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Article Highlights 
• A conical spouted bed, applied to drying operations, was simulated by CFD-DEM 
• Different particle rotation conditions, turbulence, and drag models are evaluated 
• Analysis of particle rotation indicates its importance in CFD-DEM simulation 
• Koch-Hill and Gidaspow drag models showed better agreement with the experimental 

data 
• The standard k-ε turbulence model showed a greater agreement with experimental 

data 
 
Abstract 

The input parameters, empirical, and semi-empirical models significantly influ-
ence the responses obtained by CFD-DEM simulations. In this work, the 
effects of three turbulence models, three conditions of the particle rotation, and 
five drag models, on the fluid dynamic behavior of a conical spout bed applied 
to the drying of sorghum grains were evaluated. Experimental data on the 
solids pressure drop, height, and shape of the fountain were used to validate 
the simulations. Results showed the importance of including the particle rot-
ation in the model to approximate the results simulated with the experimental 
behavior. Compared with experimental data, considering the particle rotation 
by the Dennis et al. model, the deviation was 2% for the fountain height and 
9.18% for the pressure drop. Whereas, for the model without the particle rot-
ation, the deviations were 106.33 and 42.31% for the fountain height and 
pressure drop, respectively. For the analyzed case, the standard k-ε turbu-
lence model showed a greater agreement with the experimental data. For the 
drag models evaluated, the best fit with the experimental data was obtained by 
the Koch-Hill drag model, followed by the Gidaspow model, with deviations 
less than 10%. 

Keywords: drag model, particle rotation, turbulence model, sorghum 
grains. 

 
 

The mathematical modeling of the fluid dynamic 
behavior in spouted beds follows two main methods. 
The first, known as two-fluid model (TFM), considers 
the solid and fluid phases as continuous and 
interpenetrating, and the properties of the solid phase 
can be described by the kinetic theory of granular flow 
(KTGF). This approach is widely used [1-4]. The 
second, called computational fluid dynamics/discrete 
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element method coupled (CFD-DEM), considers the 
fluid phase as continuous, while the solid phase is 
treated as discrete from the modeling of the individual 
motion of each particle present in the system. Studies 
that employ CFD-DEM are being conducted mainly to 
evaluate fluid dynamics characteristics [5-8]. Through 
this method, it is possible to obtain information on the 
particle scale, such as the forces acting between 
particle-particle, particle-wall, as well as track the 
particle individually. For the success of simulations 
applying this approach, it is essential to determine the 
DEM input parameters, which are divided into: 
material properties (average equivalent diameter, 
sphericity and specific mass) and interaction 
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properties (restitution coefficient, static friction 
coefficient, and rolling friction coefficient). 

In the CFD-DEM coupled, many parameters and 
models are applied to describe the behavior of the 
solid and fluid phases, and these have a great influ-
ence on the simulated response. Rotation is a natural 
feature of particle motion. Marchelli et al. [9] mention 
the importance of considering its effect, mainly in gas- 
-solid flows involving particles with larger diameters. 
The authors analyzed the influence of the rotational 
drag force and the effect of neglecting the particle 
rotation on the dynamics of glass spheres in a 
pseudo-2D spouted bed. The simulated results 
showed that in neglecting the particle rotation, there 
was an imprecise prediction of the particle motion, 
though this consideration did not affect the formation 
of a central and linear spout channel, and oscillations 
could be observed. Although its effect is important, in 
many studies it is neglected. 

Turbulence is an important point in CFD simul-
ations and can have a strong influence on the simul-
ated results. Turbulence models can be grouped into 
three classes: direct numerical simulation (DNS), 
large Eddy simulation (LES), and Reynolds-average 
Navier-Stokes (RANS). Within the RANS modeling, 
with regard to the two equation turbulence models, 
the standad k-ε model is widely used, due to its 
robustness, lower computational cost and reasonable 
precision for a wide range of turbulent flows. Pro-
posed by Launder and Spalding [10], the k-ε model 
describes the freestream flow regions. The SST k-ω 
model includes both a model for addressing the wall 
regions and another for the regions with greater 
turbulence, interspersing the standard model k-ω and 
the model k-ε, respectively. This model was deve-
loped by Menter [11]. Regarding the use of turbulence 
models in CFD-DEM simulations applied to spouted 
beds, the most applied are: standard k-ε [5,12,13], 
RNG k-ε [14], realizable k-ε [15], and SST k-ω [16]. In 
some studies, turbulence is not considered in CFD- 
-DEM simulations [17,18]. Marchelli et al. [9] inves-
tigated the effect of four turbulence models (standard 
k-ε model, standard k-ε model with an enhanced wall 
treatment (EWT), realizable k-ε model, standard k-ω 
model) and lack of a turbulence model (laminar case) 
in spouted bed by CFD-DEM simulations. The 
standard k-ε and k-ω models produce almost identical 
results. Accord to Yang et al. [19], an appropriate 
turbulence model is necessary to predict the central 
jet that penetrates the bed materials, since the lack of 
knowledge of the turbulence results in the difficulty to 
model the spout-annulus interface in the spouted bed. 
However, it should be noted that there is no con-

sensus on the most appropriate model to describe the 
turbulence in spouted beds using CFD-DEM simul-
ations.  

The drag is mainly responsible for the momen-
tum exchange between the phases in a gas-solid 
flow. The literature reports several models to obtain 
the drag coefficient. In TFM simulations, the 
Gidaspow drag model [20] is widely used in spouted 
bed simulations [3,4,21-23]. However, there is no 
such agreement for CFD-DEM simulations. The drag 
models most used in CFD-DEM simulations are: Wen 
and Yu [24], Gidaspow [20] and Di Felice [25], deve-
loped through classical approaches (e.g., empirical 
methods), and models proposed by means of Lattice-
Boltzmann simulations: Rong, Dong, Yu [26], Beet-
stra, Van Der Hoef, Kuipers [27], Koch and Hill [28]. In 
order to evaluate the effect of these models in CFD- 
-DEM simulations, several studies have been deve-
loped to identify the influence of the drag model in the 
simulations. He et al. [29] evaluated the influence of 
Gidaspow [20], and Koch and Hill [28] drag models in 
a rectangular fluidized bed with dry and wet granular 
systems. The authors found better results simulated 
by the drag model by Koch and Hill [28]. Zhang et al. 
[30] analyzed the binary mixture segregation of glass 
spheres (2.5 and 1.5 mm) in a rectangular fluidized 
spouted bed evaluating different drag models 
[20,26,31,32]. The results predicted by Rong, Dong, 
Yu [26] presented smaller deviations (5.3%) com-
pared to the experimental. Pietsch et al. [15] analyzed 
the particle dynamics of a three-dimensional prismatic 
spouted bed using the drag models of Beetstra, Van 
Der Hoef, Kuipers [27], Di Felice [25], Gidaspow [20], 
and Koch and Hill [28]. The drag models of Beetstra, 
Van Der Hoef, Kuipers [27] and Koch and Hill [28] 
predicted with greater precision the expansion of the 
bed and the establishment of the spout regime. 
Furthermore, Marchelli et al. [13] employed the four 
drag models described above, added to the Rong, 
Dong, Yu [26], Tenneti, Garg, Subramaniam [33] and 
Wen and Yu [24] to evaluate the fluid dynamics of two 
spouted beds in different configurations (pseudo-2D 
and 3D cylindrical). The authors observed that in the 
simulations where the minimum fluidization flow was 
applied, only the Gidaspow model [20] can predict the 
fluidization, but for low air flow rates, the Beetstra, 
Van Der Hoef, Kuipers [27] model was more suitable 
for predicting the characteristic behavior of the 
spouted bed. 

The simulated results vary significantly with the 
models used to calculate the drag force, turbulence, 
and particle rotation, among others. In many cases, 
models are used without justification. Generally, the 
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fluid phase, respectively, and �⃗� is the gravitational 
acceleration. 

The fluid volume fraction (𝛼 ) in a computational 
cell (𝑉 ) can be estimated by Eq. (3) [36]: 𝛼 = 1 −  ∑ 𝜎 𝑉 ,  (3) 

where 𝜎  is the volume fraction of particle i in the fluid 
cell. 

Drag force. The volumetric fluid-particle interact-
ion force (�⃗�) can be obtained using the drag force, 
according to Eq. (4): �⃗� =  ∑ 𝑓   (4) 

where 𝑉  is the volume of the computational cell and 𝑘  is the number of particles in the cell. 
The drag force (𝑓 ) can be calculated using Eq. 

(5): 𝑓 =  , �⃗� − �⃗�  (5) 

where 𝑉 ,  and �⃗�  are the volume and velocity of the 
particle, respectively. 𝛽  is the interphase momentum 
exchange coefficient, obtained by: 𝛽 =  𝐷 (6) 

where 𝛼  and 𝑑  are the volume fraction and diameter 
of the particles, respectively, 𝜇  is the fluid viscosity. 
D is the drag function; it can be calculated with 
different drag models. Most of these models are of 
empirical or half-empirical nature. In this study, 
different drag models were investigated. 

Gidaspow drag model 
Through the Gidaspow model [20], D is 

calculated by: 𝐷 = 18𝛼 . 1 + 0.15 𝛼 𝑅𝑒 . ,    𝛼 > 0.8 (7) 𝐷 = 150 + 1.75 ,     𝛼 ≤ 0.8 (8) 

𝑅𝑒 = ⃗ ⃗
 (9) 

Di Felice drag model 
For the Di Felice model [25], D is obtained as: 𝐷 = 0.75𝐶 𝑅𝑒 𝛼  (10) 𝐶 = 0.63 + .  (11) 

𝜒  = 3.7 − 0.65𝑒 . ²
 (12) 

where 𝐶  is the drag force coefficient, and 𝑅𝑒  is the 
particle Reynolds number. 

Rong, Dong, Yu drag model 
The Rong, Dong, Yu [26] model can be con-

sidered an enhancement of the Di Felice drag model 
[25]; it uses the same drag function, and only varies in 
the definition of 𝜒: 𝜒 =2.65 𝛼 + 1 − (5.3 − 3.5𝛼 )𝛼 𝑒 . ²

 (13) 

Koch and Hill drag model 
In the Koch and Hill model [28], the drag func-

tion (𝐷) is calculated by: 𝐷 = 18𝛼 (𝐹 + 0.5𝐹 𝛼 𝑅𝑒 ) (14) 

𝐹 = ( ) .. . . ,     𝛼 ≤ 0.4 (15) 𝐹 = ,     𝛼 > 0.4 (16) 𝐹 = 0.0673 + 0.212𝛼 + 0.0232𝛼  (17) 

Beetstra, Van Der Hoef, Kuipers drag model 
For the Beetstra, Van Der Hoef, Kuipers model 

[27], the drag function (𝐷) is obtained by the equation: 𝐷 = 18𝛼 𝐹  (18) 𝐹 = 10 𝛼𝛼 + 𝛼 1 + 1.5 𝛼 + 
+ . . ..  (19) 

Turbulence. The Reynolds stress tensor of the 
fluid phase (𝜏̿ ) is expressed as follows: 𝜏̿ = − 𝛼 𝜌 𝑘 + 𝛼 𝜌 𝜇 , ∇ ∙ �⃗� 𝐼 ̿  +  𝛼 𝜌 𝜇 , ∇�⃗� +∇�⃗�  (20) 

For modeling the turbulence, two-equation 
models are historically the most widely used turbu-
lence models in industrial CFD. Examples of such 
models are the k-ε and k-ω models in their different 
forms. They solve two transport equations and model 
the Reynolds stresses using the turbulent viscosity 
approach. 

Standard k-ε model 
The standard k-ε model for the dispersed phase 

was used to simulate the turbulent nature of the bed 
flow. The turbulent viscosity (𝜇 , ) is computed as: 𝜇 , = 𝜌 𝐶  (21) 

where 𝐶  is a constant that was set to 0.09 in all 
simulations. The parameters 𝑘 and ε are the turbul-
ence kinetic energy and turbulence energy dissipation 
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rate, respectively, which are governed by the follow-
ing transport equations: 𝜕𝜕𝑡 𝛼 𝜌 𝑘 + ∇ ∙ 𝛼 𝜌 �⃗� 𝑘 = ∇ ∙ 𝛼 𝜇 ,𝜎 ∇𝑘  +𝛼 𝐺 − 𝛼 𝜌 𝜀 (22) 𝜕𝜕𝑡 𝛼 𝜌 𝜀 + ∇ ∙ 𝛼 𝜌 �⃗� 𝜀 = ∇ ∙ 𝛼 𝜇 ,𝜎 ∇𝜀  +𝛼 𝐶 𝐺 − 𝐶 𝜌 𝜀  (23) 

where 𝜎 =1 and 𝜎 =1.3 are the turbulent Prandtl 
numbers for 𝑘 and 𝜀, respectively. 𝐶 =1.44 and 𝐶 =1.92 are model constants. 𝐺  denotes the gener-
ation of turbulence kinetic energy by the mean velo-
city gradient and is given by: 𝐺 = 𝜇 , ∇�⃗� + ∇�⃗� : ∇�⃗�  (24) 

Realizable k-ε model 
The turbulent viscosity (𝜇 , ) is calculated in the 

same form as the standard k-ε model. But, in the 
realizable k-ε model, 𝐶  is not constant. It is com-
puted from: 𝐶 = . ∗ (25) 

𝑈∗ ≡ 𝑆 𝑆 + Ω Ω  (26) Ω = Ω − 2𝜀 𝜔  (27) Ω =  Ω − 𝜀 𝜔  (28) 

where Ω  is the mean rate-of-rotation tensor viewed 
in a moving reference frame with the angular velocity 𝜔 . The constant  𝐴  is given by: A =  √6𝑐𝑜𝑠𝜑 (29) 𝜑 = 𝑐𝑜𝑠 √6𝑊  (30) 𝑊 =   (31) 𝑆 =  𝑆 𝑆  (32) 𝑆 =  ∇�⃗�  (33) 

The modeled transport equations for k and ε in the k-ε 
realizable model are: 𝜕𝜕𝑡 𝛼 𝜌 𝑘 + ∇ ∙ 𝛼 𝜌 �⃗� 𝑘 = ∇ ∙ 𝛼 𝜇 ,𝜎 ∇𝑘  +𝛼 𝐺 − 𝛼 𝜌 𝜀 (34) 𝜕𝜕𝑡 𝛼 𝜌 𝜀 + ∇ ∙ 𝛼 𝜌 �⃗� 𝜀 = ∇ ∙ 𝛼 𝜇 ,𝜎 ∇𝜀  

+𝛼 𝜀𝐶 𝑆 − 𝛼 𝐶 𝜌 √  (35) 

𝐶 = 𝑚𝑎𝑥 0.43,  (36) 𝜂 = 𝑆  (37) 𝑆 =  2𝑆 𝑆  (38) 

where 𝜎 =1.2. 

SST k-ω model 
For the SST k-ω model, the turbulent viscosity 

(𝜇 , ) is computed as: 𝜇 , = ∗,  (39) 𝐹 = 𝑡𝑎𝑛ℎ(𝜙 ) (40) 𝜙 = 𝑚𝑎𝑥 2 √. ,  (41) 

where S is the strain rate magnitude, and where y is 
the distance to the next surface. 

The turbulence kinetic energy, k, and the spe-
cific dissipation rate, 𝜔, are obtained from the follow-
ing transport equations: 

𝛼 𝜌 𝑘 + ∇ ∙ 𝛼 𝜌 �⃗� 𝑘 = ∇ ∙ 𝛼 𝜇 +
,

, ,
∇𝑘 + 𝛼 𝐺  (42) 

𝛼 𝜌 𝜔 + 𝛻 ∙ 𝛼 𝜌 �⃗� 𝜔 = 𝛻 ∙ 𝛼 𝜇 +
,

, , 𝛻𝜔 + 𝛼 𝐺  (43) 

where: 𝐹 = 𝑡𝑎𝑛ℎ(𝜙 ) (44) 𝜙 = 𝑚𝑖𝑛 𝑚𝑎𝑥 √. , , ,  (45) 

𝐷 = 𝑚𝑎𝑥 2𝜌 , ∇𝑘∇𝜔, 10  (46) 𝜎 , =1.176, 𝜎 , =2.0, 𝜎 , =1.0, 𝜎 , =1.168 and 𝛼 =0.32 
are model constants. 𝐺  represents the generation of 
ω and is given by: 𝐺 = ∗, 𝐺  (47) 

where: 

𝛼∗ = 𝛼 .
 (48) 

𝛼 = 0.55𝐹 + 0.44(1 − 𝐹 ) (49) 
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More details about the turbulence models can 
be seen in [37]. 

Equations of particle motion 

A particle with mass 𝑚  and moment of inertia 𝐼  
has translational and rotational motions, described by 
Eqs. (50) and (51), respectively: 𝑚 ⃗ =  𝑓 +  𝑓 +  𝑓  (50) 𝐼 ⃗ =  𝑇 = 𝐶 Ω⃗ . Ω⃗ (51) 

where �⃗�  and 𝜔  are the translational and angular 
velocities of particle i, respectively, 𝑓  is the gravitat-
ional force, 𝑓  is the contact force acting on particle i 
by particle j or the wall, 𝑇 is the torque, 𝐶  is the rot-
ational drag coefficient, and Ω⃗ is the relative particle-
fluid angular velocity. 

Rotation is a natural characteristic of particle 
motion. To evaluate the effect of the particle rotation 
in the fluid dynamics of the spouted bed, simulations 
were performed neglecting the particle rotation 
(where Eq. (51) is neglected), considering the torque 
equal to zero (𝑇 = 0), and calculating the rotational 
drag coefficient by Eq. (52), developed by Dennis et 
al. [34]: 𝐶 = , + ,  (52) 

𝑅𝑒 = ⃗
 (53) 

where 𝑅𝑒  is the rotational Reynolds number. 
In the soft-sphere approach, the particles slightly 

overlap during collisions, considering the unit vector 𝑒  and the overlap (δ) of two colliding particles 1 and 
2, defined by Eqs. (54) and (55), respectively: 𝑒 = ( ⃗ ⃗ )‖ ⃗ ⃗ ‖ (54) 

where  𝑥  and 𝑥  represent the particle position vec-
tors 1 and 2, respectively. 𝛿 = ‖�⃗� − 𝑥 ‖ − (𝑟 − 𝑟 ) (55) 

where 𝑟  and 𝑟  represent the radii of particles 1 and 
2, respectively. 

The spring-dashpot collision law requires the 
definition of a spring constant (K), as in the spring 
collision law, along with a coefficient of restitution (𝜂) 
for the dashpot term: �⃗� = −�⃗� = (𝐾𝛿 + 𝛾(�⃗� . 𝑒 ))𝑒  (56) 

in which: 𝑓 =  𝜋 + 𝑙𝑛 𝜂 (57) 𝑚 =   (58) 

𝑡 =  𝑓  (59) 𝛾 =  −2  (60) �⃗� = �⃗� − �⃗�  (61) 

where 𝑓  is a loss factor, 𝑚  and 𝑚  are the masses 
of particles 1 and 2, respectively, 𝑚  is the so-called 
“reduced mass”, 𝑡  is the collision time scale, �⃗�  and �⃗�  are the velocities of particles 1 and 2, respect-
ively, �⃗�  is the relative velocity, and 𝛾 is the damping 
coefficient. 

The friction force between the particles was 
based on the Coulomb friction law:  �⃗� = (𝜇 + 𝜇 )�⃗�  (62) 

where 𝜇  is the static friction coefficient, 𝜇  is the rol-
ling friction coefficient, and �⃗�  is the magnitude of 
the force normal to the surface. 

Simulation setup and computational grid 

To evaluate the models, CFD-DEM simulations 
were performed for the air inlet velocity of 22 m/s and 
a mass of 500 g of sorghum grains, which corres-
ponds to 21,300 particles. The simulations were per-
formed using the Fluent® software. The geometries 
were constructed in Design Modeler and the grids 
were generated using Meshing, which is available in 
Ansys® Student version 19.1. The 3D computational 
grid was constructed in accordance with the spacing 
between nodes determined in the grid independence 
test performed in our previous work [5]. The comput-
ational grid showed spacing between the nodes of 
1𝑑  in the Venturi air distributor. On the conical base, 
the spacing between nodes was 1.35𝑑  at the ent-
rance of the cone, and 8𝑑  at the intersection with the 
cylinder, and 8𝑑  in the cylindrical region, totaling 
1.680 cells. Figure 1b shows the computational grid 
used in the CFD-DEM simulations. 

The particle-particle and particle-wall interaction 
properties employed in the CFD-DEM simulations are 
shown in Table 1. 

Table 1. Interaction properties 

Interaction η 𝝁𝑺 𝝁𝑹 

Particle–particle 0.46±0.02 0.79±0.09 0.70±0.10 

Particle–wall 0.53±0.04 0.65±0.05 0.33±0.06 

Table 2 shows the models and parameters of 
the numerical solution used in the CFD-DEM simul-
ations. 

In CFD-DEM simulations, some considerations 
were made. The modeling assumes an isothermal 
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