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ARTICLE INFO ABSTRACT

Keywords: Fine aggregates are considered as essential elements in the production of a wide range of food, pharmaceutical as

CFD well as other chemical products. In process industry, mixing of such particles is a crucial operation which

Multiphase flow controls the quality, texture and attributes of the final product. However, mixing becomes quite challenging

Fluidized bed . . . . . . . .

Mixing while dealing with cohesive pa.rtlcles.because of strong inter par.tlculate forces, mostly van der Waals or ca.plllary

Cohesive particles forces. A strong external force is required to overcome the cohesive forces and eventually, to agitate and mix such
aggregates. With several advantages, mixing of such aggregates can be carried out in gas phase regime using
fluidized bed systems. However, gas-solid environment yields to turbulence multiphase flow dynamics which
needs to be investigated for optimum performance. In the current study, a two-way coupled Euler-Lagrange CFD
model has been developed for the investigation of hydrodynamics and mixing of multiphase flows in an opposed
jets fluidized bed. In total two phases were selected including air as a gas phase whereas TiO2 was considered as
the solid phase. Particles were placed in the domain at known quantity and different streams of air jet were
injected with the help of three nozzles mounted in the bottom and side walls of the apparatus. As a result, fluid
dynamically different zones were formed such as stressing zone and mixing zone. Increasing air flow rate, the
suspension and mixing of particles is improved. However, very high air injections results in formation of wall
bounded layer of particles which negatively effects the mixing. High particle concentration was found near the
wall in case of air flow rate injected at a flow rate of 0.003 kg/s. Further investigations are planned in order to
further explore effect of dynamic classifier, particle size distribution and mass loading.

1. Introduction

Fine aggregates are considered as an essential element in production
of a wide range of food, pharmaceutical, construction as well as chem-
ical products. With typical particle size less than 50 um, such fine
powders have gained significant industrial attraction because of their
increased surface area (Ghoroi et al., 2013; Peukert and Biick, 2024). In
process industry, mixing and dispersion of such particles is a crucial
operation which controls the quality, texture and attributes of the final
product. For instance, homogeneity is one of the critical parameters,
particularly, in sensitive applications such as pharmaceutical products,
where a slight deviation may result in product failure (Salloum et al.,
2025). Similarly, formulation of hetero-aggregates also depends on
effective mixing and blending of different homo-aggregates (Men et al.,
2023). However, mixing becomes quite challenging while dealing with
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micron sized dry cohesive particles. Because of strong interparticle
forces mostly van der Waals or capillary forces, it becomes very hard to
fluidize such particles (Jadidi et al., 2025). A strong external force is
required to overcome such cohesive forces and hence, to affectively mix
the aggregates. Furthermore, flow behaviour of such aggregates signif-
icantly affects the equipment hydrodynamics (Lepek et al., 2010;
Thomas, 2025).

Generally, mixing of aggregates can be carried out through liquid
phase and gas phase processes. The former approach involves disper-
sions of oppositely charged colloids and mixing in liquid form. The
mixture is, eventually, transformed to fine powders upon drying. In this
way, the composition of resulting fine aggregates can be customized by
controlling the charge and mass fraction of colloids during the liquid
dispersion (Kolan et al., 2024; Men et al., 2023). However, this method
faces several challenges such as solvents incompatibility, stability of
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aggregates, sedimentation, contamination, separation from by-product
etc. On the other hand, gas phase process offers more energy efficient
and operational benefits through flame spray pyrolysis, electro-spray
pyrolysis and dry formulation techniques. Amongst, the dry formula-
tion has been recognized as one of the simplest, cost-effective and
eco-friendly methods for mixing of cohesive fine aggregates. In this
technique, the fine powders are agitated intensely with the help of
high-speed gas jet to form homogeneous final product. However, having
very high surface area to volume ratios and strong cohesive forces,
mixing and blending of fine aggregates is quite challenging process. An
external force, in the form of high gas flow, is required to overcome
these interparticle forces and eventually to fluidize such particles (Men
et al., 2023; Nascimento et al., 2025).

When it comes to controlled mixing, utilization of fluidized bed
apparatus holds several merits. For instance, fluidized beds offer
excellent contact between multiphase systems, e.g., solid particles and
gas stream. Consequently, this process enhances mixing and mass
transfer within the system, resulting in improved homogeneity and
uniformity of the produced aggregate (Gao et al., 2020). Because of this
unique feature, such kind of apparatuses are widely being used for
mixing and agglomeration of different product in process industry (Ali
and Asif, 2017; Tashakori-Asfestani et al., 2023; Van Ommen et al.,
2012). However, optimization of process parameters is required in case
of cohesive particles in order to ensure process efficiency and optimal
operational cost (Sharma et al., 2025).

Mixing of fine aggregates using fluidized bed systems have been
explored by several researchers. For example, Liu and Wang (2021)
studied the behaviour of SiOy particles agglomeration under variable
bed hight and found that with a high particles bed, it is very difficult to
reach steady state conditions because of strong cohesive forces. Quevedo
et al. (2010) investigated different metal oxide particles agglomeration
using microjets and concluded that the particle motion is significantly
improved with the help of microjets and hence, blending of different
particles can be achieved at nanoscale. Koeninger et al. (2018a) studied
the milling of glass beads in an opposed jets fluidized bed and found that
the internal recirculation and particle accumulation in the mill classifier
is crucial which should be further deeply investigated. Similarly, Strobel
et al. (2020) investigated the stress conditions in the opposed jets flu-
idized bed and concluded that the stressing inside the jet mill is a result
of multiple collisions caused by recirculation. In both studies grinding
and milling of particles was focused with a particle size greater than
50 um. A further fine aggregates may function differently using such
apparatus which needs further in depth investigations. Men et al. (2023)
explored the potential of fluidization technologies for the formulation of
fine hetero-aggregates. Based on the experimental investigations, they
found that the spouted bed faces initial difficulties to achieve fluidiza-
tion because of interparticle forces whereas intense mixing without
major hindrance can be obtained in case of opposed jets fluidized bed.
Similarly, Kolan et al. (2024) studied the nanoparticle mixing in a Pro-
Cell spouted bed to produce hetero-aggregates at high jet velocities.
They found that increasing jet velocity improves the dispersion, how-
ever, at too high inlet velocity elutriation becomes dominant. Recently,
Nascimento et al. (2025) from our group reported an experimental study
on the formulation of hetero-aggregates in the opposed jets fluidized bed
in which different combination of primary particles (TiOy and ZrOj)
were employed to formulate hetero-aggregates. The overall findings
endorsed that the opposed jets fluidized bed can be effectively used for
the formulation of highly porous aggregates having morphological at-
tributes similar to the primary particles. However, the process param-
eters have a significant effect on the aggregate-contacts, shape factors as
well as dimensions of the produced aggregates and hence, this propels
in-depth analyses and optimization of the process involved in particle
mixing and agglomeration within the apparatus.

Application of external force in terms of high-speed gas jets results in
turbulent flows leading to high momentum transfer among fluid to
particle and particle to particle interactions. Hence, understanding the
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internal hydrodynamics of the apparatus is crucial for the optimum
performance. Computational fluid dynamics (CFD) has been identified
as a useful tool for the process simulation of multiphase systems up to
industrial scale (Chen et al., 2019; Lince et al., 2011; Lu et al., 2025).
Generally, two methods are employed for the investigation of
fluid-particle systems, the Eulerian-Eulerian approach and
Eulerian-Lagrangian approach. The former approach considers all pha-
ses as interpenetrating continua while the latter approach treats the
primary (fluid) phase in the Eulerian frame of reference whereas parti-
cles are tracked individually as a discrete phase. Application of either
technique depends on the type of process and the configuration of the
apparatus (Unger et al., 2022). Moreover, adoption of multiphase
models for the simulation of high-speed jet mixing of particulate system
requires particular attention as multiple boundary conditions needs to
be applied as a realistic approach. Efforts to implement of CFD model-
ling approach to simulate the opposed jets fluidized bed mills has been
reported by few researchers. For example, Rajeswari et al. (2011)
studied numerical simulation of opposed jets fluidized bed mill by using
the Eulerian multiphase model. Primary phase (air) was injected
through the bottom nozzles whereas secondary phase (silica particles)
was injected from the top inlet (without transport air). Although a good
agreement was established in a comparison of mass balance, further
investigation to improve model and realistic boundary conditions were
recommended. Another study was reported by Santos et al. (2020) in
which opposed jets fluidized bed was simulated for mixing of glass mi-
crospheres (55 um) under Euler-Euler approach. The particle flow as
well as the concentration under variable conditions were simulated and
compared with the experimental results. It was concluded that particle
interaction and resulting momentum is not only because of air jets but
also influenced by the apparatus walls in the grinding zone as well as
classification zone. Similarly, Lee et al. (2019) numerically investigated
air jet mill for the grinding of ceramic particles with the help of
CFD-DEM approach. Huang et al. (2024) studied CFD simulation of the
flow field in a steam fluidized bed jet mill. They found that there is
significant fluctuation in the flow field due to presence of secondary
phase, hence, effects the overall grinding efficiency. Although notable
contributions have been made by the researchers, numerical simulation
of opposed jets fluidized bed is still challenging to describe the actual
process.

In the current study, a two-way coupled Euler-Lagrange CFD model
has been developed for the investigation of hydrodynamics and mixing
of multiphase flows in an opposed jets fluidized bed. The focus of this
study was to understand internal hydrodynamics, mixing behaviour and
regions of high particle suspension inside the apparatus. The novelty of
the present study lies in the use of fully three-dimensional
Euler-Lagrange (CFD-DEM) simulations to resolve particle-scale dy-
namics in an opposed jets fluidized bed. While most numerical studies
rely on the Euler-Euler approach due to its lower computational cost,
this framework cannot accurately capture particle-particle interactions
and detailed mixing mechanisms. Only a limited number of studies have
applied Euler-Lagrange methods to such systems, and existing simula-
tions (e.g., Santos et al., 2020) are mainly two-dimensional and based on
Euler-Euler formulations. Our simulations provide new mechanistic
insights into the internal hydrodynamics, including (i) the origin of fluid
recirculation and vortex formation in the stressing zone due to jet
interaction, (ii) the role of gas flow rate in enhancing particle kinetic
energy and dispersion, and (iii) the adverse effect of excessively high jet
velocities, which drive particles toward the walls and reduce effective
interaction in the upper mixing region. These findings go beyond
reproducing experimental trends and contribute to a fundamental un-
derstanding of multiphase flow and mixing in opposed jets fluidized
beds.

The manuscript is structured as: Section 2 provides the methodology
adopted in this work, the insights and description of results are given in
Section 3, while Section 4 presents the major conclusion and provides an
outlook on future work.
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2. Methodology
2.1. Process setup: Opposed jets fluidized bed

The process under consideration is mixing of micron sized homo-
aggregates in an opposed jets fluidized bed (AFG 100, Hosokawa
Alpine, Germany). This equipment is commonly used on industrial scale
for comminution and mixing of bulk solids. Fig. 1 presents the compo-
nents and working principle of this apparatus. The fluidized bed consists
of major components as: stressing zone and mixing zone. In the begin-
ning, the feed material (homo-aggregates) is introduced at the bottom of
the fluidized bed. High speed air is injected via three Laval nozzles, i.e.,
the central nozzle is mounted in the bottom while the other two nozzles
are installed in the side walls of the fluidized bed (Nascimento et al.,
2025). The both nozzles are inclined with an angle of 30° forming an
opposite jet stream as shown in Fig. 1. The nozzles have an outlet
diameter of 2.4 mm whereas the dimeter at the contraction is 1.9 mm
(Hosokawa-Alpine AFG 100).

The air injected at high speed helps to agitate the homo-aggregates
by overcoming the interparticulate (van der Waals) forces. The central
jet helps to fluidize the particles in the form of a spout whereas the side
jets contribute to an intense stressing and rapid mixing of the particles.
The feed material is further accelerated by the air stream flowing and
transporting through the mixing zone. A rotating classifier is installed at
the upper region of the apparatus forming a classification section to
separate the final product from air. To simplify the geometry of the
computational model, the classifier is not considered. Further details
and experimental description of the process can be found in Men et al.
(2023).

2.2. Numerical simulation approach

A 3D model of the fluidized bed shown in Fig. 1 was designed using
the Design Modeler available in ANSYS Workbench (V 2024 R2). The
geometry (Fig. 2) was converted into a computational domain (mesh)
using Fluent Meshing Tool which is an integrated meshing platform. The
structured meshing approach was used to generate a poly-hexcore mesh
consisting of 0.44 million cells and 2 million faces (Fig. 2). The poly-
hexcore mesh consists of a combination of hexahedral and polyhedral
cells as well as prismatic boundary layers which provides superior fea-
tures to increase quality and accuracy, especially in case of complex
geometries and high turbulent flows (Sudsuansee et al., 2025;
Wroéblewski et al., 2024). Exposed to high-speed flows and resulting in
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Fig. 1. Schematic illustration of the opposed jets fluidized bed (adapted from
(Santos et al., 2020; Men et al., 2023)).
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higher degree momentum, the inlet and outlet points and the bottom
part of the apparatus, i.e., stressing zone was refined enabling a mini-
mum orthogonal quality of 0.78.

A two-way coupled CFD model based on the Euler-Lagrange
approach was adopted using ANSYS-Fluent (V 2024 R2). Air was
considered as primary/continuous phase whereas TiO; homo-
aggregates particles were considered as discrete phase (Table 1). As
very high circulating flow is expected, the k- (SST) model was used for
the modelling of fluid flow and turbulence (Farid et al., 2017; Farid
et al., 2025). The transport equation of this model is based on two
variables, i.e., the turbulence kinetic energy (k) and the specific rate of
dissipation (@) which are solved for (Fluent, 2022; Farid et al., 2017;
Menter et al., 2003):

0 0 0 . odk

& (ng) + afxi(pgkui) = aij(rkaij) + Gk — Yk +Sk (1)
d 0 d Jo
ot (pgw) + a_xi(ﬂgwui) = 0_xj(rwt3_xj) + Gy—Y,+S, 2

where G represents the generation term, [ is the effective diffusivity, ¥
represents dissipation due to turbulence, and S represents the defined
source term. The subscripts k and w represent respective terms for the
turbulence kinetic energy (k) and the specific rate of dissipation of
turbulence kinetic energy (w).

The Discrete Phase Model (DPM) was used for particle tracking with
unsteady particle treatment which considers changing interaction be-
tween continuous phase and the TiO; particles over time. The DPM in
ANSYS (Fluent) is based on Euler-Lagrange approach (Fluent, 2022;
Farid et al., 2025):

—

N
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where my, u,, dyand pp TEpresent mass, velocity, diameter and density of
the discrete phase (particles), respectively whereas uy is the fluid ve-
locity, py is the fluid density, 4, is the fluid viscosity, Cq is drag coeffi-
cient and F; denotes the external body forces.

The Stokes-Cunningham Model was used to consider the drag force
(Fp) as (Fluent, 2022):

ﬂf 18C;Re
Fp(up — =L -
by~ )= g ) @
Where the drag coefficient (Cy) is computed as (Fluent, 2022):
24
Cq = 5
1= Re,C, ()

where Re, is the particle Reynolds number and C. is the Conningham
correction to the drag law computed internally by the fluent by each
particle with respect to each tracking step.

The opposite jets cause rotational movement of particles eventually
leading to higher rotational Reynolds number. Hence, rotational drags
law was also enabled which uses the following correlation proposed by
Dennis et al. (Dennis et al., 1980; Fluent, 2022) to compute rotational
drags law coefficient (C,):

6.45 321
C, = 6
" \/Re, + Re, 6)
—
/’f)g‘d?
Re, = 7)

4y,

where Re, is rotational Reynolds number. The angular velocity is
computed for each particle with help of angular momentum equation
(Fluent, 2022):
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Fig. 2. Computational domain and generated mesh for the opposed jets fluidized bed.
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where, Ip is moment of inertia, w, is annular velocity of particles, T is

the torque applied to the particle and @ is the relative fluid-particle
angular velocity determined as 0.5V (a7 — @ ).

Similarly, rotational lift force (F,) also termed as Magnus effect, was
included which is governed by the rotational lift force coefficient (C,) as
(Fluent, 2022):

|

<l

F, = 0.54,C,py—(V @) ©

=

where A, is the surface area of projected particles, V and @ are the
relative fluid-particle velocity and angular velocity, respectively.
Several approaches are used to determine the rotational lift force coef-
ficient (C,). In the current study, the Rubinow-Keller model was adopted
which is based on the assumption that C; is linearly proportional to the
spin factor S as

C, =28 10)
where spin factor S is determined as (Fluent, 2022):
o, |d
S= 7@ | > (1n
2|w7 — |

The Discrete Random Walk model was included to consider the effect
of turbulence on particle motion and its dispersion with a time scale
constant (C;) of 0.15 (Fluent, 2022; Farid et al., 2017).

Table 1 summarizes the model settings and boundary conditions
used in the current work. A two-way coupled steady state (continuous
phase) simulation scheme was adopted with 10000 iterations. However,
unsteady particle treatment was considered with particle time step size
of 0.001 s and DPM iteration interval of 10. Under this approach, the
fluid phase is considered as quasi-steady. However, the momentum ex-
change between continuous (fluid) phase and the particles is computed
during the particle tracking which is then iteratively incorporated as
source term in the steady state flow field. Moreover, the particle-particle
collisions were not taken into consideration the current settings. The
primary goal was to study the dynamic behaviour of micron sized par-
ticles under variable jet injections. For this purpose, micron sized TiO2
particles were taken as test material for the current simulations. The
simulation was initialized with 20000 TiO, homo-aggregates (parcels)
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having uniform size (1 pm) which were placed in the bottom of the
fluidized bed comprising a total mass of one batch as 10 g which is in
line with experiments of Men et al. (2023) and Nascimento et al. (2025).
The ‘coupled’ pressure-velocity numerical approach was adopted with
pressure discretization scheme ‘Presto!’. All simulations were performed
using a Windows-based system with Intel Core i9 CPU (3.30 GHz) and
64 GB of RAM. The numerical setup was used to investigate the effect of
variable jet injection rates on particle dynamics and recirculation within
the apparatus which was indicated as one of the most important vari-
ables according to Men et al. (2023) and Nascimento et al. (2025). For
this purpose, three cases were studied, i.e., Case 1 (0.001 kg/s), Case 2
(0.002 kg/s) and Case 3 (0.003 kg/s). The flow injection lies in turbu-
lence flow regime, i.e., Re > 28,000.

3. Results and discussion

The set of numerical simulations were conducted for different cases
of gas inlet mass flow rates. The different jet injections resulted in
different hydrodynamics fields in the apparatus significantly impacting
the particle mixing in the apparatus domain. The effect of gas injection
rate on the flow field as well as particle flow has been discussed as
below.

3.1. Grid independence verification

In order to evaluate the influence of grid size on numerical solution,
three computational domains of different mesh sizes were formulated.
The mesh M1 was taken as a fundamental coarse mesh consisting of 0.22
million elements with uniform mesh size of the whole apparatus. In case
of M2, the bottom part of the domain was refined to form a total of 0.44
million cells which is double in number as compared to M1. Similarly,
M2 was further refined to form a fine mesh M3 with 0.95 million cells as
shown in Fig. 3. For the verification of the three mesh domains, the flow
field at the stressing zone, being the most critical part of such kind of
fluidized beds, was studied with same numerical setup and operating
conditions (Case 1). For this purpose, a flow profile along the axial di-
rection within the apparatus was extracted and compared among the
different meshes. All cases of mesh sizes showed qualitatively similar
flow trend. For example, the flow field gradually increases while moving
from wall towards the center of the apparatus and a velocity peak is
found at a distance of 20 mm from the side wall. This typical formation
is result of the high-speed gas jet coming from the side nozzle (as
illustrated in Fig. 1). The flow at the center is reduced indicating a low-

100 - M3 - - -M1
— = M2
— M3
80
3 60-
E
2
g 40+
(]
>
20 -
0 -
T T T T T 1
-0.06 -0.04 -002 000 002 004 006

Axial Position (m)

Fig. 3. Comparison of axial flow field with different mesh sizes.
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speed region created by diffusion of both flow vertices (Fig. 4). After-
wards, the second flow peak is found caused by the second nozzle
mounted at the opposite side wall. Comparison showed that the peak
flow velocity was 65 m/s in case of coarse mesh (M1) whereas the M2
and M3 meshes showed quite similar peak values, i.e., 85 and 87 m/s,
respectively. Moreover, it can also be observed that as number of cells
increase, a more consistent flow field is obtained throughout the axial
length. Having similar flow trends as well as peak velocities, it can be
speculated that refining mesh size beyond M2 has a minor effect on the
numerical solution. Moreover, the flux report also indicated that M2 has
the least relative error, i.e., 0.0019 % among the three different mesh
sizes. Hence, the mesh M2 was adopted for further investigations in this
study.

3.2. Effect of injection rate on flow field

The flow field in the stressing zone is of prime importance as it helps
to initially accelerate the particles which contributes in overall mixing
performance. The numerical result in Fig. 4 shows that the air jet sup-
plied through the nozzles enters the apparatus domain in the form of a
high-speed stream, i.e., a maximum velocity of 190 m/s can be observed
in Case 1. Having similar flow pattern through all the inlets, the three jet
streams meet in the centre of the stressing zone. Moreover, it can also be
observed that the opposed jet inlets produce a counter flow pattern
leading to formation of recirculating flow vertices in the domain. In this
way, the bottom jet lifts up the particles (initially at rest) to form a spout
(same as spouted bed). The flow produced by the counter jets helps to
collide and potentially starts the fluidization of the homo-aggregates
with the help of strong flow vertices in the stressing zone (Fig. 4). A
similar trend has also been observed in the previous study reported by
Rajeswari et al. (2011).

Fig. 5 illustrates the flow field and velocity vector for an injection
flowrate of 0.002 kg/s (Case 2). By increasing the air flow rate, the
bottom jet experiences a strong counter flow created by the opposed jet
nozzles. Due to this effect, the flow pattern is restricted and deviated
which was more organized towards the centre in Case 1. However, this
effect improves the vertices formation in the stressing zone which helps
to more rapidly mix the particles. Similar behaviour was also observed
in case of an injection flow rate of 0.003 kg/s (Case 3, Fig. 6). Having
significantly higher velocity of air, the deviation of bottom jet occurs at
the jet intersecting zone as compared to Case 2. However, the flow
vertices have similar pattern in both cases. To further analyse this effect,
a set of dynamic simulation was also carried out. The results indicated
that initially the bottom jet experiences a high resistance because of the
particles placed in the bottom part. After excited by high gas flow rate,
the particles are lifted up which are then recirculated by the opposite jet
streams. After mixing in the stressing zone, the particles are transported
to the upper region of the apparatus. The steady state conditions showed
that the deflection of bottom jet is mainly caused by the opposite jets.

After the stressing zone, the velocity of the flow field is decreased
which is because of dispersion induced decay as also observed by Huang
et al. (2024) and Rajeswari et al. (2011). However, a significant varia-
tion in the local velocities is observed in the transport region. This
phenomenon improves the interaction between particle and fluid and
promotes mixing behaviour. In order to analyse and compare the ve-
locity profile of the flow field, the domain was divided into six planes
throughout the fluidized bed: Plane 1 is located in the centre of the
stressing zone, i.e., at a height (h) of 0.02 m from the bottom. Plane 2 is
located at height of 0.05 m and represents the top of the stressing zone.
Plane 3 indicates the region beneath the injection point of the opposed
jet inlets having a vertical position of 0.06 m from the bottom, Plane 4 is
located at a vertical height of 0.15 m, i.e., forming the centre of the
mixing zone, Plane 5 shows the area in the middle of outlet pipe posi-
tioned at a height of 0.25 m and Plane 6 is located at a height of 0.29 m
from bottom of the apparatus.

Fig. 7 compares the flow field among the three cases of air flow rates
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at Plane 1. It can be observed that Case 1 results in more homogenous
flow pattern whereas strong vertices in the flow field are generated in
Case 2 and Case 3. Moreover, the circular spot in Fig. 7 indicates the
velocity of central (bottom nozzle) where the elongated flow pattern is
generated as a result of deflection of bottom jet and the counter jets. As a
result, the jet stream flows along the apparatus wall and then mixed
again in the centre, forming the flow vertices as shown in Fig. 8. Similar
trend has been observed by Huang et al. (2024) where the organized
pattern of the flow field translates to more vortices by increasing the
injection mass flow rate.

The recirculation vertices at the stressing zone are prominently built
up with high entrainment of gas into the apparatus (Fig. 6 and Fig. 8)
which has a similar trend as observed by Santos et al. (2020). Moreover,
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opposite nozzles also contribute to generation of more recirculating
vertices formation at the stressing zone by meeting the opposite stream
jets at the central point as observed by Huang et al. (2024) in a steam jet
mill and Koeninger et al. (2018b) who visualised the similar behaviour
experimentally.

The velocity profile gradually decreases while moving away from the
stressing zone due to momentum exchange between the continuous
phase and the discrete particles. Further it can be observed that high
velocity region is found near the apparatus walls as compared to the
central region. This effect is even more prominent when air flow is
increased from Case 1 to Case 3. For example, the maximum velocity of
flow field near the wall at Plane 3 was observed to be 50 m/s for Case 2
which was 12 m/s and 20 m/s in Case 1 and Case 2, respectively (Fig. 9).
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Fig. 7. Comparison of velocity profile at Plane 1 (h: 0.02 m).
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Fig. 8. Comparison of velocity profile at Plane 2 (h: 0.05 m). The white spots indicate the area with high-speed caused by counter jets.
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Fig. 9. Comparison of velocity profile at Plane 3 (h: 0.06 m). The white spots indicate the area with high-speed caused by counter jets.

Similarly, the velocity of flow field further decreases due to the decay
and dispersion of both phases in the transportation region (Fig. 10).

At Plane 5, the velocity is increased again which is due to the smaller
outlet diameter (Fig. 11). Moreover, it should be noted that the outlet
boundary was set to restrict the particle movement at the outlet. As a
results, particles may accumulate near the outlet region. Due to high gas
mass flow, this effect is more prominent in Case 3 (Fig. 11). However,
flow vertices can still be observed in the apparatus domain which help to
recirculate the particles which again removes these particles and avoid
their accumulation (Fig. 11 and Fig. 12).

High particle concentration is observed near the classification wall
due to particle cluster formation in the classifier as experimentally
observed by Koeninger et al. (2019), significantly affecting the flow
dynamics near the classification section as shown in Figs. 11 and 13.
Similarly, higher inlet gas velocities are always attractive for particle
mixing. However, too high jet velocity cause elutriation of particles in
the fluidized bed jet mills which has been visually observed by Kolan
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et al. (2024). Therefore, optimization of classifier speed with respect to
multiphase flow characteristics is also important factor for efficient
process outcomes which will be intensively investigated in our further
work.

3.3. Effect of injection rate on particle flow

Fig. 13 represents the comparison of particle tracks coloured by the
particle velocity magnitude in the whole domain. High velocity of par-
ticles is found in the stressing zone where high-speed jet rapidly moves
the particles reaching in front of the nozzles and recirculating them
towards the mixing zone. The velocity of particles gradually decreases
while moving to the upper part of the apparatus. However, fast moving
particles can be observed near the outlet section (Fig. 13). As described
earlier, this is due to the particle flow restriction and its interaction with
counter flow field which carry these particles towards the wall region.
The comparison between different air flow rate showed that as expected
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Fig. 10. Comparison of velocity profile at Plane 4 (h: 0.15 m).

the particle velocity also increases with an increase in air flow injected
from the inlet nozzles. However, in case of too high air jet injected into
the domain (i.e., Case 3), the particles tend to stick more to the appa-
ratus walls rather moving in the central region to improve the particle
interaction and overall mixing performance. Hence, it was noted that in

Gas Velocity (m/s)

Gas Velocity (m/s)

A)

Case 3 higher concentration of particles is found near the wall, partic-
ularly in the upper region of the fluidized bed which shows less
dispersion as compared to the other cases (Fig. 14).

The simulation results hold a good qualitative agreement with the
previous findings. For example, Rajeswari et al. (2011) and Santos et al.

Fig. 12. Comparison of velocity profile at Plane 6 (h: 0.29 m).
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Fig. 14. Comparison of particle tracks coloured by particle concentration.

(2020) found that despite of a high jet injection rates, the velocity of
particle phase is much lower than the gas phase velocity in the opposed
jets fluidized bed. The corresponding particle and gas velocity was
observed as 56 m/s and 508 m/s, respectively in Rajeswari et al. (2011)
whereas Santos et al. (2020) reported a particle velocity of 88 m/s with
gas velocity of 330 m/s.

The aim of the present study was to systematically investigate hy-
drodynamics and multiphase mixing in an opposed jets fluidized bed
using numerical simulations. Direct experimental measurements in such
equipment are extremely challenging due to the presence of high-
pressure gas jets, intense particle-particle collisions, and strong turbu-
lence, which make intrusive probes or optical diagnostics difficult to
implement and prone to damage or significant measurement uncer-
tainty. In particular, the jet impingement (grinding/mixing) region is
highly dynamic and remains poorly characterized experimentally.
Furthermore, quantitative experimental data on particle-flow dynamics
(e.g., particle concentration, RTD, mixing indices) in opposed jets flu-
idized beds or jet mills are very scarce in the literature, as most exper-
imental studies focus on milling performance rather than detailed
hydrodynamics. The Euler-Lagrange (CFD-DEM) approach employed
here has been extensively validated for gas-solid systems such as flu-
idized and spouted beds, as documented in the cited references. The
present work builds on this validated framework to provide new insights
into mixing behavior in opposed jets fluidized beds.

In order to further analyse the particle flow and resulting micro-
hydrodynamics, the DPM particle data was extracted from ANSYS
(Fluent) solutions and processed for the determination of individual
particle speed. As illustrated in Fig. 13 and Fig. 14, particles experience
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Fig. 15. Comparison of particle velocity distribution with respect to different
gas injections.

highly turbulent flows in the stressing zone as a result of high-speed jets.
The particles are pushed by the recirculating jets and move towards the
upper part of the apparatus with diverse speeds. Fig. 15 illustrates the
comparison of particle velocity distribution among the three cases of jet
injection. In Case 1, a sharp peak is formed by the high energy particles
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excited by the injected gas jet. However, the velocity of particles reduces
gradually while moving towards the transportation zone resulting in a
lower velocity profile as compared to the other two cases. This repre-
sents low random movement in the transportation zone in Case 1.
Comparatively, a wider distribution with high velocity of particle is
observed in Case 2 (Fig. 15). This shows more frequent particle move-
ment and velocity fluctuation in the apparatus. Similarly, the velocity
profile curve is more shifted to right by increasing injection jet velocity
from Case 2 to Case 3. This represents a wider population of particles
possess high speed, eventually leading to a highly random flow in the
fluidized bed. Hence, by increasing mass flow rate of gas jet, a higher
level of agitation and particle can be achieved in the system (Fig. 15).
However, the deposition and layering of particles at the apparatus walls
(as shown in Fig. 14) needs to be taken into account for higher gas
speeds.

Fluctuating velocity and kinetic agitation of particle are one of the
important factors which can be used to describe the particle random
movement in comparison with the bulk flow. As result of random
movement in the fluid phase, the particles flow with varying speed.
Hence, fluctuating velocity can describe how the speed of an individual
particle varies with respect to mean velocity of all particles. The fluc-
tuating velocity of particles in each direction is expressed as
(Taylor-Noonan et al., 2021; Yu et al., 2020):

Vf.x = Vx - Vx,mean (12)
Vf.y = Vy - Vy,mean (13)
Vf.z = Vz - Vz_meun (14)

where, V;, Vs, and V, are the fluctuating velocities of particle (i) in x,
y and z direction which is obtained from the respective particle velocity
(V) and mean velocity (Vpean) of all particles.

The granular temperature is a measure of kinetic energy, or in other
terms, collision potential among the particles moving in the fluidized
bed. This can be used to characterize the stressing zone as well as the
mixing index of the particles. The granular temperature T can be
determined based on fluctuating velocities as (Berzi and Jenkins, 2015;
Jenkins and Berzi, 2010; Ray and Khakhar, 2023; Taylor-Noonan et al.,
2021; Yu et al., 2020):

1

To = 2{(Vix) " + (Viy) " + (Vpa)”]

3 (15)

Fig. 16 illustrates the granular temperature of particles with respect
to the different gas flow rates. It can be observed that a small fraction of
the particles represents significantly higher values of granular temper-
ature which causes elongated tail alike curves (Fig. 16). As discussed
above, the particles after reflecting back from the outlet and the appa-
ratus wall come across highly turbulent flows from the jet nozzles.
Eventually, this significantly increases the particle energy and thus,
higher values of granular temperature can be observed. However, after
moving towards the mixing zone, the particles dissipate energy which
reduces the particle velocity and hence, result in lower values of gran-
ular temperature. However, still multiphase interaction and mixing can
be expected at the mixing zone because of random movement of parti-
cles. The comparison of the three cases showed that increasing jet inlet
velocity, a significant energy is induced in the stressing zone which in-
creases the granular temperature of the particles. For example, Case 3
shows an inclined curve which implies more particles have higher values
of kinetic energy as compared to the other two cases. The average
granular temperature of all particles has been observed as 3.24 m%/s%,
7.41 m?/s? and 20.38 m?/s? for Case 1, Case 2 and Case 3, respectively.
Particle fluctuating velocity is considerably increased due to more ran-
domized movement of particles as compared to the mean flow and
hence, more energy in particles is observed in Case 3.

The findings of current numerical simulations are helpful to identify
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Fig. 16. Comparison of particle granular temperature with respect to different
gas injections.

the regions of dominant flow regimes and vertices at different locations
within the apparatus. The behavior and pathways of particles under
variable injections can be used to decide the upper limit of gas injection
rates without formulation of wall bounded ring. Hence, the information
obtained from current study is useful for the process optimization of
micron sized particles in opposed jets fluidized beds.

4. Conclusions

A two-way coupled Euler-Lagrange based numerical approach has
been employed to investigate internal hydrodynamics of an opposed jets
fluidized bed. Mixing of 20000 fine aggregates was studied under
different operating conditions. The main conclusions are summarized as:
1) Typical opposed jet nozzles exhibit counter flow pattern which causes
recirculation vertices in the stressing zone. Eventually, the bottom jet
experiences this strong counter flow that deviates its flow path and
hence, vertices are further enhanced. 2) The particle dispersion and
mixing are significantly enhanced by increasing air flow rate leading to
high kinetic energy of particles. Maximum particle velocity was
observed as 47 m/s, 88 m/s and 180 m/s with the gas injections at a rate
of 0.001 kg/s, 0.002 kg/s and 0.003 kg/s, respectively. 3) Too high air
jet (i.e. Case 3) pushes the particles towards the apparatus wall in the
mixing zone and hence, reduces the interaction in the upper region.
Consequently, the particles intend to stick to the apparatus wall through
ring formulation. A wall bounded ring with particle concentration of
150 kg/m> was found in Case 3 at the apparatus wall near the outlet.
These findings contribute to a foundational understanding of multiphase
flow and mixing of micron sized particles in opposed jet fluidized beds.
Further studies are planned to investigate particle collisions, dynamic
effect of classifier, variable particle sizes and mass loadings.
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