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ABSTRACT 
Drag models are essential the simulation of liquid-solid fluidized beds, a type of multi-phase flow system utilized in various chemical 

and process industries. Accurate prognosis of the behavior of particles in fluidization is relevant to better performance and efficiency, 

which allows for accurate predictions regarding pressure decrease and fluidization conditions, i.e., fixed bed, bubbling, turbulent, or 

homogeneous regimes, are needed, and deeper insight into particle suspension and segregation behavior with possible applications to 

mixing operations and system stability. Five drag models; Schiller & Naumann model, Dallavalle model, Haider & Levenspiel model, 

Brown & Lawler model, and Di Felice model are presented, to understand the drag force in terms of its role in governing hydrodynamic 

behavior during fluidization process, and choose the best probe model. Comparisons between the numerical results for the five models 

are done; to select appropriate model based on flow regime, porosity, bed height, and particle Reynolds number. The comparisons 

indicate, the Schiller & Naumann, Dallavalle, and Haider & Levenspiel models exhibit similar trends, in close accord with the 

experimental findings over the tested extent of velocities. Whereas the Brown and Lawler model tends to underpredict the bed height, 

particularly at higher inlet velocities. Discrepancy indicates a more conservative estimation drag force on the particle phase, which can 

lead to less intense fluidization dynamics. The Di Felice model gives the most conservative predictions overall, for the bed height over 

the velocity range. Selection of appropriate drag force model must correspond to the particular attributes of the fluidized bed stand with 

the specific characteristics of the fluidized bed under study, which is a liquid-solid fluidized bed.  
https://creativecommons.org/licenses/by-nc/4.0/ 
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1 Introduction  

Fluidized beds find extensive applications in powder processing 

industries because of their high heat and mass transfer rates, and 

uniform temperature distribution. Fluidized beds applications 

like; drying, granulation, combustion, gasification, and catalytic 

reactions involving fine particulate solids. Fluidized particles 

display three characteristic regions due to an upward fluid: a fixed 

bed state, a fluidization state, and a thoroughly mixed state [1]. To 

design, optimize, and scale up fluidized bed reactors efficiently 

for these applications, it is essential to understand and predict the 

fluidization behavior of particles over different operating 

conditions. Particles in fluidized conditions are typically raised 

and homogenized by a balance between gravitational and drag 

forces.  

Proper modeling of these systems by selecting the right models 

necessitates capturing the complex particle-fluid interaction, 

which is dominated by drag forces. Drag force occurs when a 

body moves through a fluid and pushes the fluid in the direction 

it is moving. This cause a resistance within the fluid produce 

reaction force, which is tangential in direction to the motion of 

the body, is transferred; the drag force experienced in particulate 

suspensions. Existence a large number of numerical solutions 

aimed at investigating the interaction between the continuous and 

particulate phases, the overall picture is still complex to catch.  

Several of research studies presenting drag force models have 

been published, dealed with flow through filters, sedimentation, 

and fluidization [2-4]. Bed of solid particles in a particulate form 

can be either bubbling or turbulent, depending on several 

parameters. Parameters, including particle size, rotational speed, 

geometry, density, distribution, nozzle shape, ambient pressure 

and temperature, bed design, and interstitial fluid flow rate, 

dictate the dynamics of a given system. Primary concerns are 

concerning particle deformation, since fluid approaching the wall 

has a highly variable velocity if the bed is intense, along with the 

definition itself [5]. Accuracy of the classical and more recent drag 

force models for describing flow in a dilute monodisperse bed is 

not so well known. To quantitatively evaluate the effectiveness 
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of drag force models, it is crucial to compare simulations with 

experimental studies of fluidized beds. The powders from Group 

A, which are fluidized with water, are analyzed through a 

straightforward drag model, for this purpose three various drag 

force closure formulations are used: the novel constitutive 

relation proposed by Mazzei and Lettieri [6], the closure proposed 

by Wen and Yu [7], and the equation derived from the empirical 

correlation proposed by Ergun [8]. The variation in drag force 

models typically demonstrates that the chosen model 

significantly influences bed expansion, voidage distribution, and 

mixing dynamics [9]. The Gidaspow model [10] is widely favored 

due to its effective balance between computational efficiency and 

precision. Beetstra and Tenneti models [11, 12] offer better fidelity 

under some conditions but at a higher computational cost [13]. 

One such research topic is the prediction of fluidization behavior, 

for intricate systems like fluid-solid systems through simulation 

based on combined computational fluid dynamics with the 

discrete element method (CFD-DEM) (multi-phase approach), 

which is a grid-based approach, coupled with drag force models, 

and is employed to simulate fluid-solid systems; yet selecting the 

appropriate drag model remains a critical problem. Combined 

CFD-DEM has become a standard method for investigating the 

intricate interactions between fluids and particles at a microscale, 

thus providing valuable information on flow dynamics, bed 

properties, and momentum exchange between phases [14,15]. This 

context, the precision of momentum transfer is governed mainly 

by the drag force model, which measures the opposition the fluid 

offered to the particles.  Many drag force models have been 

formulated to explain fluid-solid interactions in fluidized beds. 

The drag force models applied in this context are designed to 

predict the drag exerted on the solid phase within a fluidized bed. 

The fundamental interactions between particles and fluids, as 

well as interactions among particles themselves, dictate the 

behavior of solid-fluid systems, which cannot be sufficiently 

captured by the drag force model. As a result, significant attention 

is devoted to modeling the drag force experienced by the 

fluidized bed. A suitable drag model is essential, given that it 

directly influences primary macroscopic parameters like the bed 

height (expansion) and particle velocity distribution [16]. 

Different drag models, as presented in the multi-phase research, 

are used to investigate the effect of such drag models on bead 

dynamics in solid-fluid systems [17]. Drag force correlations and 

their influence on the action of a gas fluidized bed are studied 

through CFD-DEM simulation [18-20]. An all-encompassing 

analysis of the interactions among fluids and particles, in addition 

to the interactions between the particles themselves, is performed 

by integrating CFD-DEM methodologies [21,22]. Filippo et al. [23] 

conducted a study that involved comparing various drag force 

models used in spouted beds through the integration CFD-DEM. 

A significant variety of drag correlations have been developed 

based on experimental, empirical, and semi-analytical principles, 

each demonstrating different degrees of accuracy across various 

flow regimes and particle volume fractions. The oldest and most 

cited correlations includes the Wen and Yu model [7], which is 

restricted to dilute conditions and might not best describe fluid-

particle interactions in denser beds. Sophisticated models, 

including those by Di Felice [24] and Syamlal-O'Brien [25], account 

for local porosity and are better applied to dense and 

heterogeneous fluidized systems. Gidaspow model [10] combines 

the Wen-Yu and Ergun correlations, adapting itself in response to 

voidage. It has become increasingly popular in multi-phase 

simulations for its good balance of accuracy and computational 

efficiency. Recent advances in CFD-DEM have enabled more 

comprehensive evaluations of these drag models by directly 

comparing simulation results with experimental data or high-

fidelity simulations. The performance of each model can vary 

considerably depending on the particle Reynolds number, bed 

geometry, and particle size distribution [26,27]. It is imperative to 

evaluate stringently and benchmark drag models in the same 

simulation framework to determine their applicability and 

predictive accuracy in liquid-solid fluidized beds. 

This study aims to analyze the effect of different drag force 

models on the hydrodynamics of fluidized beds using a CFD-

DEM approach. A systematic analysis of fluidization dynamics, 

bed expansion, porosity distribution, and particle movement, this 

work presents a comparative analysis of the impact of five 

different drag models on results under controlled conditions. The 

innovation of this research lies in the development of an optimal 

drag force model for liquid-solid fluidized beds, utilizing a 

combination CFD-DEM across various inlet liquid velocities. 

Overall aims of such an integrated approach were: 1) to 

understand profound influence of drag force in terms of its role 

in governing hydrodynamic behavior during fluidization process, 

2) impact of choosing alternative models of drag in DEM has 

been evaluated, and 3) to evaluate overall effectiveness of the 

DEM-CFD integration to simulate the fluidization process 

accurately. 

2 Methods and Materials  

In an unresolved CFD-DEM system, the computational fluid 

dynamics (CFD) divides the domain into finite volumes or cells, 

treating it as a continuum (Eulerian), while the discrete element 

method (DEM) accurately represents the solid phase as 

collections of individual particles, whose mechanics are analyzed 

using a Lagrangian approach. Forces are exchanged between the 

two phases, the philosophy of the Eulerian-Lagrangian (coupling 

approach in CFD-DEM) [28-32]. 

2.1 Fluid phase 

CFD is a numerical tool to study dynamics in a fluid regime of a 

mixture of gas, liquid, and solids. CFD model originates in 

conservation of mass and momentum laws, an evolution of the 

standard theory for mass and motion of continuous phases. 

Microscopic fluid behavior may be studied with macroscopic 

descriptors such as velocity, pressure, and temperature solved in 

a continuum field. Fluid phase is usually treated as a continuum 

field and described by finding the volume-averaged Navier-

Stokes equations, where fluid (liquid) is incompressible and the 
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physical properties (density, viscosity, etc.) are constant. 

Equations of continuity and momentum are given by; 

- Continuity equation: 

0. = fu
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- Momentum equation: 
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Where the fluid properties are: ρf  is density, uf  is velocity, pf  is 

pressure, µf  is viscosity, and g is gravity. 

2.2 Solid phase  

The particles are analyzed using the Discrete Element Method 

(DEM), a numerical model designed to simulate the behavior of 

individual solid particles. DEM was initially proposed by Cundall 

and Strack in 1979 [33] to articulate the mechanical dynamics 

inherent in granular systems. It is presumed that the interaction 

points among particles are represented as individual points, 

particularly in the case of spherical forms. When particles 

traverse a medium, they establish multiple contact points with 

each other, involving both normal and tangential forces. 

Under conditions of fluidization, each spherical particle 

experiences two primary forces: the buoyant force, which is 

influenced by the particle's weight, and the drag force from the 

continuous fluid phase, which acts to bring the system to a state 

of equilibrium. The magnitude of these forces can be readily 

altered based on the presence of surrounding fluid, density 

differences of the two phases, particle size and shape, and flow 

direction, it is becoming increasingly challenging to predict the 

fluidization process behavior of the bed numerically. 

The particles in a fluidized bed exhibit two types of movement: 

transitional and rotational, as described by Newton's second law. 

Therefore, the equation that governs the transitional motion of 

particle i can be described as; 
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Where for ith particle, ipm ,  is the mass, 
ipv ,
is the velocity.  N is 

particles number which candidate to touch with particle i, ijcf , is 

the contact force between i and j, iDf , is the particle i and fluid 

interaction which is coupling CFD-DEM, and Bf
is buoyancy 

force which is expressed by; (
ipfB Vgf ,
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−=

), and ipV ,  is the 

particle volume.  

On the other hand, the governing equation for particle i (rolling) 

can be written as;  
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Where I is moment of inertia, ω is angular velocity, and R is 

radius of the particle.   

t
ijT


 is tangential torque, 

r
ijT


friction torque 

due to rolling, and 
ext

iT


represents all external torques. 

2.3 Drag force models 

In fluidized beds, drag force is an essential force in the dynamics 

of fluidized bed. The drag force regulates the strength of the fluid 

flow that transports solid particles, while also playing a role in 

maintaining stability within the fluidized bed. Drag force may 

also be the cause of the difference in the velocity of particles in a 

fluidized bed, even though all share the same properties of 

particles, the influence of the surrounding fluid, and the reactor 

shape. Euler's equations state that the acceleration of a fluid-

particle velocity is connected to the pressure gradient of the flow. 

The drag force on a solid particle is directly connected to the 

equation of motion of the fluid (Navier-Stokes equation).  Drag 

force is expressed as;  

( )ipfipfipiDfiD vuvuACf ,,,,,
2

1 
−−= 

                                         (5)                                                                                                          

Where iDC , is drag coefficient, and ipA , is the cross-sectional 

area. Particle Reynolds number is defined as;  
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Where ipd , is diameter, 
f

is fluid porosity in an element, elementV

is volume of element, and particlesV
is volume of all particles in a 

component. Therefore, it is possible to calculate the porosity of 

particles from: fp  −=1
. 

Over the years, various drag force models have been developed 

to characterize such an interactive behavior adequately; 

nevertheless, most commercially available software-applied drag 

force models have been understood for almost one century [34]. 

Several models for drag force include the kinematic drag model, 
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the Schiller & Naumann model, the Dallavalle model, the Haider 

& Levenspiel model, the Brown & Lawler model, and the Di 

Felice model. The drag models are chosen cause of their 

applicability for Reynolds number ranges, and typical uses in 

CFD-DEM simulations for liquid-solid fluidized beds. Feature of 

each model can be summarized: 1) Schiller & Naumann is a 

widely recognized empirical correlation used to calculate drag 

force on spherical particles within multi-phase flow systems [35]. 

The model is based on the premise that particles are spherical and 

that the flow around them is steady. 2) The Dallavalle model is a 

correction to the Stokes drag law for particle shape factors and 

high Reynolds numbers [36]. It is applicable when the shape of 

particles (e.g., elongated or irregular grains) has an essential 

influence on drag, 3) Haider & Levenspiel proposed a generalized 

drag coefficient correlation applicable across a broad range of 

Reynolds numbers (Re = 0.01 to 10,000) [37], which is for 

irregular or nonspherical particles and more general than Schiller 

& Naumann, and Dallavalle, 4) Brown & Lawler model includes 

a drag correction for small, irregular particles, incorporating 

particle shape and particle-fluid slip effects [38], and extend 

Schiller-Naumann to include shape corrections, and The Di 

Felice model is the most popular model used for fluidized bed 

simulations [24].           It employs a voidage correction to represent 

particle interactions in dense multi-phase flows, and ideal for 

fluidized bed and packed bed simulations. Drag coefficients for 

each model are expressed as;   

- The drag coefficient for the Schiller and Naumann 

model: 

    

                                                                                                   (7)                                                                                 

- The drag coefficient for the Dallavalle model: 
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- The drag coefficient for the Haider and Levenspiel 

model: 
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- The drag coefficient for the Brown and Lawler: 
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- The drag coefficient for the Di Felice model: 
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The choice of drag force models plays a crucial role in the 

fluidization behavior predicted through fluidization analysis. 

Each drag force model is derived from a distinct set of 

assumptions, selecting of a suitable model needs careful 

consideration about the particular application of fluidization 

analysis [1, 39, 40]. Models are compared and assessed in terms of 

their predictive performances under bubbly, turbulent, poly-

disperse, and circulating fluidization conditions using simple and 

complex numerical methods. 

3 Combined CFD-DEM 

A highly effective numerical approach for analyzing drag force 

in fluidization involves the integration CFD-DEM. Investigating 

of fluid-solid interaction using CFD is a standard numerical 

method employed to comprehend and solve fluidization 

problems. The biggest challenges in fluidization research with 

CFD comes from such complex processes as back mixing, solid 

mixing, and defluidization, whose complexities cannot be 

appropriately treated with CFD simulations. The contrary, DEM 

remains a powerful tool for studying a fluidization system 

through its ability to simulate individual particles within a 

system. DEM is utilized to analyze the behavior of individual 

particles, encompassing their movement and interactions during 

collisions. However, it is not ideally suited for assessing drag 

forces that influence the direction of adjacent solid phases [22]. 

Inconsistencies in the assessment of drag force will significantly 

impact the final computation results. Consequently, it is 

advantageous to develop methods for evaluating drag forces 

using a DEM-CFD simulation model. A result, CFD-DEM 

integration is increasingly seen to be simulation-led. There is a 

pressing necessity to combine these methods and introduce new 

applications to advance research in both academic and 

commercial settings. 

4 Results and Discussions  

In systems involving liquids and solids, accurately forecasting 

hydrodynamic behavior is heavily dependent on the model used 

for drag force. The drag model determines the resistance faced by 

a particle, which is influenced by factors such as porosity 

(voidage within the bed), bed expansion, and stability. Effects of 

drag force during the fluidization process, in terms of specific 

variation in drag forces, are examined through the combined 

CFD-DEM. Such, behavior of drag force in such an integrated 

CFD-DEM model is examined in detail. 

4.1 Validation of the combined CFD-DEM model 
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The simulations performed in Geldart's D group for 2.0 mm 

spherical particles have been simulated. Numerical results come 

from a column with diameter 96 mm and a height 1 m, in which 

an ascending fluid (water) passes through a spherical particles 

composed of glass beads (initial height of bed at rest: 100 mm), 

over a range of inlet water velocities (0.02, 0.06, 0.10, and 0.14 

m/s) through the bed. Values of the parameters are shown in 

Table 1. 

Table 1: Physical parameters. 

Symbol Parameter Value 

dp Particle diameter (mm) 2.0 

ρp Density of glass( kg/m3) 2450 

E Young’s modulus (GPa) 70.0 

ν Poisson’s ratio (-) 0.35 

μs Coefficient of friction, (-) 0.30 

e Coefficient of restitution, (-) 0.90 

N Number of particles (-) 2640 

ρf Density of fluid (kg/m3) 1000 

μf Viscosity of fluid (Kg/m.s) 0.001 

∆𝑡 Time step  (s) 5*10-5 

t Simulation time (s) 10.0 

4.2 Validation of the drag force models 

No universal drag model is ideal for every situation; hence, the 

choice of model should be determined by factors such as flow 

regime, solid concentration, and experimental validation. No 

universal drag model is ideal for every situation; hence, the 

choice of model should be determined by factors such as flow 

regime, solid concentration, and experimental validation. Many 

empirical and semi-empirical models are proposed depending on 

flow regimes and experimental conditions. In this study, five 

different models of drag force have been selected from a larger 

set of available options. The models are Schiller & Naumann, 

Dallavalle, Haider & Levenspiel, Brown & Lawler, and Di Felice. 

These models use porosity, Reynolds number, and local solid 

volume fraction differently, leading to significant differences in 

their drag predictions in various regimes. 

Figure 1 presents the plotting of numerical results for the five 

models versus experimental findings from literature [40]. Bed is 

comparatively compact at low velocities, whereas at higher 

velocities, suspension of particles is appreciably larger, 

suggesting the development of complete fluidization. Among the 

models evaluated, the Schiller & Naumann, Dallavalle, and 

Haider & Levenspiel models exhibit comparable patterns, 

demonstrating a strong correlation with the experimental data 

across the velocity range of 0 to 0.14 m/s. In contrast, the Brown 

& Lawler model tends to slightly underestimate the bed height, 

particularly at higher inlet velocities. Di Felice model presents the 

most conservative predictions overall, with a consistent 

underestimation of the bed height over the velocity range.  

 

Figure 1: Variation of the maximum bed height with inlet velocity for 

various drag models with experimental data. 

4.3 Comparison of fluid-solid drag force models 

Accurate modeling is crucial for forecasting bed hydrodynamics, 

including aspects like expansion and particle distribution. Drag 

models provide a mathematical representation of the momentum 

exchange between the fluid and solid phases. Selection of an 

appropriate drag model significantly influences the accuracy of 

CFD-DEM simulations. 

Figure 2 shows the time development of bed porosity (voidage) 

for liquid-solid fluidization. In Figure 2 (a), the porosity increases 

rapidly from the initial packed-bed condition during the early 

transient phase (0-2 s) as fluidization begins. Schiller & 

Naumann, and Dallavalle models yield a quicker increase in 

porosity than Di Felice, which exhibits higher resistance for 

dense suspensions. After 2 seconds, porosity oscillations are seen, 

caused by dynamic interaction between the fluid and particle 

phases. Oscillations are more dramatic in the Haider & 

Levenspiel, and Brown & Lawler models because of their 

complicated Reynolds number. 

In Figures 2 (b), 2 (c), and 2 (d), porosity reveals that the porosity 

for all models raises sharply in the early stage, marking the 

transition from packed to fluidized conditions. Time development 

of porosity demonstrates the dynamic behavior of the particle bed 

during fluidization. All models exhibit an initial rapid expansion 

of bed porosity, typical of the fluidization onset, as particles move 

from a packed to a suspended and expanded arrangement. After 

this transient regime, the porosity tends to level off, which signals 

the attainment of a quasi-steady fluidized condition. Figure 2 

depicts that Schiller & Naumann, and Dallavalle models show 

similar trends because of their shared reliance on the Reynolds 

number. In comparison, the models by Haider & Levenspiel, and 

Brown & Lawler incorporate additional adjustments for particle 

shape and flow conditions, resulting in a broader range of 

responses. 
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Figure 2: Evolution of bed porosity with time for a range of inlet velocities; a) vf = 0.02 m/s, b) vf = 0.06 m/s, c) vf = 0.10 m/s, and d) vf = 0.14 m/s.                                    

The Figure 2 (d) reveals that, in early period (0-4 s) is marked by 

temporary particle rearrangements and fast expansion while the 

liquid phase overcomes the inertia of particles. Past this transient 

period, the system tends toward a quasi-steady state, where bed 

height and porosity show small oscillations about mean values. 

In general, the Schiller-Naumann, and Dallavalle models yield 

the most stable fluidization profiles, with Haider & Levenspiel 

and Brown & Lawler showing medium stability, and Di Felice 

giving the least stable response. This comparison underscores the 

critical role played by drag formulations in the prediction of the 

damping of particle motions and the attainment of equilibrium in 

liquid-solid fluidized beds. 

The illustration Figure 3 (a) depicts the initiation of fluidization, 

indicating that the bed height is significantly influenced by a low 

inlet water velocity of 0.02 m/s. Bed height was influenced by the 

velocity of the fluid, as illustrated in Figures 3 (b), 3 (c), and 3(d). 

In these models, there is a noticeable quick increase in bed height 

during the first 2 seconds, which aligns with the initial transient 

acceleration of the fluid and the onset of fluidization. As is 

apparent, the Di Felice model predicts the highest bed expansion, 

likely due to its better treatment of particle Reynolds number 

dependence, which reduces drag for specific flow regimes.  

Following the initial transient phase depicted in Figure 3 (d), the 

bed typically reaches a near-steady state. During this phase, 

fluctuations in bed height and porosity are minimized, resulting 

in a stable system in terms of its fluidization characteristics. The 

Schiller & Naumann, and Dallavalle models are recognized as the 

most stable among drag models, as both produce smooth 

porosity-time curves with minimal fluctuations following a quasi-

steady state. The medium stability is Haider & Levenspiel, and 

Brown & Lawler, where slightly higher oscillations are seen due 

to additional sophistication in their drag corrections. The most 

unstable among them is Di Felice, as its continuous fluctuations 

in porosity indicate a tendency to underestimate drag in fluidized 

conditions.
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Figure 3: Illustrates variation of bed height with simulation time for a range of inlet water velocities, a) vf = 0.02 m/s, b) vf = 0.06 m/s, c) vf = 0.10 m/s, 

and d) vf = 0.14 m/s. 

In the bottom part of the bed (0-0.15 m) as presented in Figure 4 

(a), the porosity is between 0.4 and 0.6, reflecting a densely 

packed bed caused by high particle concentration. The transition 

zone, illustrated in Figures 4(b) and 4(c), represents the 

fluidization interface within the range of 0.15 to 0.45 m, 

characterized by dominant particle-fluid interactions and 

noticeable bed expansion. Figure 4 (d) shows the top of the bed 

(above 0.45 m), which is characterized by a sudden rise in 

porosity towards values near 0.9. Discrepancy among the models 

becomes evident here, indicating the sensitivity of CFD-DEM 

simulations to the choice of drag model. The Schiller & Naumann 

and Di Felice models yield slightly higher porosity here, 

reflecting stronger drag forces with earlier mobilization of 

particles and greater bed expansion. The Dallavalle, and Brown 

& Lawler models predict lower porosity values, corresponding to 

a denser bed structure and less fluidization. Haider & Levenspiel 

model provides intermediate predictions that successfully capture 

dense and dilute regimes.  

The relationship illustrated in Figure 5 between bed porosity and 

the particle Reynolds number serves as a crucial indicator of 

fluidization dynamics within liquid-solid systems. At low Rep 

presented in Figure 5 (a), all models predict a gradual increase in 

porosity due to the onset of particle rearrangement and the partial 

suspension of solids. In this regime, differences between models 

are minor, with Schiller-Naumann, and Dallavalle showing 



 
  

 

 

 

  

 
    

 

Al-Arkawazi  Passer 7 (Issue 2) (2025) 1053-1063 Original Article 

1060 

almost overlapping predictions. This similarity is expected as 

both models are based on spherical particle assumptions and have 

comparable formulations at low Reynolds numbers.  As the 

number of repetitions increases, illustrated in Figures 5 (b), 5 (c), 

and 5 (d), notable differences among the models become clear. 

Haider & Levenspiel model predicts the highest porosity values; 

this suggests that Haider & Levenspiel tend to overestimate drag 

in highly fluidized conditions, leading to larger bed expansions. 

In contrast, the Brown and Lawler model yields the lowest 

porosity values, which can be attributed to its primary 

applicability to fine particles in low Rep regimes, thus 

underestimating fluidization for larger Rep. Finally; the Di Felice 

model exhibits intermediate predictions, with a smooth and 

realistic porosity evolution across the full Rep range. This 

behavior stems from the model’s explicit voidage correction 

term, which accounts for local particle concentration effects and 

is particularly suitable for dense fluidized beds.  

Figure 4: Variation of bed porosity (voidage) as a function of bed height for a range of inlet water velocities, a) vf = 0.02 m/s, b) vf = 0.06 m/s, c) vf = 

0.10 m/s, and d) vf = 0.14 m/s. 
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Figure 5: Illustrates variation of porosity with Rep for a range of inlet water velocities,  a) vf = 0.02 m/s, b) vf = 0.06 m/s, c) vf = 0.10 m/s, and d) vf = 

0.14 m/s. 

In Figure 6, the horizontal axis displays the particle Reynolds 

number (Rep), which varies from 0 to 500, while the vertical axis 

illustrates the dimensionless drag coefficient (CD). At low 

Reynolds numbers (Rep < 10), the models converge, reflecting 

the well-known Stokes flow behavior (CD ∝ 1/ Rep). However, as 

Rep increases beyond ~100, notable discrepancies arise; the 

Schiller & Naumann and Haider and Levenspiel models exhibit a 

relatively moderate increase in drag, whereas the Brown & 

Lawler and Di Felice models tend to predict slightly lower drag 

coefficients at higher Rep values. Dallavalle model shows 

intermediate behavior, capturing the transition between regimes. 

Noted discrepancies at high Reynolds numbers are relevant to 

fluid-solid interactions, where they are an essential factor in the 

exchange of momentum, thus affecting the simulation of 

fluidized beds and particulate transportation.  

Conclusions  

In this study, the impact of five commonly utilized drag force 

models Schiller & Naumann, Dallavalle, Haider & Levenspiel, 

Brown & Lawler, and Di Felice on the hydrodynamics of liquid-

solid fluidized beds was thoroughly investigated using a coupled 

CFD-DEM approach. Among the major conclusions drawn from 

the comparisons were: 

1. Bed height (expansion) and porosity (voidage): 
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Figure 6: Illustrates CD versus Rep for five drag force models for inlet 

velocity vf = 0.14 m/s. 

The Haider & Levenspiel model could predict bed height 

behavior in intermediate fluidization. The model developed by 

Brown and Lawler consistently underpredicted bed height at high 

superficial velocities. The Haider & Levenspiel model's tendency 

to overestimate porosity may result in inflated rates of mixing and 

heat transfer in CFD-DEM simulations. Under-prediction, as seen 

with the Brown and Lawler model, might result in incomplete 

fluidization and reduced predicted mass transfer rates. The 

Schiller-Naumann model, while widely utilized, is generally 

precise only within moderate ranges of replications. For complex 

systems that include high concentrations of particles, models such 

as those proposed by Di Felice or Dallavalle are more suitable. 

2. Hydrodynamic characteristics: 

The Di Felice model better predicted the interphase transfer 

momentum because it contains a dynamic correction factor 

including porosity (voidage) dependent drag reduction in packed 

particle areas. The Dallavalle model featured more drag force 

fluctuations and introduced differences in the solid circulation 

patterns.  

3. Compatibility of CFD-DEM coupling: 

The results emphasize the requirement of selecting appropriate 

drag models based on the flow conditions and the particle-fluid 

behavior. According to this research, the Schiller-Naumann and 

Di Felice models are suggested as the most adaptable models for 

general liquid-solid fluidization applications. Finally, while all 

five models are applicable to CFD-DEM simulations, the drag 

correlation plays a crucial role in determining the fluidization 

pattern that is predicted. Exploiting the merits of Schiller-

Naumann at low Reynolds numbers and the Di Felice at high 

porosity (voidage) variations might offer improved predictions 

for large plant-scale liquid-solid fluidized beds.  

The variation among models highlights that drag correlations 

strongly influence bed height (expansion), fluidization onset, and 

stability. The results of this study shed new light on model-

dependent fluidization behavior and highlight the importance of 

model validation with experimental data, particularly when 

simulating reactor scales of industrial size. Future extensions of 

the present work must consider the effect of polydispersity and 

nonspherical particles, and drag force calibration through data-

driven inverse modeling. 
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