger
particles are segregated in the bottom, while smaller particles are
segregated at the top.

3.2.3 Binary mixture with 20wt.% large particles
and 80wt.% small particles: initial bed height of
0.635m (z/H = 0.45)

Figure 5D–F shows the gas velocity profiles for the binary
mixture with 20 wt.% large particles and an initial bed height of
0.635 m (z/H = 0.45). Gas velocity profiles for all three superficial
velocities and all axial positions considered are less than Ug =
0.75 m/s in the bulk (center of the bed) and have flat profiles except
in the case of Ugs = 0.6 m/s. The gas velocities near the walls
represent maxima for all the axial positions, increasing with
superficial velocities. The profile for Position 1 and Case 2 shows
a maximum (Ug ~ 0.5 m/s) near the left wall near r/R = −0.5, which
decreases to zero at r/R = 0 and then increases to a maximum at the
right wall. Similarly, for Position 1 Case 1, a maximum at the left wall
occurs at 1 m/s, while that at the right wall occurs at Ug = 0.5 m/s.
Position 3 for Case 2 attains a stagnant trend (Ug ~ 0.5 m/s) from r/
R = −0.2 to r/R = 0.8. The higher gas velocities (maxima) near the
walls for certain axial positions denote the presence of bubbles or
core annular structures, while lower velocities denote the absence of
the gas and presence of particles.

Figure 5D–F shows the variation in particle velocities for the
binary mixture with 20 wt.% large particles for both particle sizes
and an initial bed height of 0.635 m (z/H = 0.45). For Case 1,
Position 1 starts with high upward velocities and shows a minimum
at r/R = −0.5 and r/R = 0.7 and a maximum at r/R = 0.1. Position
2 shows an upward velocity moving from the left wall to the right
wall. Position 3 shows small particles moving in the downward
direction with velocities up to 0.8 m/s and a flat velocity profile. The
larger particles, however, are not observed at this position. This
might be due to the difference in dispersion height indicating
segregation for the case considered. For Case 2, the trends of
particle velocities for both particle sizes are similar, with
magnitudes of particle velocities depending on the particle sizes.
Position 1 shows decreasing velocities from the left wall to r/R <
0.3 and upward velocities near the right wall. Position 2 shows a
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maximum at r/R = −0.5 and a decreasing trend from there to the
right wall. Position 3 shows a decreasing upward velocity profile
from −1<r/R < −0.4 and an increasing upward velocity profile in the
remaining portion. Position 1 Case 3 shows a stagnant downward
velocity of 0.8 m/s (for smaller particles) from the left wall to r/R =
0.5 and an increasing behavior to the right wall. Position 2 shows a
continuous decreasing downward velocity trend starting with
0 m/s at the left wall. Position 3 shows an increasing downward
velocity from the left wall to the right wall with a maximum at r/
R = 0.6. The maxima in particle velocities near walls denote the
core annular structure with a concave region in the center.
These observations have also been observed in circulating
fluidized bed risers by Zaabout et al. (2010). It is also
noticed that the superficial velocities where core-annular
structures form are in the range suggested by Van den
Moortel et al. (1998).

For the present case, it has been observed that as the
superficial velocity increases, the gas–solid (GS) interactions
increase, and there is a reduction in the particle–particle
frictional forces. The maximum GS interaction happens at
the highest superficial velocities, and the minimum
interactions happen at the lowest superficial velocity. This
promotes mixing as observed in the top position (Position 3)
of the last case for both large and small particle velocities. For
the lowest superficial velocity, the particle–particle interactions
are higher, causing the segregation of the bed. It should also be
noted that bed height plays an important role along with
superficial velocity in determining the segregation and
mixing phenomena for a particular composition.

3.2.4 Binary mixture with 40wt.% large particles
and 60wt.% small particles: initial bed height of
0.335m (z/H = 0.24)

Figures 6A–C shows that the gas velocities for all the cases and
positions show a similar trend of low velocities in the entire bed
except on the right-hand side. The only exceptions are Case
2 Positions 2 and 3, which show maxima at different r/R
locations, and Case 3 Position 2, where upward velocities are
seen on the left-hand side, and downward velocities are seen on
the right-hand side. The maxima indicate the presence of either a
bigger bubble or smaller bubbles that can be observed from the
comparison of the particle velocity because the trends are the same,
but the particle velocities are not present at some spatial locations,
indicating only the presence of gas that indirectly indicates gas
bubbles.

Figures 6A–C shows that particle velocities for both particle
sizes for all cases and positions have symmetric or asymmetric
profiles with upward and downward velocities on the left- and
right-hand sides, respectively. The asymmetric profiles might be
attributed to the presence of gas bubbles, which is also evident
when one compares the particle velocity trends with the gas
velocity trends for the operating conditions and the spatial
locations. This shows that an increase in superficial velocity
causes a corresponding increase in intermixing. It should also
be noted that mixing is evident in all the cases for the
composition considered in terms of both the operating
condition and the bed height.

3.2.5 Binary mixture with 40wt.% large particles
and 60wt.% small particles: initial bed height of
0.635m (z/H = 0.45)

Figures 6D–F shows that gas velocity magnitudes are higher for
lower axial positions withmaxima on the left-hand side for Positions
2 and 3, Cases 2 and 3. Similarly, for higher superficial velocities
(Cases 2 and 3) and the axial position (Position 3), there is a
maximum on the right-hand side of the bed. This shows that a
fully developed flow for the gas phase occurs for higher superficial
velocities at higher axial positions, and a steady state is reached.

Figures 6D–F shows particle velocities for both sized particles. A
swirling action can be seen from lower to higher axial positions
because, at higher axial positions (Positions 2 and 3) and higher
superficial velocity (Case 3), the particles attain an off-center
parabolic profile on the right-hand side, while for Position 3, the
maximum and parabolic profile is on the right. Such trends have
been reported by Zaabout et al. (2010). However, an important
conclusion that can be made is that with an increase in bed height,
the amount of mixing is lowered at lower superficial velocities of
0.3 and 0.45 m/s, and good mixing is only observed at 0.6 m/s.

For the present case, both gas and particle velocities for Cases
2 and 3 show mixing patterns corresponding to a bubbling regime.
Furthermore, a comparison of particle and gas velocities indicates
the presence of bubbles near the walls instead of in the center as in
the previous case of lower bed height. Furthermore, it can be
concluded that bypassing occurs at lower superficial velocities,
reducing the mixing in the bed, although segregation is not
observed. This also reiterates the fact that bed height plays an
important role in the dynamics of fluidized beds.

3.2.6 Binary mixture with 60wt.% large particles
and 40wt.% small particles: initial bed height of
0.335m (z/H = 0.24)

Figures 7A–C shows the gas velocities for the aforementioned
composition of binary mixture. For the different positions, the
analysis shows that for Case 1, as the position increases, the gas
velocities decrease, and a flat velocity is observed at the topmost
position. The existence of gas bubbles may be interpreted at the
lowermost position away from the centers with high velocity
magnitudes. An increase in superficial velocity causes bypassing
of the gas with an increase in the spatial position, with the gas
passing nearly uniformly across the bed in the lowermost position
for Case 2 and slowly decreasing across the bed and bypassing near
the left wall.

Particle velocities (for both particle sizes) in Figures 7A–C
however, show rapid mixing patterns in the form of sinusoidal
waveforms for Cases 2 and 3 for Positions 2 and 1, respectively.
Downward velocities are observed for Positions 2 and 3 and Case 2,
while in Position 3 and Case 3, a flat profile in the bulk in the
downward direction can be observed. Overall rapid mixing for both
Case 2 and Case 3 are observed. It is important to note that for this
composition, there is no difference in dispersion height for the entire
range of superficial velocities considered across all positions for the
present bed height.

For the present combination, both gas and particles are present
in the bed causing goodmixing with the characteristics of a bubbling
regime for Cases 2 and 3.
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3.2.7 Binary mixture with 60wt.% large particles
and 40wt.% small particles: initial bed height of
0.635m (z/H = 0.45)

Figures 7D–F shows gas velocity profiles for a higher bed height.
For mostly all cases and all positions, high velocities near the left
walls are seen with flat velocity profiles in the bulk. For the highest
superficial velocity, the gas velocities undergo a maximum at the
highest position. This may be attributed to the existence of the
bubble that occurs at the dispersed height of the bed. The existence
of the bubbles has been already described in detail in Part I of our
analysis (Ganguli and Bhatt, 2023). These bubbles also play a role in
carrying the larger particles and increasing the kinetic energy of the
larger particles by transferring part of their own kinetic energy to the
larger particles.

Figures 7D–F shows particle velocities for both particle sizes for
the aforementioned case. Particle velocity profiles are similar to gas
velocity profiles for Cases 1 and 2 with a velocity magnitude that is
five times smaller. Similarly, for Case 3 and all axial locations,
downward velocities are observed for all the positions. The higher
velocities near the walls and lower velocities at the center form a
concave structure (core annular profile) similar to the ones observed
by Zaabout et al. (2010). It can also be observed that mixing occurs at
the highest superficial velocity (0.6 m/s) for this case with GS
interactions dominating over particle–particle interactions. For
lower velocities, however, the bed acts more or less as a
distributor, with higher particle velocities restricted only near the
walls due to the gas bypassing that occurs. This also denotes
segregation at the superficial velocities of 0.3 and 0.45 m/s at a
bed height of 0.635 m (z/H = 0.45) with particle–particle
interactions causing frictional forces to dominate over GS
interactions. These represent patterns similar to the ones
predicted by Lan et al. (2014).

3.2.8 Binary mixture with 80wt.% large particles
and 20wt.% small particles: initial bed height of
0.335m (z/H = 0.24)

Figures 8A–C shows a flat profile in the bulk and higher gas
velocities near the wall, indicating that most of the gas exits from the
near-wall regions. The magnitudes of gas velocities are highest in
Position 1 of Case 3. Figures 8D–F show the particle velocities for the
mixture composition considered. The bed is seen to be well mixed
for all positions for Case 3 or the highest superficial velocity. Upward
velocities in bulk are observed for Positions 1 and 3 for Case 2 and
only for Position 1 for Case 3. Downward velocities in bulk are
observed for all other positions. Near-wall maxima with different
velocity magnitudes are seen in most of other positions and cases
except Case 1. The profiles represent a concave structure (core
annular profile) similar to the ones observed by Zaabout et al.
(2010).

3.2.9 Binary mixture with 80wt.% large particles
and 20wt.% small particles: initial bed height of
0.635m (z/H = 0.45)

Figures 8A–C show that when the bed height is increased, the
trends of the gas velocity profiles remain the same, with nearly half
the magnitudes the same as for a lower bed height case. The particle
velocities for both particle sizes in Figures 8D–F also showmixing in
the case of the highest superficial velocity. This clearly suggests that

the trends for this particular composition are similar and differ only
in magnitudes for both bed heights. It can be concluded that the
dynamics of the bed are independent of the bed height for the
present case of operating conditions considered for this particular
composition.

3.2.10 Binary mixture with 100wt.% large particles
and 0wt.% small particles: initial bed height of
0.335m (z/H = 0.24)

This analysis has been included in the Supplementary Material.
In this case (refer to Supplementary Figure S3), during simulations,
no gas or particle dynamics was observed for Case 1, and the bed acts
as a fixed bed. Hence, only Cases 2 and 3 were analyzed, and Case 1 is
not reported. Figures (A) and (B) show that gas velocities show
similar dynamics as seen for higher amounts of large particles. The
particle velocities (for 488 micron), however, show undulations in
the entire bed for Positions 2 and 3 and Cases 2 and 3 except for
Position 2 of Case 3.

3.2.11 Binary mixture with 100wt.% large particles
and 0 wt.% small particles: initial bed height of
0.635m (z/H = 0.45)

The gas and particle velocity profiles are demonstrated in
Supplementary Figure S3. Both gas and particle velocities are
stagnant in the bulk of the bed, while very high values are
present near the walls. Furthermore, the particle velocities for all
cases and positions considered are downward showing that for the
superficial velocities considered for this composition, the bed acts as
a distributor irrespective of bed height. Some cases have not been
considered for the study because they act as a fixed bed at the
superficial velocities.

3.3 Effect of superficial velocity and initial
bed height on axial solid phase volume
fraction profiles

In this section, solid phase volume fractions across the axial
centerline of the final bed height have been presented for the three
superficial velocities and two mixture compositions considered,
namely, 20 wt.% and 40 wt.%. Both bed heights have been chosen
for each of the compositions. The discussion has been restricted to
only two compositions to demonstrate the segregation and mixing
that can be analyzed using the solid volume fractions. The other
compositions also have similar trends with slight differences due to
the presence of higher amounts of large particles but have not been
included.

Figure 9A, B shows solid fraction profiles for both large and
small volume fractions for the 20 wt.% mixture case for both bed
heights. Similar profiles have been reported by Lan et al. (2014). For
all three superficial velocities and the lower bed height of 0.335 m (z/
H = 0.24), segregation is observed in the bottom layer with a larger
amount of large particles and a relatively lower volume fraction of
smaller particles, and vice versa in the top layer. The middle layer
showed some mixing between the large and small particles.
Furthermore, the dispersion height was found to be higher for
smaller particles for all three superficial velocities. For the lowest
superficial velocity of 0.3 m/s, the dispersion height for large
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particles is 0.31 m (z/H = 0.22), while the dispersion height for small
particles is 0.36 m. This also compliments the findings observed in
the velocity distributions where the particle velocities are not
observed for Position 3. However, volume fractions lower than
0.0005 are observed for the superficial velocity of 0.6 m/s, while
corresponding volume fraction for 0.45 m/s is 0.007. This is due to
the higher kinetic energy of the gas and the smaller particles, and
only a very few large particles are carried over. Because very few
particles reach the top or the dilute zone, the velocity distributions
depict the larger particles in the profiles. Dispersion heights,
however, are 0.5–0.7 m. Furthermore, the undulations or decrease
in volume fractions indicate bubble-containing solids and can also
be seen in volume fraction contours as depicted in our earlier work
(Ganguli and Bhatt, 2023). These patterns confirm a bubbling
regime and well mixed patterns. For an initial height of 0.635 m
(z/H = 0.45), complete segregation is observed in all the layers
with all small particles in the top layer and large particles in the
bottom layer. Interestingly, here, two layers are formed, while
three layers are formed in the previous case with a lower bed
height. Some large particles, however, reach the top layer in all
three cases, although the dispersion heights for all three heights
are different.

Figure 9A, B shows solid fraction profiles for the 40 wt%mixture
case for both bed heights. For the lower initial bed height (z/H =
0.24), segregation at the bottom layer is evident for all superficial
velocities, and the highest segregation occurs at 0.3 m/s. However,
from z/H = 0.15, some amount of mixing is observed until the
dispersed bed height is reached. The volume fractions of both large
and small particles are similar in the middle of the bed (starting at z/
H = 0.12 and evident until z/H = 0.3 for all superficial velocities),
with small particles becoming higher at the top of the bed (or the
dilute zone), especially for superficial velocities of 0.3 and 0.45 m/s.
The mixing is most evident for z/H = 0.13 to 0.4 for a superficial
velocity of 0.6 m/s, where substantial volume fractions of large
particles are observed compared to small particles, indicating
good mixing. This may be attributed to three major factors: the
influence of gas velocity and bubbles that increase the kinetic energy
of large particles, higher GS interactions dominating the
particle–particle interactions, and lower hindrance of small
particles. For a bed height of 0.635 m (z/H = 0.45), the particle
volume fraction profiles also depict segregation at the bottom
(volume fractions of larger particles are higher by 10%–35%) and
mixing at both the middle and top layers with small particles having
higher volume fractions (15%–20% higher) compared to larger

FIGURE 9
Time-averaged axial particle volume fraction profiles for (i) 20 wt.% mixture; (ii) 40 wt.% mixture. (A) Initial bed height of 0.335 m (z/H = 0.24). (B)
Initial bed height of 0.635 m (z/H = 0.45). (1) Ugs= 0.3 m/s, (2) Ugs= 0.45 m/s, and (3) Ugs= 0.6 m/s. Dotted lines denote large particle composition, and
solid lines denote smaller particles. Ugs = 0.3 m/s, Ugs = 0.45 m/s, and Ugs = 0.6 m/s.
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particles. The undulations at the middle and top portions depict the
presence of bubbles. For Ugs = 0.6 m/s, a dip in the volume fraction
both of small and large particles is observed that denotes the
formation of larger bubbles.

3.4 Effect of superficial velocity on final bed
height

Figures 10A, B represent the final bed height for the fluidized bed
after reaching a steady state for two initial bed heights, 0.335 m (z/
H = 0.24) and 0.635 m (z/H = 0.45). The bed height considered does
not indicate the bed height for two different particle sizes, but the
highest bed height that can be observed at a steady state is taken,
which mostly consists of small particles. In Figure 10A, it can be
observed that for a mixture with 20 wt.% large particles, there is a
linear increase in the bed expansion ratio for all superficial velocities.
Furthermore, the bed expands 1.5 times the initial bed height for a
superficial velocity of Ugs = 0.3 m/s and goes up to 2.4 m for a
superficial velocity of Ugs = 0.6 m/s. This reiterates the significant
role of bubble volume in occupying the expanded bed volume,
clearly indicating a bubbling fluidized bed regime. For a 40 wt.%
mixture, however, the bed expansion increases for superficial
velocities up to Ugs = 0.45 m/s (1.28 times for Ugs = 0.3 m/s and
1.49 times for Ugs = 0.45 m/s), and there is a decrease in bed
expansion for higher superficial velocities. This indicates that for this
binary mixture, a bubbly regime exists for initial superficial
velocities, but a transition to a turbulent regime that breaks the
bubbles, reduces the bubble volume, and promotes mixing takes
place. This causes a lower increase in bed height than expected, as
seen in the 20 wt.% mixture. For the 60 wt.% mixture, however, the
increase in bed volume is lower (1.1 times the initial height) for a
superficial velocity of Ugs = 0.3 m/s, indicating a homogeneous
regime. This is followed by 1.3 times initial height forUgs = 0.45 m/s,
which indicates a transition to a bubbling regime, and then an
increase of 1.73 times the initial bed height for Ugs = 0.6 m/s, which
indicates a bubbling regime with a considerable number of bubbles

occupying the expanded bed volume. A similar trend of increase in
expanded bed height is shown for an 80 wt.% mixture of large
particles for the superficial velocities considered. For a 100 wt.%
large particle mixture, a linear increase of height for the two
superficial velocities is observed with a bubbling/slugging regime
for a superficial velocity of Ugs = 0.6 m/s.

Figure 10B shows the effect of superficial velocity on bed
expansion for all the binary mixtures considered with an initial
bed height of 0.635 m (z/H = 0.45). It can be observed that for the
0 wt.% large particles, the bed expands to approximately two times
the initial bed height. However, there is no significant effect on the
bed expansion for the superficial velocities considered. For 20 wt.%
large particles in the binary mixture, the bed expansion is 1.4 times
for the lowest superficial velocity and then tapers for a velocity of
Ugs = 0.6 m/s, indicating a transition from a bubbling to a turbulent
regime. For 40 wt.% large particles in the binary mixture, there is a
linear increase in the bed expansion ratio, indicating that for all
superficial velocities, the bed follows a bubbling regime. For 60 wt.%
and 80 wt.% large particles in the binary mixtures, a minor relative
increase in bed expansion ratios is observed at lower superficial
velocities, while a steep increase is observed for superficial velocities
approximately Ugs = 0.6 m/s. A linear increase in bed expansion
ratio is also observed for 100 wt.% large particles.

3.5 Correlation development

Table 3 summarizes the correlations for minimum fluidization
velocities and pressure drops available in the literature. Because a
comprehensive analysis in terms of quantification of pressure drop
and velocity distribution of both gas and particle velocities has been
made in the present work, it was thought worthwhile to find a
correlation between minimum fluidization velocity and pressure
drop. To determine the pressure drop, simulations for different
superficial velocities (0.02–0.75 m/s) starting from fixed bed to
fluidized bed were carried out for all the binary mixtures and
bed pressure drop versus superficial velocity were plotted. The

FIGURE 10
Bed expansion ratio profiles for different superficial velocities for (A) initial bed height of 0.335 m (z/H = 0.24); (B) initial bed height of 0.635 m (z/H =
0.45). (1) 0 wt.% mixture, (2) 20 wt.% mixture, (3) 40 wt.% mixture, (4) 60 wt.% mixture, (5) 80 wt.% mixture, and (6) 100 wt.% mixture.
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minimum fluid velocity was determined from the intersection of the
linear graph where the bed changes from fixed to fluidized bed. The
corresponding gas volume fraction in the bed was found by taking

the time-averaged volume fraction of the bed after 7 s for all the
cases while the particles were considered to be spherical [as per
experimental data of Jayarathna and Halvorsen (2011)] with
sphericity equal to 1. Because the pressure drop was found to be
a function of the initial bed height to column diameter ratio, it was
also considered for the correlation of pressure drop, although only
two bed heights have been considered.

A new correlation for minimum fluidization velocity is given by
the following equation:

Remf � 0.143Ar0.58si

εg
∅si

( )
0.63

. (1)

The correlation for maximum pressure drop is given by

Eumf � 261.45 * 10
3Ar−0.33si

εg
∅si

( )
−3.57

h

DB
co

( )
−0.99

. (2)

Figure 11A shows the parity plot of minimum fluidization
velocity predicted by previous works with respect to the
experimental data used from the literature. It can be observed that
the predictions from the correlation developed fall within a ±15%
deviation from experimental data. The correlations available in the
literature predict with deviations of more than 80%. This is due to the
fact that the superficial velocities considered by the authors are much
lower than the ones considered in the present analysis. Figure 11B
shows the parity plot of pressure drop with experimental data. The
developed correlation predicts well within ±15% deviation. The
predictions of Sau et al. (2008) also fall within a ±15% deviation
from experimental data, while other correlations show very high
deviations (>80%).

4 Conclusion

Radial gas and particle velocity profiles for different axial
locations and vertical centerline particle volume fraction profiles
have been presented for each of seven binary mixtures using three
different superficial velocities and two different bed heights.

TABLE 3 Correlations for minimum fluidization velocity and pressure drop available in the literature.

Reference Minimum fluidization velocity correlation Pressure drop correlation

Wen and Yu (1966) Remf � (33.72 + 0.0408Arsi)(12) − 33.7 (3) —

Arsi,sj � ρmf(max )(ρmf(max )−ρg)gd3p(si,sj)
μ2g

Umf � Remfμg
dp(si,sj)ρg

Khani (2011) Remf � 7.16(Arsi)0.393(dsi,sjDB
co
)0.987( εg

∅si
)−0.833(cos δ)−275.486 ΔPmax

ρsigHst
� 106.729(ρsiρg)

−0.522(dsi,sjDB
co
)0.309( h

DB
co
)−0.976(cos δ)−10.858

0°≤ δ ≤ 4.5° 0°≤ δ ≤ 4.5°

Rasteh et al. (2015) Remf � 0.203(Arsi)0.588( εg
∅si
)2.69( h

DB
co
)0.276(cos δ)−6.42 Eumf � 3.69 × 106(Arsi)−0.547( εg

∅si
)−0.848( h

DB
co
)−0.299(cos δ)6.33

Bo< 0.05 Bo< 0.05

Fu et al. (2019) Remf � (33.72+0.0408Arsi)(12)−33.7
1−exp(−14.45ΔP−0.3)

—

Sau et al. (2008) — ΔPmax � 7.457(DTop
co
DB

co
)0.038(dsi,sjDB

co
)0.222(Hst

DB
co
)0.642(ρsiρg)

0.723

FIGURE 11
Parity plot for the newly developed correlations. (A) Minimum
fluidization velocity: ◆ Wen and Yu (1966), ■ Khani (2011), ▲ Fu et al.
(2019), × Rasteh et al. (2015), andC Presentwork. (B)Pressure drop:◆ Sau
et al. (2008),■Khani (2011),▲ Rasteh et al. (2015), and×presentwork.
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Correlations for minimum fluidization velocity and pressure drop
are also presented. The following conclusions can be drawn:

1. For unary beds of small and large particles, the gas and particle
velocities depicts characteristics of fluidized bubbling similar to
the velocities observed in the literature. This is the case for all
superficial velocities and all bed heights.

2. For the 20 wt.% mixture of larger particles, segregation is
observed for a lower bed height both at the bottom and top of
the beds. Particle velocities are higher for smaller particles with
higher superficial velocities, and a mixed pattern is observed.
Although larger particles are also observed in the velocity
distribution profiles, solid volume fraction profiles show that
only a few large particles might reach the top of the bed.

3. For the 40 wt.%mixture, the bed is segregated at the bottom and well
mixed at the middle and top, with the volume fraction of smaller
particles larger than that of larger particles. The gas velocities for
lower fractions of large particles up to 40 wt.% show a convex
structured profile and bypassing near the walls for all superficial
velocities and bed heights considered. Particle velocities are also
higher near the walls and lower in the middle. Positive and negative
velocities of particles are observed, representative of good mixing.
This is also confirmed by observing the solid volume fraction profiles.

4. For the 60 wt.% mixture, the bed is slightly segregated at the bottom
while well mixed at the middle and top, similar to the 40 wt.%
mixture. The only difference is the percentage of large particles is
higher in all three layers of the final bed height. Furthermore, with an
increase in particle size, that is, 60 wt.% large particles, the bypassing
of gas velocities increases as high as Ug = 5m/s for an initial bed
height of 0.635 m (z/H = 0.45) and a superficial velocity of Ugs =
0.45 m/s and is observed more toward the left wall.

5. For the 80 wt.% large particle mixture, the bed acts as a
distributor with little increase in its final height. Higher gas
velocities near the walls are observed.

6. The axial particle volume fraction profiles show undulations in the
middle zone of the fluidized bed with low volume fractions in the
top/dilute zone for binary mixtures up to 60 wt.% large particles. For
higher percentages of large particles, profiles confirm that the bed
remains stagnant for all superficial velocities considered.

7. Bed height expansion is seen to be a linear function for superficial
velocities up toUgs = 0.45 m/s for all binary mixtures considered,
with increases or decreases depending on the percentage of large
particles present for both initial bed heights. For a lower initial
bed height of 0.335 m (z/H = 0.24), the slopes of the lines are
different but have similar trends.

8. Correlations forminimum fluidization velocity and the pressure drop
for binary mixtures have been made. Predictions are compared with
correlations available in the literature as well as the experimental data
from the literature (Jayarathna and Halvorsen, 2011). A good
agreement between predictions and experiments is found.

The conclusions drawn from the flow patterns and profiles could
help design a better fluidized bed by choosing the operating window
based on the binary mixture at hand.
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Nomenclature

Alphabetical Symbols

Ar Archimedes’ number -

Bo Bond number -

D, D1 Diameter m

Eu Euler number -

H Height m

P Pressure Pa

R Radius of the cylinder m

Re Reynolds’ number -

U Velocity m·s−1

d Particle diameter size m

g Gravitational acceleration = 9.81 m·s−2

h Height of the initial bed m

r Radial distance of observation m

z Height of observation m

Greek Symbols

Δ Difference operator -

δ Tapered angle °

ε Volume fraction -

μ Viscosity Pa·s

ρ Density kg·m−3

∅ Sphericity -

Subscripts

co Column

e Expanded

g Gas phase

gs Superficial gas

mf Minimum fluidization

p Particle

s Initial

s1 Solid phase with smaller particle size

si Solid phase si

st Stagnant

si, sj Interaction between the solid phase si and the solid phase sj

Superscripts

b Bottom

Top Top

Abbreviations

3D Three dimensional

CFD Computational fluid dynamics

DEM Discrete element method

RPT Radioactive particle tracking
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