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ABSTRACT

Fluidized beds can be operated with a variety of fluidiz-
ing media depending on process requirements. This study
aims to provide a deeper understanding of the fluidization
behavior of a binary particle system in a three-dimensional
cylindrical fluidized bed using two different fluids—air
and water—through numerical simulations based on a cou-
pled Computational Fluid Dynamics and Discrete Element
Method (CFD-DEM) approach. The system is composed of
two different types of spherical particles with equal densities
but different diameters (3 mm and 4 mm) arranged in a
layered initial configuration. Key hydrodynamic parame-
ters, including bed expansion, pressure drop and mixing
behavior are analyzed at various superficial velocity values.
Qualitative visualizations and quantitative analyses reveal
that water-fluidized beds exhibit more stable and confined
particle dynamics due to the higher density and viscosity
of the liquid, whereas air-fluidized beds demonstrate greater
particle mobility and enhanced bed expansion. The simulated
pressure drop values show good agreement with theoretical
predictions, with relative errors of 4.08% and 15.6% for
the water and air cases, respectively. These results highlight
the significant influence of fluid properties on fluidization
dynamics and offer practical guidance for the design and
optimization of both liquid—solid and gas—solid fluidized bed
systems.
Keywords: Granular flow, Fluidized bed, CFD-DEM, Parti-
cle mixing.

I. INTRODUCTION

Fluidized beds are widely used in industries such as
hydrometallurgy, mineral processing [1], food engineering
[2], pharmaceuticals [3], and petrochemicals due to their
simple design, uniform solid distribution, efficient fluid—solid
contact, and high heat and mass transfer rates. Compared
to mechanically agitated reactors, they require lower main-
tenance costs and offer better product quality. In practice,
fluidized beds often handle particles with varying size, shape,
and density [4] and operate with different fluidizing media
(e.g., air, water), which influence mixing, segregation, and
fluid—particle interactions [5]. Understanding these effects is
crucial for optimizing system design.

Although several experimental and numerical studies
have examined binary fluidized beds with either air or
water [6], direct comparisons under similar conditions re-
main scarce. Existing studies mainly address minimum flu-
idization velocity, bed expansion, and steady-state pressure
drop [7], leaving a gap in understanding the link between

fluidizing medium, particle mixing, and flow dynamics.

Moreover, most studies, including the present work, con-
sider only a limited number of particle sizes of equal density.
Previous research shows that beds with a broad particle size
distribution tend to exhibit a lower minimum fluidization
velocity compared to those with a narrow distribution [8],
whereas increasing the average particle diameter leads to a
higher minimum fluidization velocity [9]. CFD-DEM studies
have also highlighted the strong influence of polydisperse
particle systems on fluidization behavior and mixing [10].
However, the primary aim of this study is to compare the
influence of different fluidizing media on the behavior of
binary particle distributions.

Numerical simulations provide detailed particle-scale in-
sights that are difficult to obtain experimentally. Typically
two main approaches are available—the Two-Fluid Model
(TFM) [11], which treats both phases as continua, and
the Computational Fluid Dynamics and Discrete Element
Method (CFD-DEM) [2], which models the fluid phase as
a continuum and tracks individual particles. While TFM is
computationally efficient, CFD-DEM captures particle-scale
phenomena such as collisions, trajectories, and fluid—particle
interactions, making it particularly suited for mixing studies.

This work employs CFD-DEM to simulate a three-
dimensional binary fluidized bed with particles of same
density but different diameters. Air and water are used
as fluidizing media in the same geometry, with fluidiz-
ing velocities adjusted to account for the differing fluid
properties, based on the minimum fluidization requirements.
The analysis focuses on flow characteristics, bed expansion
and mixing behavior to compare gas—solid and liquid—solid
systems and assess the influence of the fluidizing medium.

The remainder of this paper is structured as follows.
Section II describes the numerical methodology and CFD-
DEM framework, while Section III presents model validation
against experimental data. Section IV outlines the compu-
tational setup, including initial and boundary conditions,
numerical setup, and the grid independence study. Section
V discusses the simulation results, covering flow behavior
and particle-scale analyses. Finally, the main conclusions are
summarized in Section VI

II. METHODOLOGY

This study uses the open-source CFD-DEM framework
CFDEM®coupling, which couples the CFD solver Open-
FOAM with the DEM engine LIGGGHTS®. The fluid phase
is solved using an Eulerian approach, while the solid phase
is tracked using a Lagrangian DEM approach. Fluid—particle



interactions are modeled through an interphase drag law.

A. Fluid phase
The fluid phase is described by the volume-averaged
Navier—Stokes equations for mass and momentum conser-

vation:
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where «; is the fluid volume fraction, p; the fluid density,
uy the fluid velocity, p the pressure, K, the momentum
exchange term between solid and fluid, and 7 the fluid shear
stress tensor.

B. Solid phase

The solid phase is modeled using DEM, tracking indi-
vidual particles in a Lagrangian framework. Particle motion
follows Newton’s second law:
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where m,; is particle mass, u; translational velocity, F'.
contact force from particle—particle and particle—wall inter-
actions, Fy drag force, I; moment of inertia, w; angular
velocity, T, torque from tangential contact forces, and T's;
torque due to fluid velocity gradients.

C. Fluid-solid interaction
Fluid—particle momentum exchange is modeled via the
drag force:
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where Cy is the drag coefficient, d; the particle diameter,

U, = u;—uy the relative velocity between particle and fluid,
and [ is the interphase momentum exchange coefficient. The
Di Felice drag law [2], derived from experimental data for
solid suspensions and fixed beds, is used in this work.

III. MODEL VALIDATION

The model was validated against the fluidization experi-
ments of Khan et al. [4]. The simulation setup replicated the
experimental geometry—a cylindrical column 0.7 m high
and 0.05 m in diameter—filled with a binary mixture of
particles, having a density of 2230kgm™2. Two particle
sizes—3 mm and 8§ mm—were used, with 120 g of each,
initially packed in two layers; finer particles above the
coarser ones. Water was injected uniformly from the bottom
at a constant superficial velocity Ug, inducing bed expansion.

Five superficial velocities (0.141, 0.149, 0.156, 0.163,
and 0.170ms™!) were simulated for 20 s each. Predicted
bed expansion and particle distribution closely matched
experimental trends. As shown in Figure 1, simulation results
exhibited strong agreement with measured expansions across
all tested velocities, confirming the accuracy of the CFD-
DEM model.
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Figure 1: Validation of a binary-mixture solid-liquid
fluidized bed under varying superficial velocities.

IV. COMPUTATIONAL SETTING

The CFD-DEM simulations were configured using the
geometry, mesh, initial conditions, and numerical parameters
described below.

A. Domain, mesh, boundary and initial conditions

The simulations were carried out in a three-dimensional
cylindrical column (D = 0.14 m, H = 0.45 m) containing
a binary mixture of cohesionless spherical particles (d; =
4 mm, dy = 3 mm, p, = 2230kgm™?) arranged in two
packed layers, with coarse particles below fine ones and
1 kg of each type. The bottom and top boundaries acted
as inlet and outlet, respectively, while the side wall was
impermeable. Boundary conditions for velocity and pressure
are summarized in Table 1. The system was allowed to settle
under gravity before fluid injection. First, a base hexahedral
mesh was generated and subsequent local refinements near
walls and particle—fluid interfaces were carried out.

Table 1: Boundary conditions for velocity and pressure
fields

Property Inlet Wall Outlet
Velocity, u; U, ms™'  Noslip 24 =0
Pressure, p L = =0

B. Numerical setup

CFD-DEM coupling was implemented by linking Open-
FOAM for the fluid phase with LIGGGHTS for particle
tracking. Separate time steps were used for fluid (Atcpp =
5.0 x 1079 s) and particles (Atpey = 2.0 x 107° s), with
data exchanged at every CFD step. The maximum Courant
number was kept below 0.5. Particle and fluid properties, as
well as other simulation parameters, are listed in Table 2.

C. Grid independence study

Mesh independence was assessed at U; = 3U,,y where
for both water and air cases using coarse (31x31x84),
medium (37x39x105), and fine (45x47x126) grids; Uy,
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Figure 2: Bed expansion height versus number of cells
for both case at U, = 3U,,,s

denotes the minimum fluidization velocity. Bed expansion
in water was insensitive to mesh size, while for air the
coarse grid slightly overpredicted expansion; medium and
fine meshes produced nearly identical results. Figures 2
compare the results, confirming the medium mesh selection.

Table 2: CFD-DEM simulation parameters

Parameter Value Unit
Cell geometry

Column height, H 0.45 m
Column diameter, D 0.14 m
Solid phase

Large particle diameter, d; 4 mm
Small particle diameter, ds 3 mm
Particles density, p, 2230 kgm™3

Young’s modulus, E 1.0 x 107 Pa

Poisson’s ratio, v 0.3 -
Restitution coefficient, e 0.6 -
Sliding friction coefficient, t 0.2 -
Rolling friction coefficient, u, 0.002 -
Initial bed height, H; 0.093 m
Initial solid holdup, ay 0.626 -
Liquid phase

Liquid density, py, 1000 kgm™3
Liquid viscosity, [, 0.001 Pa:s
Gas density, p, 1.2 kgm™3

Gas viscosity, ftq 1.9x107%  Pas
Simulation setup

CFD time step, Atcpp 5.0 x 1076 s
DEM time step, Atpgwm 2.0 x 1075 s

Simulation time 20 S

V. RESULTS AND DISCUSSION

In this section, gas—solid and liquid—solid fluidized beds
are compared under similar conditions using bed expansion,
pressure drop, solid fraction profiles, Lacey Mixing Index,
and particle trajectories to evaluate fluidization behavior.

A. Fluidization behavior

The fluidization behavior was studied for air and water
as fluidizing media by varying the superficial velocity. For
each fluid, six 20 seconds simulations were performed at
0.5Upm s, Uny, 1.5Unf, 2.0Up, ¢, 2.5Up, ¢, and 3.0U,, 5. The
minimum fluidization velocity was first estimated using the
Wen and Yu (1966) correlation. Velocity ranges were scaled
for each medium according to the calculated U, .

Bed performance was evaluated primarily through bed
expansion, which depends on fluid velocity, particle proper-
ties, and geometry. Figures 3 and 4 show particle distribu-
tions at 3U,, . In water, the bed expanded uniformly with
stable particle suspension due to higher density and viscosity,
which enhance drag and promote homogeneous mixing. In
air, the bed expanded more and exhibited vigorous particle
motion, a result of lower density and viscosity producing a
more extended fluidization regime.

B. Pressure drop

Before fluidization, the bed is in a fixed (packed) state,
and the variation of pressure drop (per unit bed height) is
related to the superficial velocity as given by the Ergun’s
equation [12]:
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where AP is the pressure drop, H., is the bed height, ;7 is
the fluid viscosity and d; is calculated using the Sauter mean
diameter. Figures 5 and 6 present a comparison between the
numerical and the analytical pressure drop calculated using
Equation (6). The minimum fluidization velocity, which is
shown as Ups in the above figures, was determined using
the empirical correlation proposed by Wen and Yu [13],
expressed as:
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where Ar represents the Archimedes number, defined as
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Some difference in the numerical and theoretical prediction
of the minimum fluidization velocity is apparent from the
figures, which is expected due to the assumptions involved
in theoretical estimates. In the theoretical prediction in
Figures 5 and 6, the pressure drop is assumed to remain
constant once the minimum fluidization condition is reached.

At the point of minimum fluidization, the upward fluid
flow lifts the particles, generating a drag force that balances
their effective weight (i.e. the weight reduced by buoyancy).
Consequently, the pressure drop across the bed equals the
effective weight of the suspended particles and can be
expressed as:

AP = He(pp — ps)(1 — ay)g. ()

This expression is derived from a simplified force balance
on a uniform bed at the onset of fluidization. The bed height
used here is the initial bed height, which is nearly equal to
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Figure 3: Qualitative results showing fluidization behavior, including bed height and particle mixing, at different time
instances for a superficial velocity of U; = 3U,,s in the water case. The system contains two types of particles with
radii 7; = 1.5 mm and r, = 2.0 mm, both having the same density and a mass of 1kg each.
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Figure 4: Qualitative results showing fluidization behavior, including bed height and particle mixing, at different time
instances for a superficial velocity of U; = 3U,,; in the air case. The system contains two types of particles with
radii 71 = 1.5 mm and r, = 2.0 mm, both having the same density and a mass of 1kg each.
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Figure 5: Comparison of pressure drop versus superficial
velocity from CFD-DEM simulations and theoretical
correlations for the water case.
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Figure 6: Comparison of pressure drop versus superficial
velocity from CFD-DEM simulations and theoretical
correlations for the air case.

the bed height at minimum fluidization velocity. As shown
in Figures 5 and 6 for the numerical prediction of pressure
drop, in both air and water-fluidized beds, the pressure
drop rose with superficial velocity in the fixed-bed regime
until reaching the minimum fluidization velocity, where drag
balances bed weight. Beyond U,,, the bed expanded and
AP remained nearly constant. Due to higher density and
viscosity, water achieved fluidization at a lower U, than air.
Fluidization AP of 0.703kPa and 1.472kPa was found using
simulations for water and air, respectively. These correspond
to errors of 4.08% (water) and 15.6% (air) compared to
theoretical predictions (from Equation (??)), showing good
agreement, especially for the liquid system.

C. Particle Mixing

Particle mixing, a key factor in fluidized bed perfor-
mance, was examined in gas and water systems using
colored-particle tracking at Uy = 3U,, ¢ for 20 s. Both cases
started from the same packed configuration. Visualizations
(Figures 3 and 4) show that particle spread rate and extent
depend strongly on the fluidizing medium. Mixing was
quantified using the Lacey mixing index (LMI) [14]. As

=
o
1

Lacey mixing index
o
ot
1

—fl— Air
——@—-—- Water
0.0 T T T T T
0 5 10 15 20
Time (s)

Figure 7: Evolution of the Lacey mixing index.

shown in Figure 7, water-fluidized beds exhibit gradual,
steady LMI growth, indicating progressive mixing. In con-
trast, the air case shows rapid early mixing, followed by a
slower approach to uniformity. These results confirm that
fluid density and viscosity significantly influence mixing
dynamics and efficiency.

VI. CONCLUSIONS

A coupled CFD-DEM framework was employed to study
binary particle fluidization in a 3D cylindrical bed using air
and water as fluidizing media. Under the same geometry,
fluidizing velocities were adjusted to account for differences
in fluid properties. The effects of these properties on bed
expansion, pressure drop, and particle mixing were then
evaluated and compared for both fluids.

Fluid properties were found to strongly influence the
fluidization regime. Water’s higher density and viscosity
produced uniform expansion, stable pressure profiles, and
confined particle motion, while air yielded larger bed ex-
pansion, greater particle mobility, and stronger fluctuations.
Simulated minimum fluidization velocity and pressure drop
agreed well with theoretical predictions, confirming model
accuracy.

Mixing, quantified via the Lacey mixing index, improved
with increasing superficial velocity, with the fluid medium
influencing both rate and extent. These results underscore
the role of fluid selection in optimizing mixing performance
and mitigating segregation in multiphase reactors.

This work provides quantitative insights into fluid—solid
interactions for both liquid—solid and gas—solid systems, of-
fering a basis for improved design and operation of fluidized
beds.
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NOMENCLATURE

Symbol Description Unit

Cq Drag coefficient of solid particle — (6]
d; Particle diameter m

D Column diameter m

E Young’s modulus Pa

e Coefficient of restitution — (71
Fy Fluid drag force N

F. Contact force N

g Acceleration due to gravity ms~?2 (8]
H Column height m

H, Height of bed m

I Moment of inertia of particle ¢ kg m?

K Momentum exchange term kg m™3 st
m; Particle mass kg

P Pressure Pa

t Time S [10]
T, Net moment due to contact forces Nm

Ty, Moment due to fluid—particle interaction =~ Nm

uy Fluid velocity ms~! (1]
U, Superficial velocity ms~!
Unfnum  Simulation minimum fluidization velocity ms—!
Unt.in Theoretical minimum fluidization velocity ms! [12]
U, Relative velocity (particle—fluid) ms~!

Greek letters

oy Fluid volume fraction —

Qg Initial solid holdup —

B Momentum exchange exponent —

At Simulation time step size S

ff Fluid dynamic viscosity Pas
Loy Liquid viscosity Pas
La Gas viscosity Pas
s Sliding friction coefficient —

Ly Rolling friction coefficient —

v Poisson’s ratio —

pf Fluid density kgm™
Pa Gas density kgm™
Pp Particle density kgm™
Ty Fluid shear stress tensor Pa

wj Particle angular velocity rads™
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