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Abstract: The fluidized bed is a critical reactor in the energy and chemical industries, where the
mixing and agglomeration behaviors of binary particles significantly influence both the efficiency of
reaction processes and the uniformity of final products. However, the selection of appropriate drag
force models remains a subject of debate due to the variability in particle properties and operating
conditions. In this study, we investigated the fluidization behavior of binary mixtures composed of
two different sizes of Geldart-D particles within a fluidized bed, evaluating nine distinct drag force
models, including Wen and Yu; Schiller and Naumann; Ergun; Gidaspow, Bezburuah, and Ding;
Huilin and Gidaspow; De Felice; Syamlal and O’Brien; and Hill, Koch, and Ladd. We focused on
four key parameters: particle mixing degree, migration characteristics, temperature variation, and
mean pressure drop. Simulation results revealed that the choice of drag model markedly affected
mixing behavior, migration dynamics, and temperature distribution. Notably, the Ergun; Gidaspow,
Bezburuah, and Ding; and Hill, Koch, and Ladd models exhibited superior particle mixing uniformity.
While the drag model had a relatively minor impact on particle temperature changes, its selection
became critical in simulations requiring high-temperature precision. Regarding pressure drop, the
Huilin and Gidaspow and Gidaspow, Bezburuah, and Ding models demonstrated smaller and more
stable pressure drop fluctuations. These findings offer valuable theoretical insights into gas–solid
two-phase flow under binary particle mixing and provide practical guidance for the design and
operation of fluidized bed reactors.

Keywords: fluidized bed; drag model; CFD-DEM; particle mixing; unsteady flow

1. Introduction

Fluidized beds are extensively utilized in the energy and chemical industries. Gas–
solid two-phase flows within fluidized beds—such as those involved in coal powder
combustion, biomass gasification, pyrolysis, and desulfurization—entail the mixing of
multi-component particles [1,2]. In coal combustion processes, the interaction between
catalyst particles and coal particles is critical for optimizing fluidization behavior and
enhancing the combustion efficiency of coal. This underscores the importance of a compre-
hensive understanding of the mixing and flow dynamics of multi-component particles in
fluidized bed systems [3].

Drag force is one of the most important interactive forces in gas–solid two-phase
flow systems, significantly affecting the fluid dynamic behavior and the heat and mass
transfer efficiency of particles. Most drag force calculations are based on empirical formulas
that depend on the drag coefficient and the relative Reynolds number of the particles [4].
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The calculation of drag force for individual particles is often relatively straightforward.
The Schiller and Naumann (1933) drag model [5], well-documented in the literature, is
primarily used for calculating drag in dilute gas–solid two-phase flow systems. This
model is suitable for cases where the relative Reynolds number of the particles is less than
800, with a maximum deviation of 5% between the model’s predictions and experimental
results. To extend the application of drag models to higher particle Reynolds numbers,
the DallaValle drag law revises the Schiller and Naumann (1933) drag model, making it
applicable for particle relative Reynolds numbers up to 3000 [6]. Given that the forces acting
on particles in gas–solid two-phase flows can be one-dimensional, two-dimensional, or
even three-dimensional, the Morsi and Alexander (1972) drag model assumes that the drag
coefficient depends solely on the particle’s relative Reynolds number [7]. It introduces three
empirically derived constants to adjust the drag coefficient, making the model suitable for
flow conditions with particle relative Reynolds numbers ranging from approximately one
(the onset of transitional flow) to several hundreds, or even tens of thousands (turbulent
flow). However, the aforementioned drag models are only applicable to spherical particles.
The Haider and Levenspiel (1989) drag model developed a calculation formula for the drag
coefficient based on experimental data [8]. For spherical particles, the relevant coefficients
in the drag coefficient calculation formula are fixed, whereas for non-spherical particles,
the coefficients depend on the particle’s sphericity. The irregular shape of particles and the
mixing of particles of different sizes significantly influence the gas-solid two-phase flow
field. The Ganser (1993) drag model considers the effects of particle shape and distribution
on the flow by introducing Stokes’ shape factor and Newton’s shape factor [9], expanding
its applicability in multi-component systems. In biomass energy materials, where most
particles are cylindrical and fibrous, the Marheineke and Wegener (2011) drag model
introduces the normal and tangential drag components relative to the axis of the cylinder
to simulate the flow of fibrous particles [10].

For dense gas–solid two-phase flows, the calculation of the drag coefficient is typically
adjusted by incorporating the fluid volume fraction [11]. The Wen and Yu (1966) drag
model is applicable when the fluid volume fraction is less than 0.2 [12]. For fluid volume
fractions between 0.2 and 0.7, the Ergun (1952) drag model is more suitable, particularly
in cases involving flows through evenly distributed holes [13]. To further broaden the
applicability of drag models, the Gidaspow, Bezburuah, and Ding (1992) model integrates
both the Wen and Yu (1966) and Ergun (1952) models, yielding a drag coefficient calculation
that can be applied across a wide range of fluid volume fractions [14]. However, since the
Gidaspow, Bezburuah, and Ding (1992) drag model exhibits discontinuity at a fluid volume
fraction of 0.8, the Huilin and Gidaspow (2003) drag model introduces a blending function
to smooth the transition of the drag coefficient [15]. The Di Felice (1994) drag model
improves upon the traditional Wen and Yu and Ergun models by incorporating a particle
volume fraction term in the drag coefficient calculation, making it more appropriate for
high-concentration particle flows [16]. In scenarios involving high particle concentrations
and large particle numbers in two-phase flows, the Parameterized Syamlal and O’Brien
drag model offers notable advantages [17]. To fully account for particle aggregation
and inter-particle interactions in simulations, the Hill and Koch (2001) drag model is
recommended [18]. The Hill, Koch, and Ladd (2006) drag model, which builds on the Hill
and Koch (2001) model, employs a blending function to ensure continuity across different
Reynolds numbers and solid volume fractions [19].

Recent advancements in numerical simulation techniques have significantly enhanced
their role as a critical tool for analyzing complex multiphase fluid dynamics, particularly in
fluidized bed systems [20]. In the case of circulating fluidized bed boilers, which typically
involve gas–solid two-phase flow, two common numerical simulation methods are used:
the Euler–Euler method and the Euler–Lagrange method [21]. The Euler–Euler approach,
often implemented as a two-fluid model, treats both the fluid and solid phases as continuous
media, accounting for potential chemical reactions and mass transfer phenomena between
the two phases. A key challenge in this method lies in handling the dynamics of the
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particles, including interactions between particles, the gas, and the walls [22]. The model
incorporates particle dynamics using empirical closure terms, enabling the solid phase to
exhibit the physical properties of the gas phase. The Euler–Lagrange method, on the other
hand, views the fluid as a continuous phase and the solid as a discrete phase, making it
more suitable for solving bed systems where particle motion and chemical reactions are
significant factors [23]. In 1993, Tsuji et al. conducted the first discrete element method
(DEM) simulation study of solid flow behavior in fluidized beds, achieving successful
results. This method tracks particle motion trajectories by considering interactions between
gas, solids, and wall collisions. In subsequent years, the combination of computational
fluid dynamics (CFD) and DEM has been employed to further investigate gas-solid phase
flows [24].

In specific industrial applications, selecting the most appropriate drag model is crucial
for studying the flow patterns of gas–solid two-phase flows [25–27]. A comprehensive
analysis reveals that many scholars have primarily focused on fluidization velocity, particle
size distribution, distributor plate geometry, particle sizes, and pulse liquid phase flow.
However, there has been relatively little research on the characteristics of drag models
under binary particle mixing conditions. Therefore, this study utilizes the CFD-DEM
bidirectional coupling method to investigate the influence of different drag models on the
internal binary particle mixing conditions in a fluidized bed.

2. Numerical Simulation Method
2.1. Numerical Simulation Method of Fluidized Bed

The gas–solid two-phase coupled CFD-DEM model represents the gas phase using
a continuous approach and the solid phase via the discrete element method. This model
accurately simulates particle motion and determines specific particle parameters at the
microscopic level. Consequently, the CFD-DEM is employed to examine various drag force
models by selecting a constant inlet gas velocity. This approach facilitates the investigation
of the underlying behaviors of the gas–solid phases within a fluidized bed.

2.2. Mathematical Model of the Gas Phase

The motion control equation for the gas phase accounts for the interaction forces
between the gas phase and the particles. A standard two-equation turbulence model is
adopted to establish the Navier–Stokes (N-S) equations. Finally, the SIMPLE algorithm is
employed to solve the phase transition and chemical reaction processes. Consequently, the
continuity equation and momentum conservation equation are obtained as follows [28]:

∂(εgρg)

∂t
+∇ · (εgρg

→
u g) = 0 (1)

∂(εgρg
→
u g)

∂t
+∇·(εgρg

→
u g

→
u g) = ∇·→τ g −∇p +

→
F p→g + εgρg

→
g (2)

In the above formula, εg is the volume fraction of gas phase, ρg is the gas density,
ug is the gas phase velocity after controlling the volume average, Fp→g is the momentum
exchange between gas phase and solid phase, and τg is the gas phase stress tensor. The
expression is as follows:

τg = εgµg[∇·→u g +∇·→u
T
g ] + εg(λg −

2
3

µg)∇·→u g
→
I (3)

where I is the unit tensor and µg and λg are the shear and bulk viscosity of the gas phase,
respectively.

2.3. Solid Phase Control Equation

For the solid phase, each particle is regarded as an independent computational object,
and its position and other physical property-related information is preserved in the compu-
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tation, which is implemented as follows: for a solid phase containing N spherical particles,
which have the same diameter and density, the particles are described in the Lagrangian
coordinate system at the moment, t, of the computation as:

{Xi(t), ui(t), ωi(t), D, ρ, i = l, . . . , N} (4)

where Xi(t) is the position of the i-th particle as shown and ui(t) and ωi(t) denote linear
and angular velocities, respectively. D Indicates particle diameter, ρ Indicates particle
density and the i-th particle mass, mi, and rotational moment of inertia, Ii, are ρ πD3

6 and
mi D2

10 , respectively.
dXi(t)

dt
= ui(t) (5)

mi
dui(t)

dt
= mig + F(i∈k)

d (t) + F(i)
c (t) (6)

Ii
dωi(t)

dt
= T(i)(t) (7)

where g represents the gravity acceleration, F(i∈k)
d represents the flow field force of the

particle, i, in the grid point, k, including the pressure and the viscous force, F(i)
c , representing

the applied force of the collision, and T(i) represents the sum moment of the particle, i.

3. Numerical Simulation Scheme

In this study, ANSYS Fluent 2022 R2 and Rocky 2022 R2 are employed to simulate
the dynamic behavior of a fluidized bed, shown in Figure 1 [29]. A 3D fluidized bed
model is established, comprising walls, an air inlet, and an outlet, with dimensions of
0.1 m in length, 0.02 m in width, and 0.5 m in height. The grid and boundary conditions
are defined, transient simulation is enabled, gravity acceleration is set, and the k-epsilon
model is selected to describe turbulence. The energy equations are also enabled, and the
flow conditions for the inlet and outlet are specified. In Rocky software, physical settings
such as gravity direction and the numerical softening factor are configured. The model
from Fluent is imported, and thermal boundary conditions are applied to the walls. The
material properties of particles are then defined, and particles of varying sizes are created.
By configuring input options and solver parameters, the particles are distributed, and
simulations are initiated. After the simulations, the results are analyzed, with the 3D view
and histogram illustrating particle flotation, settling, and mixing in different regions. The
trend in particle mass within specific regions is examined, and the variation in particle
temperature over time is observed. Additionally, the fluid temperature distribution is
visualized in 3D, and the pressure drop is calculated to assess fluid flow properties. This
study successfully simulates the fluidized bed’s dynamic behavior by coupling ANSYS
Fluent 2022 R2 and Rocky 2022 R2 software, offering in-depth analysis and interpretation
of the results, which provides a theoretical foundation and technical support for future
engineering applications. The specific parameter settings are provided in Table 1.

Table 1. Simulates the specific parameter settings.

Parameters Symbol Value Unit

Gravity Y-direction g 0 m/s2

Gravity Z-direction g −9.81 m/s2

Numerical Softening Factor µ 0.1 -
Particles Density ρ 1500 kg/m3

Particles Young’s Modulus E 1 × 107 N/m2

Particles Thermal Conductivity κ 1.4 W/m·k
Particles Specific Heat cp 800 J/kg.K

Smaller Size dp 0.003 m
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Table 1. Cont.

Parameters Symbol Value Unit

Bigger Size dp 0.005 m
Seed Coordinates x y z 0, 0, 0.01 m

Box bounds Center Coordinates x y z 0, 0, 0.025 m
Box bounds Dimensions L H W 0.1, 0.1, 0.1 m

Particle Mass m 0.06 kg
Particle Temperature T 363 K

Files to keep - 2 -
Slover time t 5 s

Slover General - GPU -
Velocity Magnitude ug 2 m/s

Turbulence Hydraulic Diameter DH 0.1 m
Inlet Temperature T 293.15 K

Outlet Temperature T 293.15 K
Time Step Size tCFD 0.001 s
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4. Analysis and Discussion
Effect of the Drag Force Model on the Fluidization Characteristics

In a particle–fluid two-phase system, the drag force, which is influenced by factors
such as the Reynolds number of the particles, their shape, and the temperature difference
between the gas and particles, is the most significant force acting on the particles. Numerous
drag force models have been documented for dense gas–solid two-phase flow, including
the Wen and Yu model, Ergun model, Gidaspow, Bezburuah and Ding model, Huilin and
Gidaspow model, De Felice model, Syamlal and O’Brien model, Hill, Koch, and Ladd
model, and Hill and Koch model. To explore differences between dense gas–solid two-
phase flow and single-particle drag model predictions, the Schiller and Naumann model for
single-particle flow is added for comparative analysis. This study investigates the influence
of different drag models on particle mixing by selecting a fluidized bed inlet flow velocity of
2 m/s and performing numerical simulations with nine drag models to analyze the particle
evolution process, mixing dynamics, and temperature variations. As shown in Figure 2, the
Schiller and Naumann model displays minimal particle flow evolution, while the Hill and
Koch drag model exhibits limited particle mixing, behaving similarly to the Wen and Yu
model in particle evolution but without distinct particle stratification. This is because the
Hill and Koch model combines the Ergun and Wen and Yu models, automatically selecting
the Wen and Yu model when local porosity exceeds 0.8. In contrast, the Hill, Koch, and Ladd
model results in a higher bed height during particle evolution compared to other models,
without significant stratification between large and small particles. This model extends
the Hill and Koch model by describing the drag coefficient as a continuous function of
the porosity field and relative Reynolds number, though the drag coefficient itself remains
relatively constant. Comparisons of drag coefficients under the same Reynolds number
and porosity reveal that the Hill, Koch, and Ladd model has a larger drag coefficient than
other models. Further analysis of Figure 2 shows that the particle evolution processes of the
Wen and Yu; Ergun; Gidaspow, Bezburuah and Ding; Huilin and Gidaspow; De Felice; and
Syamlal and O’Brien models are similar, with the notable observation that larger particles
gradually settle to the bottom of the bed over time, while smaller particles rise to the top.

To analyze particle mixing at different positions within the bed during flow, a partition
labeling method is applied, dividing the particles into five distinct colors, labeled 0 through
5, from the bottom to the top of the fluidized bed. Figure 3 illustrates the mixing of
large and small particles under various drag models, including the Wen and Yu; Ergun;
Gidaspow, Bezburuah, and Ding; Huilin and Gidaspow; De Felice; Syamlal and O’Brien;
and Hill, Koch, and Ladd models. Significant mixing occurs in the Hill and Koch drag
model due to its large fluctuation amplitude, resulting in almost complete mixing across
regions after 1 s and indicating a higher degree of mixing. In contrast, the Ergun; Gidaspow,
Bezburuah, and Ding; Huilin and Gidaspow; and Syamlal and O’Brien models exhibit
smaller fluctuation amplitudes, leading to more uniform particle mixing observed only
after 4 to 5 s, particularly in the lower regions of the bed, where most particles remain as
protodomain particles. The Wen and Yu, De Felice, and Hill and Koch drag models display
minimal mixing between adjacent regions due to their lower fluctuation amplitudes, and
after 5 s, most particles show little displacement, resulting in a low degree of mixing. The
Schiller and Naumann drag force model, under these simulation conditions, shows almost
no particle flotation, leading to an absence of significant particle mixing.
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Figure 2. Evolution of different drag models under mixing of large particles.

To focus the analysis on a specific part, a clustered bar graph is employed to examine
particle mixing in different regions across various drag models during the simulation. As
illustrated in Figure 4, the particles are divided into five distinct axis segments for this
analysis. The first segment ranges from [1, 1.8], the second from [1.8, 2.6], the third from
[2.6, 3.4], the fourth from [3.4, 4.2], and the fifth from [4.2, 5]. The fourth axis segment is
selected as the specific region of interest. The simulation times of 1 s, 2 s, 3 s, 4 s, and 5 s are
observed and discussed for each drag model, focusing on the ratio of particles within the
fourth segment. The clusters of simulation times are then plotted according to the results.
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Figure 4. Schematic diagram of fluidized bed.

Figures 5–9 illustrate the particle mixing ratios in various drag models over time.
The Schiller and Naumann drag model, serving as a reference, consistently maintains a
100% ratio because the particles do not float, resulting in no change in the defined region.
In Figure 5, at 1 s, the Wen and Yu, Hill and Koch, and De Felice models show a high
proportion of particles in the specific axis segment, indicating weak mixing, while the
other drag models exhibit proportions around 40%. The Syamlal and O’Brien model, with
a proportion of approximately 5%, displays significant fluidization characteristics at the
initial moment. At 2 s (Figure 6), the proportion of all drag models in the specific axis
segment falls below 60%, with the Wen and Yu, De Felice, and Hill and Koch models
showing increased mixing compared to 1 s, while the remaining drag models show little
change. In Figure 7, the Wen and Yu model experiences a notable decrease in mixing, with
the proportion of particles in specific axial segments dropping from 50% at 2 s to 20% at 3 s,
while the other models maintain similar particle mixing levels as at 2 s. By 4 s (Figure 8), the
Wen and Yu and Hill and Koch models undergo significant changes, with the Wen and Yu
model’s particle proportion in specific axis segments increasing from 20% to 41%, indicating
noticeable particle flow and a decline in bed height between 3 s and 4 s. Conversely, the
Hill and Koch model continues to show a decreasing particle proportion in specific axis
segments from 1 s to 5 s, reflecting weak remixing. The other drag models exhibit particle
distributions similar to those at 3 s. In Figure 9, by 5 s, the mixing ratios across all drag
models become relatively consistent, with the Ergun; Gidaspow, Bezburuah, and Ding;
and Hill, Koch, and Ladd models achieving the most uniform mixing, as evidenced by
relatively even particle distributions across the five regions.
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To analyze the particle mass change during the flow process in a specific axis segment,
the ratio of the particle mass in the defined region to the current particle mass is used as the
initial reference for tracking the particle mass fraction fluctuation in the fourth axis segment
for each drag model over time. As shown in Figure 10, the Hill, Koch, and Ladd drag
model exhibits the least stable amplitude compared to other models, with the proportion of
particles in the fourth axis segment remaining almost unchanged. In contrast, the De Felice,
Syamlal and O’Brien, and Hill and Koch models show rapid frequency fluctuations with
large amplitudes between 1 and 3 s, gradually stabilizing after 3 s. The Ergun, Gidaspow,
Bezburuah and Ding, and Huilin and Gidaspow models display a steep drop in the 0 to
0.5 s range, followed by a gradual recovery and stabilization after 0.5 s, indicating that the
fluidization processes of these models are relatively stable, with no significant agitation.
The Schiller and Naumann drag model is used as a reference, as its particles exhibit minimal
flotation, resulting in negligible changes in the defined region.
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Figures 11–13 provide insights into the particle temperature behavior across different
drag models over time. Figure 11 shows that the Schiller and Naumann drag model
experiences the least reduction in mean particle temperature, but due to the lack of particle
flotation under the simulation conditions, it is not considered further. The final average
temperatures of the other drag models are relatively close. In Figure 12, the lowest particle
temperature over time indicates that the Hill, Koch, and Ladd model exhibits the smallest
decrease in temperature during the 1 s to 5 s period, maintaining the highest minimum
temperature, with a slight increase between 3 s and 4 s. The other drag models show a
consistent, linear decrease in the lowest temperature. Figure 13 highlights the maximum
temperature changes of particles from 1 s to 5 s, revealing three distinct trends: the Hill,
Koch, and Ladd model shows the largest decrease in maximum temperature, while the
Ergun; Gidaspow, Bezburuah, and Ding; Huilin and Gidaspow; and Syamlal and O’Brien
models demonstrate a moderate decrease, with final temperatures being relatively close.
The Wen and Yu, Schiller and Naumann, De Felice, and Hill and Koch models display the
lowest maximum temperature curves but retain the highest final temperatures.
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Figure 14 illustrates the temperature change process of both particles and fluid. The
dotted area at the back of the fluidized bed particles represents the fluid temperature, as
well as the temperature of all particles during the simulation. Between 0 s and 1 s, the
temperature begins to decrease, as indicated by the blue color, which is caused by heat
transfer between the particles and the fluid. The comparison of different drag models in the
figure shows that drag influences particle fluidization behavior, thereby affecting the heat
transfer between the particles and the fluid. It is important to note that during fluidization,
when bubbles form, the fluid phase temperature is significantly higher in the center of the
bubble.
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Figure 14. Change process of particle and fluid temperature.

Figure 15 shows the average pressure drop process in the fluidized bed. The
Schiller and Naumann drag model serves as a reference, showing no oscillations in the
pressure curve. In contrast, the Hill, Koch, and Ladd drag model exhibits the largest
pressure fluctuation range with an unstable frequency. The pressure drop fluctuation
ranges for the other drag models are relatively uniform, with the fluctuation frequencies
of the Huilin and Gidaspow and Gidaspow, Bezburuah, and Ding drag models being
notably consistent and stable.

Figure 15. Pressure drop process of the fluidized bed.

Figure 14. Change process of particle and fluid temperature.

Figure 15 shows the average pressure drop process in the fluidized bed. The Schiller
and Naumann drag model serves as a reference, showing no oscillations in the pressure
curve. In contrast, the Hill, Koch, and Ladd drag model exhibits the largest pressure
fluctuation range with an unstable frequency. The pressure drop fluctuation ranges for the
other drag models are relatively uniform, with the fluctuation frequencies of the Huilin
and Gidaspow and Gidaspow, Bezburuah, and Ding drag models being notably consistent
and stable.
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5. Conclusions

This study employs the CFD-DEM to investigate the fluidization behavior of binary
particle mixing in a fluidized bed under different drag models, aiming to analyze key
parameters such as particle mixing degree, migration characteristics, temperature variation,
and pressure drop. The research offers valuable insights into gas–solid two-phase flow
under binary particle mixing conditions, providing a reference for future studies and
practical applications in the design and optimization of fluidized beds. The conclusions
drawn from the findings are as follows:

(1) Large particles generally settle to the bottom of the bed, while smaller particles float
to the top. Among the drag models, the Huilin and Gidaspow model achieves particle
stratification at 2 s, demonstrating its effectiveness in predicting particle movement
trends.

(2) The Ergun; Gidaspow, Bezburuah, and Ding; and Hill, Koch, and Ladd models
provide the most uniform particle mixing, with particle distribution in the five regions
showing consistent mixing behavior. These models exhibit a strong capability for
achieving uniform particle distribution across the bed.

(3) The choice of drag model has minimal impact on particle temperature at lower sim-
ulation temperatures. However, the Hill, Koch, and Ladd model shows a larger
temperature variation range, making it more suitable for simulations where tempera-
ture fluctuations are significant.

(4) The analysis of pressure change at both ends of the fluidized bed reveals that the Huilin
and Gidaspow and Gidaspow, Bezburuah, Ding models exhibit stable and small
pressure fluctuation ranges, making them ideal for applications requiring consistent
pressure behavior.
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