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Abstract  
A numerical study of gas-solid flow through an innovative hybrid dryer model was performed 

using the Discrete Element Method (DEM) and Computational Fluid Dynamics (CFD) 

coupling methods. In this model, the discrete particle phase (maize seed) was described by 

EDEM software, and the continuous gas phase (warm air) was described by Fluent software. 

The optimal geometry of the hybrid dryer in which the maize seeds move, hot air flow and 

temperature field uniformity were analyzed, being obtained with the coupled approach of CFD-

DEM simulation. The simulation results showed that at a velocity of 20-25 m/s of the maize 

seeds, the residence time required in order for the seeds to be dried in the dryer was obtained. 

The truncated cone geometry of the hybrid dryer, with a reduced section at the dry seed 

discharge end and its 5⁰ inclination of the longitudinal axis in the direction of discharge, cause 

the seeds to move in a circular path in the first half of the dryer and then to be deposited at the 

lower part of the second half. For low transport velocities in the dryer, the seeds move slowly 

and concentrated at the end of the hybrid dryer, being periodically unloaded every 3-4 seconds 

into the collecting cyclone. This DEM-CFD coupling approach is reliable as a tool for 

understanding the physical phenomenon of seed movement in the airflow field. Numerical 

simulation of seed movement based on the DEM-CFD coupling approach can provide a 

theoretical basis for increasing the drying efficiency of maize seeds in the hybrid dryer. 

 

Keywords  1 
hybrid dryer, seed motion, CFD-DEM coupling 

1. Introduction 

Drying is the most widely used method for preserving maize seeds. In the process of drying the 

seeds, moisture is removed with high energy and time consumption [1, 2]. The development of 

technology and software has made it possible to design and simulate new dryer models [3, 4]. 

Computational Fluid Dynamics (CFD) is a software for simulating fluid flows and describing the 

characteristics of the flow field and revealing the fluid phase mechanism [5]. The discrete element 

method (DEM) is applied to study the flow of particles by obtaining dynamic information about the 

trajectories of particles, the transient forces acting on individual particles. Gas flow and particle motion 

behavior were studied numerically through CFD-DEM coupling [6, 7, 8, 9, 10]. The coupled CFD-

DEM model was adopted to simulate the characteristics of gas-solid flow in fibrous media exposed to 
particulate loading [11] and to charged particle fluxes in a rotational flow [12]. Particle motion and 

gaseous flow field for a lime shaft furnace using coupled three-dimensional DEM-CFD were also 

investigated [13]. In addition, the DEM-CFD coupling approach has been used in many studies to study 

the mechanism of particle dispersion in gas-solid flux [14, 15, 16, 17, 18, 19, 20, 21]. They found that 

the simulation results based on the coupled DEM approach with CFD could well explain the mechanism 

of motion of the fluid and particles that were consistent with the experimental data. CFD-DEM coupled 

simulation from this paper has the advantage of testing the airflow and particle trajectory inside a drying 
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equipment before introducing agricultural seeds into it, helping to optimally design it. Determining the 

optimal seed entry velocity into the dryer is important to ensure the optimal drying time of the seeds in 

the dryer. 

2. Structure and Working Principle of Hybrid Dryer 

The structure of the hybrid drying plant was shown as in Figure 1.  

 
Figure 1: Hybrid dryer (1 fan; 2 electric heating element; 3 seed bin feed; 4 lock; 5 truncated cone 
dryer; 6 waveguides with magnetrons; 7 cyclone; a air; s wet seeds; ds dried seeds) 

  

The hybrid dryer model is based on the pneumatic transport of seeds in a stream of air at a 

temperature of 35-45 °C. In order to keep the seeds inside the dryer long enough so that the microwave 

heats the maize, a dryer with a truncated cone geometry was designed. Through this geometry of the 

dryer and the tangential supply of the heterogeneous mixture of seeds-hot air in the interior space, a 

vortex is formed with certain ratios of its geometric parameters. Thus, the transport route of the seeds 

through the dryer increases substantially, and the rotation of the seeds helps to standardize the 

volumetric heating with microwaves. The dimensions of the hybrid drying plant used in the simulation 

were presented according to Table 1.  

 

Table 1 
Dimensions of the hybrid drying plant 

Elements Units (m) 

Dryer length 2.5 
Large diameter dryer 0.45 
Small diameter dryer 0.30 

Inlet diameter -warm air 0.20 
Inlet diameter -wet seeds 0.15 

Inlet size -air seeds mixture 0.2x0.1 
Outlet size - air seeds mixture 0.2x0.1 

Cyclone diameter 1 
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2.1. CFD-DEM Coupled Simulation 

The transport of maize seeds inside the dryer is done pneumatically, but the trajectory of the seeds 

is difficult to follow during operation. CFD-DEM coupled simulation was used to optimize the design 

of the dryer. The simulation is useful because it allows wide variations of the operating parameters by 

varying the air flow and the temperature of its entry into the dryer.  

2.1.1.  Mathematical Models of Gas-solid 

Gas phase model  

The simulation of the hybrid dryer by CFD is based on the RNG k-ε turbulence model of the gas 

phase flow (warm air). This RNG k-ε turbulence model with the dominant vortex flow option is similar 

in shape to the standard k-ε model, including a number of enhancements [22]. All of these features 

make this model more accurate and reliable for a wider flow class than the standard model. The gas 

phase which was treated as continuous phase strictly follows the mass conservation law and momentum 

conservation laws [6]. The governing equations of mass and momentum conservation in an 

incompressible viscous fluid could be expressed as: 
𝜕(𝜀𝑔𝜌𝑔)

𝜕𝑡
+ ∇ ∙ (𝜀𝑔𝜌𝑔𝑣𝑔⃗⃗⃗⃗ ) = 0, 

(1) 

𝜕(𝜀𝑔𝜌𝑔𝑣𝑔⃗⃗⃗⃗ )

𝜕𝑡
+ ∇ ∙ (𝜀𝑔𝜌𝑔𝑣𝑔⃗⃗⃗⃗ ⨂𝑣𝑔⃗⃗⃗⃗ ) = −𝜀𝑔∇𝑃 + 𝜀𝑔∇ ∙ 𝜏 + 𝜀𝑔𝜌𝑔𝑔 − 𝑅𝑔𝑝 , 

(2) 

 

where ρg , vg , εg, P and τ were air density, air velocity, volume fraction, pressure and viscous stress 

tensor, respectively. Rgp was the momentum exchange between solid and gas phases due to forces 

exerted by airflow on all particles within the computational cell. 

The Rgp component was defined as: 

𝑅𝑔𝑝 = ∑𝐹𝑝,𝑖
⃗⃗ ⃗⃗  ⃗

𝑛

𝑖=1

/∆𝑉, 
(3) 

 

where Fp,i was the resultant force exerted on particle i, n was the number of particles in the specific 

computational cell and ΔV was the volume of the cell. 
 

Particle motion equations 

The gas phase was considered as an incompressible fluid based on Eulerian-Langrangian approach 

as the seeds occupied a small space in the hybrid dryer. The seeds were treated as a collection of 

individual particles whose movement was governed by applying Newton’s second law. 

     The continuum gas phase and dispersed solid phase were coupled in hybrid drier. The particle phase 

motion was modeled using the Lagrangian approach in which seeds were followed along their 

trajectories through the unsteady, non-uniform airflow field. The forces of drag, gravity and buoyancy, 

Saffman lift force and Magnus lift force were taken into account to act on particle. The motion of a 

particle within airflow field was governed by the force balance equation: 

𝑚𝑝

𝜕𝑣𝑝
⃗⃗ ⃗⃗ ⃗⃗  ⃗

𝜕𝑡
= 𝐹𝐷

⃗⃗ ⃗⃗ + 𝐹𝐺𝐵
⃗⃗ ⃗⃗ ⃗⃗  + 𝐹𝑆𝑎

⃗⃗ ⃗⃗⃗⃗ + 𝐹𝑀𝑎
⃗⃗ ⃗⃗ ⃗⃗  ⃗, 

(4) 

𝐼𝑝
𝑑𝜔𝑝⃗⃗⃗⃗  ⃗

𝑑𝑡
= �⃗� , 

(5) 

where FD is the drag force, FGB is the force due to gravity and buoyancy, FSa is the Saffman lift force, 

FMa is the Magnus lift force due to particle rotation, Ip is the moment of the inertia of the particle, ωp is 

the angular velocity, T the local torque on the particle, vp is particle velocity, mp is particle mass, t is 

the time. 
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2.1.2. CFD-DEM Coupling Simulation Method  

In the gas-solid coupling simulation, CFD technique and particle motion were based on the softwares 

Fluent and EDEM (Engineering discrete element method, DEM Solutions Ltd), respectively.  

Figure 2 shows how the Fluent CFD software was coupled with EDEM software.  

 
Figure 2: CFD-DEM coupling simulation 

 

In Fluent simulation, all the differential governing equations were solved by applying the finite 

volumes method and were based on the mass and momentum of the fluid phase according to the 

mathematical model. First, the airflow field was resolved by CFD solver. When a stable situation was 

obtained, the gas field from CFD solver was transferred to CFD-DEM coupling interface which 

imported computation of forces acting on each particle. Then, the EDEM time step started at the end of 

fluid simulation time step. The calculated interface forces were delivered to the EDEM solver which 

computed the particle position, particle velocities and particle volume fraction until the end of CFD 

time step was reached. Next, CFD-DEM coupling interface took the particle translational and rotational 

motion data from the EDEM solver and computed the volume fractions and momentum exchange in 

the mesh cell of CFD. Finally, CFD solver used these data to solve the gas field for updating the fluid 

flow domain. The CFD and EDEM solvers entered into the cycles of the next time step until the airflow 

field again converged to a stable solution. 

The time step ∆𝑡 in the coupled simulation was chosen small enough to prevent excessive overlaps 

leading to forces of unrealistic values in practice. The correct time step for DEM simulation is in the 

range of 10-4 to 10-6 s, being 10 to 100 times shorter than the time step most often used in CFD 

simulation. The particles introduced in the simulation were the maize seeds, which were modeled as an 

assembly consisting of 5 spheres, shown in Figure 3. 

 

 
Figure 3: Maize seed modeling in DEM 

 

Computational conditions and parameters 

The CFD-DEM coupled simulation starts from the 3D geometry of the drying plant. The fan has 

been removed from the installation for simplification. The discretization grid with tetrahedral cells in 

the drying plant was made with the Gambit software. A study of the independence of the grid with three 

different densities of discretization was carried out, with a number ranging from 27,120,000; 4,312,000 
to 2,350,000 volumes. A discretization density of 4,312,000 volumes was found to be optimal for 

simulation resulting in a reasonable computation time (Figure 4). The Lagrangian coupling method was 

used in the EDEM-CFD coupling interface. The 5-sphere hard model and the Hertz-Mindlin (non-slip) 
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model were chosen as the particle model and particle contact model in the EDEM software for maize 

seed.  

 
 

Figure 4: Schematics of computational grids 
 

The values of main parameters used in the DEM-CFD coupling simulations are listed in Table 2. 

 

Table 2 
Computational parameters used in the simulations 

Contact type (phase) Parameter Value for 
maize seed 

Value for steel 

 Particle type 5 spheres  
 Semi-axes (mm x mm x mm) 4.5x8.9x10.8  
 Density (kg/m3) 661 7800 
 Poisson’s ratio 0.4 0.3 
 Shear modulus (Pa) 2.48x107 7.93x1010 

Seed to seed (solid) Coefficient of restitution 0.254  
 Coefficient of static friction 0.5  
 Coefficient of rolling friction 0.01  

Seed to steel wall (solid) Coefficient of restitution 0.612  
 Coefficient of static friction 0.165  
 Coefficient of rolling friction 0.01  
 Solid time step (s) 5x10-6  

Gas phase (fluid) Gravitational acceleration (m/s2) 9.81  
 Density (kg/m3) 1.225  
 Viscosity (kg/m/s) 1.7894x10-5  
 Fluid time step (s) 1x10-3  

 

The velocity of the warm air at the entrance to the mixing zone was chosen so as to ensure the 

pneumatic transport of maize seeds at 20-25 m/s at an average temperature of 48 ⁰C, and the flow rate 

of seeds entering the drying plant was 500 kg/h. 

3. Results and Discussion 

The results of the warm air flow obtained by simulating the CFD in the hybrid dryer are presented 

by the velocity, temperature and pathlines. The distribution of the velocity and temperature gradients 

obtained on the section of the truncated cone dryer are shown according to Figure 5 and Figure 6. In 

the center of the dryer, on a length of about 1.5 m, the velocity is lower (dark color) and the geometric 

shape created is approaching a cone. In order to maintain a pneumatic transport velocity of the seeds at 

the periphery of the dryer, its truncated cone shape was adopted. If cross sections are made on different 

lengths of the dryer, Figure 7, the distribution of rotational velocity vectors is observed, and the flow 

velocity decreases from the periphery to the center of the dryer on its axis of symmetry. From these 
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observations, taking into account the distribution of pathlines, it was estimated that inside the dryer the 

maize seeds rotate in the direction of rotation of the vortex, having a translational movement from the 

input to output from the dryer Figure 8. 

 
Figure 5: Velocity field distribution in dryer (m/s) 

 

 
Figure 6: Temperature field distribution in dryer (⁰C) 
 

 

 

Figure 7: Velocity field and velocity vectors in four sections along the length of the dryer (m/s) 
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Figures 5 and Figure 7 show a variation of the velocity in the field inside the truncated cone dryer, 

which is 12-18 m/s near the inner walls of the dryer and between 20 - 25 m/s in the rest, thus ensuring 

the pneumatic transport of seeds. 

 
Figure 8: Pathlines in dryer and cyclone (-) 
 

The trajectory of maize seeds observed by DEM simulation is shown in Figure 9. 

 

 
Figure 9: Distribution of maize seeds in dryer and separation cyclone for two periods (28 s; 30.5 s) 
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Thus, Figure 9 shows the tendency for maize seeds to agglomerate at the bottom of the dryer. Due 

to the distribution of the velocity vectors in four cross sections along the length of the dryer (Figure 7), 

the seeds follow the same circular path up to the middle of the dryer when the tangential velocity 

decreases and the corresponding size of the velocity vectors is smaller. Due to the decrease of the section 

towards the outlet end of the truncated cone dryer, the transport velocity is maintained but with vectors 

in the longitudinal direction, so the seeds deposited at the bottom of the dryer due to gravity in the 

direction of the axis (-OY) move to the exit and the slight inclination of the dryer at an angle of 5⁰ in 

the direction of seed discharge. The seeds are moved in a circular motion in the first half of the dryer 

and then deposited at the bottom of the dryer where they are collected at the end of the drill where they 

are unloaded in larger quantities periodically every 3-4 seconds, Figure 9. The maize seed passes 

through the dryer for a maximum of 20 seconds, long enough for the action of the microwave in the 

volume of the seeds, causing their temperature to rise to 44 °C. 

4. Conclusions 

In this research, the DEM-CFD coupling approach in the design of the hybrid dryer leads to the 

following conclusions: 

The characteristics of the air flow and the trajectories of the seed lead to a circular motion in the first 

half of the dryer and a deposition at the bottom in the second half of it. 

The optimum design of the hybrid dryer is a truncated cone geometry with a large base in the seed 

inlet region and a small base in the dry seed outlet region. 

The proper airflow inlet velocity and seeds in the dryer is 20 – 25 m/s, which provides the time 

required for the seeds to stand in the dryer for drying. 

Numerical seed motion simulation based on the DEM-CFD coupling approach can improve the 

performance of the hybrid dryer. 
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