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Abstract  Fluidized bed systems are widely used in chemical and process engineering due to their excellent heat and mass transfer properties. Numerical 
modeling plays a crucial role in understanding and optimizing these systems, with the two-fluid model enhanced by the kinetic theory of granular flow (TFM-KTGF) 
and the coupled computational fluid dynamics-discrete element method (CFD-DEM) emerging as leading techniques. This study employs both models to simulate 
gas-solid interactions and evaluates their performance using a benchmark single-spout fluidized bed case validated against experimental data. Subsequently, 
the influence of particle presence on gas flow distribution through a non-uniform distribution plate is analyzed. The results show that the common assumption 
of proportional flow distribution based on the opening area fraction is inaccurate, particularly in the presence of particles. Both numerical models capture this 
behavior, with TFM-KTGF showing trends comparable to the coupled CFD-DEM approach but at significantly reduced computational cost. The findings highlight 
the importance of accounting for particle dynamics in distribution plate design and promote the TFM-KTGF approach as a promising alternative for large-scale 
simulations.
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Highlights
	▪ Two models (TFM-KTGF and CFD-DEM) simulate gas-solid flow in fluidized beds.
	▪ Models validated against experiments, showing good particle behavior prediction.
	▪ Gas flow depends on particles, not just plate geometry.
	▪ CFD-DEM captures local effects; TFM-KTGF is faster and predicts overall trends.

1  INTRODUCTION

Fluidized bed systems are widely used in various industrial 
applications due to their excellent heat and mass transfer 
characteristics. Their applications range from chemical reactors and 
drying processes to coating technologies and catalytic cracking. 
Despite these advantages, fluidized beds remain inherently complex 
systems, where interactions between the gas and solid phases must be 
thoroughly understood to ensure efficient and stable operation [1,2].

With recent advances in computational modeling, the two-fluid 
model with added kinetic theory of granular flow (TFM-KTGF) 
and the coupled computational fluid dynamics-discrete element 
method (CFD-DEM) have emerged as powerful tools for simulating 
the complex behavior of fluidized bed systems. The TFM-KTGF 
approach treats both the gas and solid phases as interpenetrating 
continua within the Eulerian-Eulerian framework, with kinetic 
theory of granular flow (KTGF) playing a key role in characterizing 
particle behavior and inter-particle interactions. In contrast, the 
coupled CFD-DEM approach models the motion and interactions of 
individual particles in a Lagrangian framework, while the gas phase 
is treated using computational fluid dynamics (CFD) in the Eulerian 
framework. Although the coupled CFD-DEM approach provides 
a detailed resolution of particle dynamics, its complexity and high 
computational cost make it less practical for large-scale simulations 
compared to TFM-KTGF [3].

Esgandari et al. [4] conducted a direct comparison between these 
two modeling approaches in fluidized single- and multi-spout bed 
systems. Their study demonstrated that the TFM-KTGF approach 

could successfully replicate key hydrodynamic features observed in 
the more computationally intensive coupled CFD-DEM approach. 
Similarly, Ostermeier et al. [5] compared both numerical models for 
gas-solid fluidized beds and reported consistent global trends between 
them. These findings highlight why the TFM-KTGF approach is 
increasingly favored in both research and industry, offering reduced 
computational times while maintaining comparable predictive 
accuracy. Additional studies have examined the capabilities and 
limitations of both models through practical multiphase case studies 
of fluidized bed systems [6-9].

Flow distribution plays a crucial role in the proper functioning of 
fluidized bed systems, directly influencing particle mixing and the 
effectiveness of heat and mass transfer. One of the most essential 
components for ensuring optimal flow is the gas distribution plate 
(also referred to as the distributor), which governs the efficiency 
of gas introduction into the particle bed. Numerous designs for 
distribution plates have been proposed in the literature for various 
applications [10,11]. A numerical analysis of gas flow distribution 
across a distribution plate in a Wurster coater setup was performed 
by Kevorkijan et al. [12], using the coupled CFD-DEM approach. 
Their study revealed that both particle loading and inlet airflow rate 
significantly impact the uniformity of gas distribution across the 
distribution plate.

Recent studies have further examined distributor performance, 
pressure drop, and mixing efficiency in both industrial and laboratory 
systems, emphasizing that distributor geometry and particle 
properties critically influence hydrodynamic behavior inside the 
system. Gonzalez-Arango and Herrera [13] used CFD to study how 
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the geometries of different gas-phase distributors inside the fluidized 
bed affect the pressure drop and particle mixing. Their findings 
highlight that both the physical design and material selection of 
distribution plates can substantially impact system performance. The 
optimization of a uniform distributor inside a fluidized reactor was 
carried out by Singh et al. [14] using CFD, providing an example of 
the effective use of modeling tools for equipment optimization.

Although distribution plates are often designed based on open 
area fractions, this geometric assumption neglects particle effects that 
can significantly modify local gas flow through resistance, clustering, 
and particle-fluid interactions. While TFM-KTGF and coupled CFD-
DEM have been widely used to analyze fluidized bed hydrodynamics, 
few studies have investigated how particles influence gas distribution 
through non-uniform distribution plates. To address this gap, the 
present study employs both TFM-KTGF and coupled CFD-DEM 
modeling to evaluate deviations from theoretical, area-based flow 
distributions and to provide insights for more accurate distribution 
plate design. This approach improves our understanding of why 
simplified assumptions sometimes fail in real-world applications, 
especially when complex physical phenomena are involved. The 
analysis was conducted on a laboratory-scale fluidized bed equipped 
with a distribution plate featuring non-uniform opening sizes, as 
shown in Fig. 1.

Fig. 1.  A distribution plate with non-uniform opening sizes in a laboratory-scale  
fluidized bed system was used for the numerical analysis

2  METHODS

2.1  Two-Fluid Model with Kinetic Theory of Granular Flow

In the TFM approach, both the gas and solid phases are treated as 
independent continua, each governed by its own set of conservation 
equations. For a non-reactive, transient, isothermal system composed 
of spherical particles, the governing equations for mass and 
momentum conservation are expressed as follows:
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where the subscripts g and s denote the gas and solid phases, 
respectively. Here, αi represents the volume fraction, ρi the density, 
vi the velocity, ps the solid pressure, τi the stress tensor, g the 
gravitational acceleration, and β the momentum exchange coefficient, 
which is computed using a drag model. The solid pressure and the 
stress tensor of the solid phase are calculated as follows:
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where Θs is the granular temperature, ess is the restitution coefficient, 
g0,ss is the radial distribution function, µs is the granular viscosity, and 
λs is the bulk viscosity. The radial distribution function is a correction 
factor that accounts for the increased probability of particle collisions 
as the solid phase becomes dense. It is calculated using the following 
equation:
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where αs,max represents the packing limit. The granular viscosity, 
which is related to the particle motion and interactions, is calculated 
using the following expressions [15,16]:
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where ds is the particle diameter. The bulk viscosity characterizes the 
material’s response to changes in pressure and stress and is calculated 
by the equation proposed by Lun et al. [17]:
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The granular temperature Θs is a parameter introduced into the 
two-fluid model (TFM) through the KTGF. It quantifies the random 
fluctuations in particle velocity arising from collisions. The transport 
equation for the granular temperature is given as follows:
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where I is the identity tensor, κΘs
 is the diffusion coefficient, γΘs

 
represents the collisional dissipation of energy, and ϕgs denotes the 
interphase energy transfer due to particle-gas interactions. The first 
term on the right-hand side of the granular temperature equation 
corresponds to energy production; the second term represents the 
diffusion of granular temperature; the third accounts for energy 
dissipation due to particle collisions; and the final term describes 
the energy exchange between the gas and solid phases. The diffusion 
coefficient is calculated using the following expression [15]:
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where η is a dimensionless parameter calculated as:
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The collisional dissipation of energy represents the rate at which 
energy is dissipated within the solid phase due to collisions between 
particles. It is calculated using the following equation [17]:
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Lastly, the interphase energy transfer is described by the following 
equation [18]:
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In this work, the Syamlal-O’Brien drag model, which is based on 

the terminal velocity of particles, is employed [19]. The momentum 
exchange coefficient β is calculated using the following equation:
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where vr,s is the terminal particle velocity, ds is the particle 
diameter, CD is the drag coefficient, and Res is the Reynolds number 
for the solid phase. The drag coefficient, originally derived by Dalla 
Valle [20], is calculated as follows:
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The terminal particle velocity for the solid phase is calculated 
using the following expression [21]:
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2.2  Coupled CFD-DEM

In the coupled CFD-DEM approach, the hydrodynamic behavior 
of the gas within a gas-solid fluidized bed is modeled using CFD 
to solve the conservation equations. The particles in the system are 
modeled using the discrete element method (DEM), which governs 
their motion and interactions based on Newton’s second law of 
motion [22]. In the CFD-DEM coupling, the solid volume fraction 
field is computed using a volumetric diffusion Lagrangian-Eulerian 
mapping, which smoothly distributes each particle’s volume to the 
surrounding cells while conserving the total solid phase volume. For 
particle i with mass mi, the following set of equations is solved:

m d
dti

j

nv F F Fi
ij
c

i
f

i
g� � �

�
�

1

, 	 (22)

I d
dti

j

ni��i
ijM�

�
�

1

, 	 (23)

where vi is the translational velocity of the particle, ωi is the angular 
velocity, Fij

c  and Mij are the contact force and torque resulting from 
particle interactions with other particles and walls, Fi

f  is the force 
due to particle-fluid interactions, Fi

g  is the gravitational force, and Ii 
is the moment of inertia. Particle-particle and particle-wall 
interactions are described using a soft-sphere model, where normal 
and tangential forces relative to the contact are modeled separately 
[23]. The normal contact force component is modeled using the 
Hysteretic linear spring model [24], as shown below:
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where Fij
n t,  and Fij

n t t,( )��  are the normal forces acting on particle i at 
the current and previous time steps, ∆t is the time step size, s is the 
contact overlap, and Kl and Ku are the loading and unloading contact 
stiffnesses, determined by the particle properties as:
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where subscripts 1 and 2 represent two contacting particles. The 
individual stiffnesses associated with a particle and a wall are 
calculated as:
K E Ll p p, ,= 	 (28)
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where E is the Young’s modulus and L is the particle size. The 
tangential contact force is modeled using the linear spring Coulomb 
limit model. If the tangential force is assumed to be purely elastic, it 
can be calculated using the following equation:
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where Fij
��,( )t t��  is the tangential contact force at the previous time 

step, Kτ is the tangential stiffness, and ∆sτ is the tangential overlap 
difference between two time steps. Since this model does not allow 
the tangential force to exceed Coulomb’s limit, the complete 
expression is given as follows:
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where µ is the friction coefficient. For a more detailed description 
of the model, the reader is encouraged to consult the literature by 
Walton and Braun [24] and Cundall and Strack [22].

The effect of fluid flow across the particle bed is modeled using 
a two-way coupled CFD-DEM approach. The force Fi

f  consists of 
drag and pressure contributions, as shown below:
Fp � �V pp� , 	 (32)
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where Vp is the particle volume, ∆p is the local pressure gradient, Ap 
is the projected particle area in the direction of the flow, and vg − vs,i 
is the relative velocity between particle i and the fluid. The Syamlal-
O’Brien drag model was again used to calculate the momentum 
exchange coefficient, as described in the equations shown above. 
In both numerical models, the k − ω SST turbulence model was 
employed [25].

2.3  Model Validation

The validation of both the TFM-KTGF and coupled CFD-DEM 
models was performed using a benchmark single-spout fluidized bed 
case. The simulation results were compared with experimental data 
reported by Van Buijtenen et al. [26]. In that study, particle velocities 



Process and Thermal Engineering

352   ▪   SV-JME   ▪   VOL 71   ▪   NO 9-10 ▪   Y 2025

were measured using particle image velocimetry (PIV) and positron 
emission particle tracking (PEPT) systems at two different heights: 
0.05 m and 0.10 m from the bottom, as indicated by the red dashed 
lines in Fig. 2.

Fig. 2.  Schematic of the single-spout fluidized bed used for model validation,  
where the red dashed lines indicate the locations where particle velocities were measured

Simulations were performed using two software packages: ANSYS 
Fluent [27] for hydrodynamics and ANSYS Rocky [28] for DEM. A 
uniform numerical mesh consisting of 58,000 hexahedral elements 
was used for both models. The system under study contained 12,000 
spherical glass particles, each with a uniform diameter of 3 mm and a 
density of 2505 kg/m3. The restitution coefficients for all interactions 
were set to 0.97, while the friction coefficients for particle-particle 
and particle-wall interactions were set to 0.1 and 0.3, respectively, 
consistent with previous studies [26,29,30].

Table 1.  Simulation parameters used for the validation study

Parameter Value
Material Glass
Number of particles, N 12000

Particle diameter, ds 3 mm

Particle density, ρs 2505 kg/m3

Restitution coefficient, ess 0.97

Particle-particle friction coefficient, μp‒P 0.1

Particle-wall friction coefficient, μp‒w 0.3
Spout velocity, vsp 43.5 m/s
Background velocity, vbg 2.4 s
Total simulation time, t 20 s

CFD time step, ΔtCFD 10‒5 s

The spout and background velocities at the inlet were set to 43.5 
m/s and 2.4 m/s, respectively, with the pressure outlet set to ambient 
pressure. All walls were assigned with no-slip boundary conditions. 
The total simulation time for both models was set to 20.0 s, with a 
CFD time step of 10−5 s, while the DEM time step was calculated 
automatically within ANSYS Rocky based on the hysteretic linear 
spring model [31]. A summary of all simulation parameters used in 
this study is presented in Table 1.

Figure 3 compares the particle velocity profiles in y direction at 
different simulation times. Figures 3a, b and c show results from the 
TFM-KTGF approach, while Figs. 3d, e and f present results from 

the coupled CFD-DEM approach at t = 6 s (Figs. 3a and d), t = 18 s 
(Figs. 3b and e), and as a time-averaged profile (Figs. 3c and f).

Fig. 3. a), b) and c) Average particle velocity in the y direction obtained using  
the TFM-KTGF approach, and d) e) and f) coupled CFD-DEM approach at:  

a) and d)  t = 6 s, b) and e)  t = 18 s, and c) and f) as a time-averaged result

It is evident that the particle velocities obtained using the TFM-
KTGF approach exhibit a very uniform profile throughout the 
simulation. This behavior arises from the nature of the TFM-KTGF 
model, in which particles are treated as a continuum phase. In this 
framework, there is no discrete mechanism driving the fluid to interact 
with particles in a way that would cause substantial variations in the 
velocity profile over time. In contrast, the velocity profiles obtained 
from the coupled CFD-DEM approach show a noticeable change 
as time progresses. This is because the direct interactions between 
particles and the airflow influence particle velocities, causing the 
profile to evolve dynamically over time.

The time-averaged particle velocity profiles in y direction, along 
the length of the fluidized bed at heights of 0.05 m and 0.10 m from 
the bottom, were compared with experimental data. The results are 
shown in Fig. 4. Good agreement between the numerical model 
predictions and the experimental data is observed, particularly at the 
height of 0.05 m from the bottom. Both numerical models produced 
similar velocity trends, demonstrating the validity of both approaches 
for simulating fluidized bed behavior.

Figure 5 shows the time-averaged particle velocity vectors 
obtained from PIV and PEPT measurements by Van Buijtenen et 
al. [26], along with the corresponding results from this study. Good 
agreement was observed between both the TFM-KTGF and coupled 
CFD-DEM approaches and the experimental data. In the coupled 
CFD-DEM approach, intensive circulation patterns are clearly 
visible, closely matching the experimental observations from PIV 
and PEPT. In contrast, the TFM-KTGF results show less pronounced 
circulation. The slight differences observed between the PIV and 
PEPT vector fields are attributed to challenges inherent in the 
experimental setup, as described by Van Buijtenen et al. [26].

In summary, both the TFM-KTGF and coupled CFD-DEM 
approaches for simulating single-spout fluidized beds provide 
satisfactory predictions of flow dynamics when compared with 
experimental results obtained using PIV and PEPT, despite 
slight deviations. Both models showed good agreement with the 
experimental particle velocity data, as shown in Fig. 3, confirming 
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their reliability of these models for further analyses of flow 
distribution through a non-uniform distribution plate.

2.4  Flow Distribution Analysis

The flow distribution analysis was conducted on the geometry of a 
laboratory-scale fluidized bed system with a non-uniform distribution 
plate, as shown in Fig. 6. The colored sections on the distribution 
plate (Fig. 6c) represent different groups of openings: cyan indicates 
4 mm, magenta 3.5 mm, red 3 mm, blue 1 mm, and green 2 mm. 
To reduce computational cost and simulation time, the geometry 
was symmetrically reduced to a quarter section, while preserving the 
essential flow characteristics.

As in the validation study, ANSYS Fluent [27] and ANSYS Rocky 
[28] were used to simulate multiphase flow using the TFM-KTGF and 
coupled CFD-DEM numerical models, respectively. Both approaches 
used the same numerical mesh, consisting of 1.5 million polyhedral 
elements. The simulations were performed with a total of 300 g of 
zeolite particles, with diameters ranging from 0.5 mm to 5 mm. The 
detailed particle size distribution is provided in Table 2, and the bulk 
particle density was set to 770 kg/m3. These values were selected 
based on the work of Zadravec et al. [32] to reflect realistic conditions 
in a laboratory-scale fluidized bed system. In the TFM-KTGF 
approach, where particles are represented as a continuous phase, the 
particle size distribution was first determined using the population 
balance model (PBM). The discrete method was applied, in which 
the overall particle size distribution is discretized into a finite number 
of size classes. From this distribution, the Sauter mean diameter was 
evaluated and used in the TFM-KTGF model. This ensures that the 
influence of the particle size distribution is captured in an averaged 

manner while maintaining the computational framework of the two-
fluid model. The interaction parameters, including restitution and 
friction coefficients for particle-particle and particle-wall contacts, 
were based on literature values [32] and are summarized in Table 3.

Fig. 6.  a) Laboratory-scale fluidized bed system, b) the simplified geometry,  
and c) distribution plate geometry used in the analysis

Air was introduced into the system through the bottom inlet 
at volume flow rates ranging from 50 m3/h to 70 m3/h, increasing 
in increments of 5 m3/h to examine the effect of inlet velocity on 
flow distribution. Ambient pressure was applied at the outlet, and 
symmetry boundary conditions were imposed on the cut planes to 
represent the quarter geometry. All other walls were assigned no-slip 
boundary conditions to accurately capture near-wall interactions.

Fig. 4.  Time-averaged particle velocity profiles in y direction along the length of the single-spout fluidized bed system at heights of a) 0.05 m, and b) 0.10 m from the bottom

Fig. 5.  Time-averaged particle velocity vector fields in the single-spout fluidized bed system; a) velocity PIV [26], b) velocity PEPT [26], velocity TFM-KTGF, and d) velocity coupled CFD-DEM
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The total simulation time for each case was set to 5 s, with a CFD 
time step size of 10−4 s, while the DEM time step was calculated 
automatically, as in the validation case [31]. This ensured sufficient 
temporal resolution to capture flow evolution and particle behavior 
throughout the system.

Table 2.  Zeolite particle size distribution

Particle size [mm] 0.5 1.0 2.0 3.15 5.0
Mass fraction [%] 0.5 0.8 3.5 77.3 17.9

Table 3.  Restitution and friction coefficients used in this analysis

Particle-Particle Particle-Wall
Restitution coefficient 0.1 0.5
Friction coefficient 0.6 0.5

The complete set of parameters used in flow distribution 
simulations is summarized in Table 4.

Table 4.  Simulation parameters used for the flow distribution study

Parameter Value

Material Zeolite
Total mass of particles, ms 300 g

Particle diameter, ds Table 2

Particle density, ρs 770 kg/m3

Restitution coefficient Table 3
Friction coefficient, μ Table 3

Inlet volume flow rate, V [50, 55, 60, 65, 70] m3/h

Total simulation time, t 5.0 s

CFD time step, ΔtCFD 10−4 s

3  RESULTS AND DISCUSSION

To thoroughly examine the effect of particsles on airflow distribution 
through the fluidized bed distribution plate, multiple simulation cases 
were performed. These included simulations of the system without 
particles, to establish the baseline flow distribution in an empty 
geometry, and simulations with particles using the TFM-KTGF and 
coupled CFD-DEM models to assess the influence of particles on 
flow distribution.

The objective was to compare the simulation results with the 
theoretical flow distribution, which assumes that air distributes 
proportionally according to sthe opening fraction of each hole size 
group on the distribution plate. In other words, the flow rate through 
each group of openings was assumed to correspond to its relative area 
fraction on the plate.

Figure 7 compares the theoretical flow distribution, based on 
the open-area fraction, with the simulation results under different 
operating conditions. The solid lines represent the theoretical flow 
fractions for each group of openings, while the symbols and dashed 
lines correspond to the simulation data at various inlet flow rates. 
Results are presented for both an empty system (without particles) and 
a fluidized system (with particles), evaluated using two multiphase 
modeling approaches: TFM-KTGF and coupled CFD-DEM. The 
figure illustrates that the actual flow distribution deviates from the 
theoretical prediction even in the absence of particles, with these 
deviations becoming more pronounced when particles are introduced. 
In particular, the system containing particles shows clear shifts in 
the flow fractions through each opening group (e.g. 3 mm, 3.5 mm 
and 4 mm opening groups experience increased flow relative to the 
geometric assumption, while the 1 mm and 2 mm groups exhibit 
reduced flow). Furthermore, increasing the inlet air flow rate slightly 

Fig. 7.  Flow distribution through distribution plate openings of different sizes at various inlet air volume flow rates
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alters the distribution, indicating that operating conditions influence 
how gas is channeled through the distributor.

These findings highlight that particle interactions introduce 
additional resistance and non-uniformity in local flow paths that 
cannot be captured by geometric assumptions alone, emphasizing the 
importance of modeling approaches that explicitly account for the 
particle phase.

A broader overview of the flow distribution is presented in Fig. 
8, where the flow fractions for each opening size group are averaged 
across all inlet air flow rates. The results again confirm a significant 
mismatch between the theoretical distribution and the actual 
simulated distribution, particularly in the presence of particles.

Differences between the results obtained using the TFM-KTGF 
approach and those from the coupled CFD-DEM approach are also 
evident. These differences stem from the fundamental modeling 
approaches: TFM-KTGF treats the particle phase as a continuum, 
whereas the coupled CFD-DEM explicitly tracks individual particles. 
This distinction influences not only the flow predictions but also the 
computational performance of each model.

From a computational perspective, the TFM-KTGF approach 
proved to be significantly more efficient. Because it does not resolve 
individual particle trajectories, it requires far fewer computational 
resources than the coupled CFD-DEM model, which solves the 
equations of motion for each particle. In our simulations, the TFM-
KTGF model completed each run approximately five times faster 
than the coupled CFD-DEM model on the same hardware. This 
substantial difference in computational time underscores the appeal 
of TFM-KTGF for large-scale simulations involving high particle 
counts.

4  CONCLUSIONS

In this study, we investigated gas flow distribution through a non-
uniform distribution plate in a laboratory-scale fluidized bed system 
using two numerical approaches: TFM-KTGF and coupled CFD-
DEM. Both approaches were employed to examine their behavior 
and predictive capability in a laboratory-scale fluidized bed. CFD-
DEM provides detailed particle behavior, capturing particle-fluid 
interactions and heterogeneities, while TFM-KTGF efficiently 
predicts global flow trends. Using both methods allows us to evaluate 
how particle effects influence gas distribution and to assess the 
validity of the continuum assumptions in the TFM framework. Both 
models were validated against experimental data from a single-spout 
fluidized bed and demonstrated satisfactory agreement in predicting 
particle velocity profiles and overall flow behavior. These results 
confirm that both approaches can capture the essential features of 
fluidized bed dynamics.

This study demonstrates that particle effects can substantially alter 
the flow distribution in non-uniform distribution plates, despite the 
conventional assumption that gas flows proportionally to open area. 
By explicitly comparing the TFM-KTGF and coupled CFD-DEM 
approaches, we evaluated these deviations and provided evidence that 
particle-fluid interactions must be considered in distributor design. 
Incorporating the non-uniform plate geometry alongside realistic 
particle behavior bridges the gap between theoretical assumptions 
and actual flow patterns, offering a framework to guide improved 
design strategies for laboratory-scale fluidized beds.

Both numerical approaches captured the dynamic behavior of the 
particles, albeit with some differences. 

The coupled CFD-DEM approach provided more detailed 
results by tracking individual particles, their interactions, and their 
influence on the flow, highlighting particle-fluid interactions that 
are not captured by simple geometric assumptions. In contrast, the 

TFM-KTGF approach treats the particle phase as a continuum, which 
smooths out these details but still accurately represents the overall 
behavior on a global scale. A key advantage of the TFM-KTGF 
approach is its computational efficiency: in this study, it completed 
the simulations approximately five times faster than the coupled 
CFD-DEM approach on the same hardware, making it a practical 
choice for larger systems.

Fig. 8.  Flow distribution through distribution plate openings of different sizes,  
averaged across all inlet air volume flow rate cases

While the coupled CFD-DEM approach captures particle-scale 
effects with high fidelity, its computational cost makes applications 
to large or industrial-scale fluidized beds impractical with current 
resources. Conversely, the TFM-KTGF model, though efficient, 
relies on a continuum treatment of the granular phase, which may 
smooth out local heterogeneities such as clustering or jet instabilities. 
These differences highlight that each model has inherent limitations, 
and their predictions should be interpreted within the context of 
laboratory-scale systems.

It should be emphasized that the present simulations were 
performed for laboratory-scale geometries, and direct extrapolation 
of the findings to full industrial-scale fluidized beds requires 
caution. Although the observed trends provide valuable guidance for 
distributor plate design, additional validation at pilot or industrial 
scale would be necessary to fully confirm the transferability of these 
results. Future work should therefore focus on bridging the gap 
between laboratory validation and industrial application.
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Analiza distribucije toka plina v lebdečem sloju z uporabo modela 
dveh tekočin s kinetično teorijo granularnega toka in sklopljenega 
CFD-DEM: numerična študija

Povzetek  Sistemi z lebdečim slojem se pogosto uporabljajo v kemičnem 
in procesnem inženirstvu zaradi svojih odličnih sposobnosti prenosa 
toplote in snovi. Numerično modeliranje ima ključno vlogo pri razumevanju 
in optimizaciji teh sistemov, pri čemer se med vodilne uveljavljata model 
dveh tekočin, dopolnjen s kinetično teorijo granularnega toka (TFM-KTGF) 
in sklopljena računalniške dinamike tekočin z metodo diskretnih elementov 
(CFD-DEM). V tej študiji sta uporabljena oba modela za simulacijo interakcij 
med plinom in trdnimi delci ter ovrednotena njuna učinkovitost na primeru 
eksperimentalnega primera iz literature. Analiziran je bil tudi vpliv delcev na 
porazdelitev toka   plina skozi ne-uniformno distribucijsko ploščo. Rezultati 
kažejo, da je pogosta predpostavka o sorazmerni porazdelitvi toka glede 
na delež odprtin nepravilna, zlasti v prisotnosti delcev. Oba numerična 
modela zajameta to vedenje, pri čemer TFM-KTGF kaže trende primerljive 
s sklopljenim CFD-DEM pristopom a pri bistveno nižjih računskih časih. 
Ugotovitve poudarjajo pomen upoštevanja dinamike delcev pri oblikovanju 
distribucijskih plošč ter promovirajo uporabo TFM-KTGF kot obetavno 
alternativo za simulacije na velikih sistemih.

Ključne besede  lebdeči sloj, distribucijska plošča, model dveh tekočin s 
kinetično teorijo granularnega toka, sklopljen CFD-DEM, distribucija toka
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