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Abstract: In this paper, the gas and seed flow characters in the air-blowing seed metering device are investigated by using the coupled computational fluid dynamics and discrete element method (CFD-DEM) in three dimensions (3D). The method of establishing boundary model based on the computer-aided design (CAD) drawing, has been used to build the boundary model of seed metering device. The 3D laser scanning technique and multi-element method are adopted to establish the particle model. Through a combined numerical and experimental effort, using 3D CFD-DEM software, which is based on the in-house codes, the mechanisms governing the gas and solid dynamic behaviors in the seed metering device have been studied. The gas velocity field and the effect of different rotational speeds and air pressures on the seeding performance and particle velocity have been studied, similar agreements between numerical and experimental results are gained. This reveals that the 3D CFD-DEM model established is able to predict the performance of the air-blowing seed metering device. It can be used to design and optimize the air-blowing seed metering device and other similar agriculture devices.
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1  Introduction

Seed metering device is one of the core components of sowing machinery. The quantity and quality of harvested crops are closely related to the quality of sowing. A good seed metering device can make seeds and gas move as expected, little damage for seeds and high efficiency. Until now, the number of seed metering device which has high performance is still few. This is because that it is a lengthy process from idea, design, sample making, testing, to market. The process from design to testing usually needs to be repeated many times. The long cycle of improving the performance of the seed metering device restricts further increase in crop yields. The numerical simulation can overcome this problem.

Recent years, numerical approaches have become indispensable in studies on single-/multi-phase flows. Discrete element methods (DEM) which developed initially by Cundall et al. [1] was the first granular dynamics simulation technique published in the open literature. DEM has been extensively used in studies of various areas, such as particle packing, particle flows, and particle-fluid flow [2–4]. For agriculture, there are many applications. A hybrid model of FEM and DEM has been developed for studying the flow velocities and stresses of a bulk solid material stored in and discharging from bins and silos [5]. Soybeans flowing down an inclined chute with a bumpy bottom was studied by using DEM with one improved tangential force-displacement model [6]. Soil deformation and resistance were studied by conducting a bar penetration test and the DEM simulation [7]. A 2D DEM model was developed for numerical simulation of the shaking separation of paddy and brown rice [8]. The soil loosening process when the soil is cut with a pendulum-type blade was studied by using DEM, and the dynamic behavior of soil was researched too [9]. The seed-solid contact characteristics were simulated using DEM, and the influence of soil particle stiffness and the press wheel was also studied [10]. The flow characteristics of black pepper seeds in a cryo-grinding system: a precooler and a grinder such as a hammer mill was investigated using DEM [11].

But it is important to note that in agricultural production, such as seeding [12,13], cleaning & drying process, etc, there are not only collisions among particles, between particles and mechanical parts, but also particle-gas/fluid, particle-gas-fluid interactions under various conditions, even mass transfer and heat transfer. High-performance equipment should let particles, gas or fluid move as expected, little damage for particles. On this point, it is necessary to research the mechanisms governing particle-particle, particle-gas/fluid interactions at microscopic and macroscopic levels. With the development of the coupled discrete element method and computational fluid dynamics (CFD-DEM), a way out was found for this problem.

CFD-DEM has been widely used in numerous research areas, since it can be used to analyze the discontinuous movement of individual particles, as well as the continuous movement, such as the velocity fields and air pressure fields, etc. The most common applications are for industry, like the fluid bed [14–18], impact pulveriser [19], pneumatic conveying [20–22], blast furnace [23–25], cyclone separator [26], drying process [27], etc. For agriculture, the related reports are still few. This is especially true for the application of 3D CFD-DEM.

In this paper, based on the air-blowing seed metering device and soybean seeds, the gas is treated as a continuous medium. The motion information of the gas phase is obtained through solving governing equations of the continuous medium. The soybean seeds are treated as the discrete medium. The movement of seeds and the interaction between seeds and gas are obtained through solving Newton’s second and third laws of motion. The complex gas-solid two-phase flow in the air-blowing seed metering device is studied.

2  Governing Equations

In the CFD-DEM method [28], the solid phase is treated as a discrete phase while the gas phase is treated as a continuum phase. The governing equations for solid phase are as follows:

midvidt=fpf,i+∑j=1ki(fc,ij+fd,ij)+mig(1)

and

Iidωidt=∑j=1ki(Tij+Mij)(2)

where mi, Ii, Vi, and ωi are, the mass, moment of inertia, translational and rotational velocities of particle i, respectively. The forces acting on solids are the gas-solids interaction force, fpf,i, inter-particle forces between particles i and j, which include the contact forces, fc,ij, and viscous damping forces, fd,ij, and the gravitational force, mig. In this model, the gas-solid interaction force includes viscous drag force (fd,i) and pressure gradient force (fpgf). The inter-particle forces are summed over the ki particles in contact with particle i. Torques, Tij, are generated by tangential forces and cause particle i to rotate, because the inter-particle forces act at the contact point between particles i and j, not at the particle center. Mij is the rolling friction torque that opposes the rotation of the ith particle.

The governing equations of gas phase are as follows:

∂ε∂t+∇⋅(εu)=0(3)

and

∂(ρfεu)∂t+∇⋅(ρfεuu)=-∇p-Fpf+∇⋅(ετ)+ρfεg(4)

where ε, u and t are, respectively, porosity, fluid velocity and time; ρf, P, Fpf, τ, and g are the fluid density and pressure, volumetric particle-fluid interaction force (Ffp=∑i=1kcfpf,i, where kc is the number of particles in a CFD cell), fluid viscous stress tensor and acceleration due to gravity, respectively.

3  Simulation Conditions

3.1 Boundary Model

To analyze the air-blowing seed metering device using CFD-DEM, the boundary model of the seed metering device should be established firstly. The air-blowing seed metering device is a relatively complicated mechanical part. How to build the boundary model of this kind of part has been deeply concerned.

There are three reported strategies [29]. The first one is based on continuous formulation [30]. For some simple mechanical parts, for instance, the cylinder, its boundary model can be established directly through a mathematical expression. The second one is based on an assemblage of particles, the size and the position of which are chosen to mimic as accurately as possible the boundary of the mechanical part [31]. The drawback of these two strategies is that it will be very difficult to build the boundary model if the boundary is very complicated. The third one is called the finite wall method [32]. The finite wall method is based on surface triangulation similar to that used in finite element surface representations. A triangulated surface is considered to be comprised of a number of rigid planar triangular wall elements connected at their vertices. Although this method is the most common method used to establish a complicated boundary model, there are still some drawbacks: 1) it is an approximate solution, the point of interaction and overlap between seed and boundary are approximate; 2) in order to raise the accuracy, the boundary needs to be composed of thousands of small triangles, which increases the calculation work.

In this work, establishing boundary model based on its computer-aided design (CAD) drawing [33], is used. The boundary model is built through the following steps: 1) the 3D CAD design drawing (Fig. 1) of the seed metering device is made by CAD software; 2) the information of graphics elements in the CAD design drawing, such as the surface of flat, the surface of pillar or cylinder, etc., which contact with seeds or gas is read and saved into the database through the secondary development of CAD software; 3) the motion and material information for graphics elements are appended and save into the database; 4) the boundary model (Fig. 2) is established based on the information in the database using self-made 3D DEM-CFD software.
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Figure 1: 3D CAD drawing
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Figure 2: 3D DEM-CFD boundary model

3.2 Seed Model

The research on the method of establishing particle model has contributed to the development and use of the DEM simulation technique. With the development of particle models from discs and spheres, which Cundall et al. [1] adopted to arbitrary shape at present, the application field of DEM has been extended from rock-mechanics to almost every aspect of industry and agriculture. For establishing a 3D particle model, the reported methods may be classified into three types. First are those using mathematical expression to establish relatively simple spherical or ellipsoidal particle models, or using super-quadrics for more complicated particle models [34]. The filling method or multi-element method [35] is the next one. Based on the shape of the particle, the particle models are made up of a cluster of spheres with different or equal radius [36] or overlapped spheres. The third method is similar to the finite wall method, which is used to establish a boundary model. The shape of a particle is composed of thousands of small triangles [37].

The shape of soybean seed is not standard spherical or ellipsoidal. The 3D laser scanning technique and multi-element method are adopted to establish the particle model in this work. The seed is scanned using 3D laser scanner, and the particle model of the soybean seed is transmitted to the CAD software via some format (STL, etc.) firstly (Fig. 3). Through human-software interaction, the seed model is represented with overlapped spheres. Then the information of each sphere is read and saved into the database. The seed model can be established using self-made 3D DEM-CFD software based on the information in the database (Fig. 4).
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Figure 3: Solid model of seed and overlapped spheres
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Figure 4: 3D soybean seed model

3.3 Parameters

The linear-viscoelastic contact model is adopted to calculate the contact forces among seeds and between seed and seed metering device. Tabs. 1 and 2 list the calculation parameters used. The 3D sizes of seeds are obtained through experiments. The seed density ρ, moisture content, coefficients of friction between seeds and boundary, normal contact stiffness kn, and the coefficients of restitution e are all the mean values of the results obtained through experiments. The normal contact stiffness among seeds is about 1/2 of the one between seed and boundary. The tangential contact stiffness kt is 2/3 of the normal contact stiffness kn. The working process of the air-blowing seed metering device is simulated and analyzed using the self-developed software.

Table 1: Parameters of solid phase for simulation
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Table 2: Parameters of gas phase for simulation
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4  Results and discussion

The air-blowing seed metering device is made of plexiglass in the proportion 1:1. The bench tests are conducted in similar field conditions according to the international standard ISO 7256/1: Sowing equipment–Test methods. Part 1: Single seeds drills (precision drills). The experimental results are analyzed by using the high-speed video system and blaster’s motion analysis software. The rotational speeds of the seed metering wheel are 13.99, 20.33, 26.67, 33.01, and 39.35 r/min, respectively. The pressures and velocities of gas are shown in Tab. 3.

Table 3: Pressure and velocity of gas
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There are so many factors affecting the movement of the seeds and gas in the seed metering device. The movement of seeds is random sometimes. With this in mind, the results are all analyzed 6 to 10 times under respective conditions. The outliers are removed, and the mean is taken as the analysis result.

4.1 Seeding Performance

The seeding performance (single seed rate, multi-seeds rate, and empty cell rate) is one of the most important parameters to judge whether the seed metering device is good or not. Based on the international standard ISO 7256/1, the rates of single seed, multi-seeds, and empty cell in 250 times discharging seeds process are adopted for analysis. The comparison of seeding performance with different rotational speeds and air pressures between simulation (Sim.) and experiment (Exp.) are shown in Figs. 5–10.

Fig. 5 shows the effect of rotational speed on the single seed rate with different air pressure. It can be seen that the single seed rate is above 85%, which means that the performance of the seed metering device is good. Because the higher the single seed rate, the less work it takes to thin the seedlings. The single seed rate goes down with the increase of the rotational speed. This is because the lower the rotation speed, the easier it is for the seeds to enter the cell by their own gravity and gas force. The higher the speed, the more noticeable this phenomenon. Fig. 5 also shows that the single seed rate has a small fluctuation in the experiment when the speed is below 26.67 r/min. When the rotation speed is greater than 26.67 r/min, the single seed rate reduction rate increases. The simulation results are in good agreement with the experimental results. When the speed is 26.67 r/min, the error reaches the maximum value, but the maximum error is still less than 3%.
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Figure 5: Effect of rotational speed on single seed rate

The effect of air pressure on the single seed rate with different rotational speeds can be seen in Fig. 6. Single seed rate rises with increasing air pressure. This is because the greater the air pressure, the greater the drag force, and the particles are easier to fill into the cell. It can also be seen that the higher the speed, the greater the rate of single seed rate increases with the increase in air pressure. This is due to the fact that the single seed rate is high enough at low speeds, and the upside is limited.
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Figure 6: Effect of air pressure on single seed rate

Figs. 7 and 8 show the effect of rotational speed on empty cell rate with different air pressure, the effect of air pressure on empty cell rate with different rotational speeds, respectively. Since the multi-seeds rate of the seed metering device is below 1%, the changing trend of the empty cell rate with different rotational speed and air pressure is almost exactly the opposite of the changing trend of the single seed rate.
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Figure 7: Effect of rotational speed on empty cell rate
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Figure 8: Effect of air pressure on empty cell rate

The effect of rotational speed on multi-seeds rate can be known from Fig. 9. It can be seen that under relatively low air pressure, 0.4 and 0.8 kPa, the multi-seeds rate increases with rotational speed increasing. As the air pressure increases to 1.2 kPa and above, the regularity becomes weaker. When the air pressure remains unchanged at 1.2 kPa, the multi-seeds rate goes up while the rotational speed increases from 13.99 to 20.33 r/min, and then the rate goes down when the speed is greater than 20.33 r/min. When the air pressure is stable at 1.6 kPa, the multi-seeds rate goes up when the rotational speed increases from 13.99 to 26.67 r/min and from 33.01 to 39.35 r/min, while the rate goes down when the speed increases from 26.67 to 33.01 r/min. When the air pressure remains unchanged at 2.0 kPa, the multi-seeds rate goes up while the rotational speed increases from 13.99 to 26.67 r/min, and then the rate goes down when the speed is greater than 26.67 r/min. The irregularity is more obvious in Fig. 10, which shows the effect of air pressure on the multi-seeds rate.
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Figure 9: Effect of rotational speed on multi-seeds rate
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Figure 10: Effect of air pressure on multi-seeds rate

It can also be known from Figs. 9 and 10 that the multi-seeds rate is unchanged at zero in simulation. This is because that each cell of the air blowing seed metering device is designed to only hold one seed, unless the seed is deformed due to excessive squeezing force. Although it is random, there are indeed occasions when the seeds are deformed, and two or more seeds appear in one cell during the experiment. But the particle deformation has not been considered in the simulation at this stage, so this phenomenon appeared.

Fig. 11 is the gas velocity field and its partially enlarged view. It can be seen that near the cell in the area III, part of the gas enters the seeding wheel through the small holes at the bottom of the cells, promoting the seeds to enter the cells better under the drag force. That is the reason for the results shown in Fig. 6. The single seed rate goes up slightly with the air pressure increasing. In the area III, the gas trajectory is spiral. This will cause the excess seeds to be carried away by the airflow under the drag force in the area I, so as to ensure that only one seed is retained in each cell. And this is the internal mechanism that this precision seed metering device can maintain high performance.

[image: images]

Figure 11: Gas velocity field and its partially enlarged view

4.2 Velocity of Seeds

The mechanism governing the gas-solid flow in the seed metering device can be better explored through the seed velocity study. To analyze the velocity of seed, when the angle between the horizontal line and the line connecting the seed center and point O is 22∘± 2∘, the seed which contacts with the seed metering wheel is chosen as the analysis object (Figs. 12 and 13).
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Figure 12: Analysis object in experiment result
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Figure 13: Analysis object in simulation result

The comparison of velocities of seeds with different rotational speeds and air pressures between simulation and experiment are shown in Figs. 14 and 15. Fig. 14 shows that the seed velocity increases with the increasing rotational speed. Fig. 15 shows that the seed velocity decreases with the increasing air pressure. The same changing trend can be seen in experimental and simulation results. The low speed of the particles facilitates the particles to enter the cells, and then conducive to increase single seed rate. This is consistent with the results shown in Figs. 5 and 6.
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Figure 14: Effect of rotational speed on velocities of seeds
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Figure 15: Effect of air pressure on velocities of seeds

The reason for the results shown in the figures is that the greater the rotation speed, the greater the seeding wheel’s friction force on the seeds, resulting in increased seed movement. And based on Fig. 11, it can also infer that the greater the air pressure, the greater the drag force, which is opposite to the direction of the seed wheel’s friction force, acting on the particles, the more stable the seeds are.

5  Conclusion

In this paper, the gas and seeds behaviors and the performance of air-blowing seed metering device have been studied at microscopic and macroscopic levels using 3D DEM-CFD. A similar agreement between simulation result and experiment result indicated that it is feasibility and validity of using this 3D DEM-CFD software to analyze the air-blowing seed metering device. Lots of useful information, from the detailed dynamic information of individual seed to the mechanisms governing gas-solid interactions, are obtained using this method. The main conclusions are summarized as follows:

(1) The simulation results are in good agreement with the experimental results. The single seed rate goes down with the increase of the rotational speed. The higher the speed, the more noticeable this phenomenon. Single seed rate rises with increasing air pressure. The higher the speed, the greater the ratio of single seed rate increases with the increase in air pressure.

(2) Under relatively low air pressure, 0.4 and 0.8 kPa, the multi-seeds rate increases with rotational speed increasing. As the air pressure increases to 1.2 kPa and above, the regularity becomes weaker.

(3) Part of the gas enters the seeding wheel through the small holes at the bottom of the cells, promoting the seeds to enter the cells better under the drag force.

(4) The seed velocity increases with the increasing rotational speed, and decreases with the increasing air pressure.
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Direction Pressure (kPa) Velocity (m/s) X (m/s) Y (m/s) Z (m/s)
60° 0.4 5.916 2.958 —5.123 0

0.8 8.266 4.133 —7.159 0

1.2 9.574 4.787 —8.291 0

1.6 12.110 6.055 —10.488 0

2.0 13.354 6.677 —11.565 0
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Parameters Values

Viscosity of gas (Pa-s) 1.79 x 1073
Gas destiny (kg/m?) 1.237
Length, width, and thickness of gas area (mm) 156/223/36
Number of grids along the length, width and thickness direction 30/45/7

Length, width and thickness of single grid (mm) 5.2/4.96/5.14
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Parameters Values (seeds) Values (seed and boundary)

Normal stiffness k, (N/m) 62500 125000
Tangential stiffness k;, (N/m) 41500 83000
Normal damping coefficient ¢, (s/m) 0.72 0.72
Tangential damping coefficient ¢, (s/fm) 0.59 0.58
Kinetic coefficient of friction fj 0.23 0.11
Static coefficient of friction f 0.27 0.15
Coefficient of restitution e 0.507 0.623
Number of seeds n 1050

Kernel density p (kg/m?) 1.269 x 103

Time steps (s) 5x 107

Moisture content (%) 94

Distribution of seed size (mm) Long 6.40~8.16, width 6.22~7.30,

thickness 5.09~6.24, follow normal
distribution





