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Abstract: Sunflower (Helianthus annuus L.) is one of the four major oil crops in the world and has high economic value. However, the lack of discrete element method (DEM) models and parameters for sunflower seeds hinders the application of DEM for computer simulation in the key working processes of sunflower seed sowing and harvesting. The present study was conducted on two varieties of sunflower, and the DEM model of sunflower seeds was established by using 3D scanning technology based on the distribution of triaxial dimensions and volumes of the geometric model of sunflower seeds. Similarly, the physical characteristics parameters of sunflower seeds were determined by physical tests and the simulation parameters were screened for significance based on the Plackett-Burman test. Our results show that the coefficient of static friction between sunflower seeds and the coefficient of rolling friction have significant effects on the repose angle of the simulation test. Furthermore, the optimal range of the significance parameters was further determined by the steepest climb test, and the second-order regression model of the significance parameters and the repose angle was obtained according to the Box-Behnken design test and Response Surface Methodology (RSM), with the repose angle measured by the physical test as the optimized target value to obtain the optimal parameter combination. Finally, a two-sample t-test for the repose angle of the physical test and the repose angle of the simulation test yielded P > 0.05. Our results confirms that the repose angle obtained from simulation is not significantly different from the physical test value, and the relative errors between the repose angle of the simulation test and the physical test are 1.43% and 0.40%, respectively, for the optimal combination of parameters. Based on these results it can be concluded that the optimal parameters obtained from the calibration can be used for DEM simulation experiments related to the sunflower seed sowing and harvesting process.
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Nomenclature



	DEM
	Discrete Element Method



	RSM
	Response Surface Methodology



	GEMM
	Generic EDEM Material Model Database



	JKR
	Johnson-Kendall-Roberts



	epp
	Inter-particle coefficient of restitution



	epm
	Particle-material coefficient of restitution



	μs-pp
	Inter-particle coefficient of static friction



	μs-pm
	Particle-material coefficient of static friction



	μr-pp
	Inter-particle coefficient of rolling friction



	μr-pm
	Particle-material coefficient of rolling friction



	L
	Length of sunflower seeds



	W
	Width of sunflower seeds



	T
	Thickness of sunflower seeds



	V
	3D volume of sunflower seeds



	Fn
	Normal contact force, N



	Ft
	Tangential contact force



	Fnd
	Normal damping force



	Ftd
	Tangential damping force



	δn
	Normal overlap amount



	δt
	Tangential overlap amount



	St
	Tangential stiffness



	E*
	Equivalent elastic modulus, MPa



	R*
	Equivalent radius of curvature, m



	G*
	Equivalent shear modulus, MPa



	ν
	Poisson’s ratio



	E
	Young’s modulus, MPa



	R
	Radius of sphere, m



	G
	Shear modulus, MPa



	β
	Damping ratio



	m*
	Equivalent mass, kg



	Sn
	Represent normal stiffness, N/m



	vnrel
	Normal relative speed, m/s



	St
	Tangential stiffness, N/m



	vtrel
	Tangential relative speed, m/s



	m
	Mass of particle, kg



	Ti
	Torque of particle, N·m



	ωi
	Angular velocity, rad/s



	F
	Load at the limit of sunflower seeds cracking, N



	e
	Collision recovery coefficient



	d
	Deformation variable, mm



	KU
	Constant determined by the radius of curvature



	RZ
	Minimum radius of curvature of the sample at the point of contact, mm



	RZ′
	maximum radius of curvature of the sample at the point of contact, mm



	h′
	Maximum height of rebound after collision, mm



	h
	Drop height before collision, mm



	ρ
	Angle of repose for sunflower seeds



	A
	Coefficient of static friction between seeds



	B
	Coefficient of rolling friction between seeds



	C
	Coefficient of static friction between seed and Q235



	D
	Coefficient of rolling friction between seed and Q235



	Y
	Angle of repose



	R2
	Coefficient of determination



	P
	Significance level




1  Introduction

Sunflower (Helianthus annuus L.) is a large annual herb of the genus Helianthus in the family Asteraceae, and is an important agricultural cash crop and oil crop in the world. In recent years, the planting area of sunflower has grown. In 2019, the planting area of sunflower in China was about 6.45 million acres, and the total output exceeded 1.5 million tons, which has good development prospects [1]. At present, the harvesting of sunflowers is basically done manually, and there are disadvantages such as low efficiency, high labor costs, and long harvesting cycles, which seriously hinder the sustainable development of the sunflower industry.

In recent years, the EDEM software based on the discrete element method (DEM) has been widely used in the study of the movement process of bulk materials and the optimization analysis of agricultural machinery and equipment. And numerical simulation is a good alternative to study the bulk materials with the merits of repetition and low costs [2]. The interaction between its key components and the grain is studied through DEM, which is an exploration for the study of the dynamic behavior of agricultural materials. It provides new ideas and references for the design and optimization of agricultural machinery and equipment, which is necessary for the design and continuous improvement of machinery in this field [3], and at the same time can increase the efficiency and reduce the cost of research and development. When using DEM to model agricultural materials and analyze related applications, it is necessary to determine more accurate simulation parameters: basic physical parameters (density, Poisson’s ratio, Young’s modulus, shear modulus) and contact mechanical parameters (collision recovery coefficient, static friction coefficient, rolling friction coefficient) in order to ensure the accuracy of the prediction of DEM simulation results [4–6]. Most of the current studies on the calibration of DEM simulation parameters are calibrated for cereals, soils, biomass, feeds, fertilizers, fruits and vegetables (as shown in Table 1).
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To summarize the research in Table 1, it is found that the non-spherical particles are mostly filled manually when the DEM parameters are calibrated, and it is sufficient to establish a multi-spherical particle model that is basically close to the real material shape. This way of particle filling restricts the parameters obtained from calibration to the DEM model of the multi-sphere particles to a certain extent, which reduces the applicability of the parameters calibrated by the DEM model. At the same time, it is worth noting that many domestic and foreign scholars mostly refer to the parameter intervals given by the Generic EDEM Material Model Database (GEMM), or the literature usually does not measure the microscopic parameters of the particles nor mention how the parameter values are obtained, resulting in unsupported assumptions about these values. Moreover, edible sunflower seeds are non-spherical particles, which are characterized by irregular shape and large volume compared to the above-mentioned spherical or ellipsoidal materials. Currently, there is no effective method for the rolling friction coefficient of edible sunflower seed grains, and the determination and calibration of DEM simulation parameters for edible sunflower seeds. So the modeling of edible sunflower seeds and the calibration of contact parameters become a difficult problem in the DEM process.

Based on this, a DEM parameter calibration method for edible sunflower seeds is proposed in this paper. The EDEM software auto-fill function is applied to create a sunflower seed calibration model, and the Response Surface Methodology (RSM) are applied to calibrate the friction coefficient of the DEM model for edible sunflower seeds, which provides a new method for calibrating the DEM parameters of bulk non-spherical materials.

2  Materials and Methods

2.1 Geometric Model of Sunflower Seeds

As the area with the most extensive sunflower planting area, Inner Mongolia’s sun-flower output accounts for 59.16% of the national output. From a representative point of view, this study selects two kinds of sunflowers mainly planted in Inner Mongolia Autonomous Region, namely SH361 and SH363 (Inner Mongolia Sanrui Agricultural Technology Co., Ltd., China). To determine the physical geometry model of the sunflower seeds, 100 seeds of each variety are randomly selected. According to the shape characteristics of the sunflower seeds, two mutually perpendicular axial dimensions are defined as the characteristic dimensions, which are length (L) and width (W) and thickness (T), as shown in Fig. 1. Using a digital vernier caliper with an accuracy of 0.01 mm to measure its characteristic dimensions, the average values of the three-axis dimensions (L × W × T) of SH361 and SH363 were 22.34 mm × 9.30 mm × 4.64 mm and 24.13 mm × 9.32 mm × 4.53 mm, respectively, and the three-axis dimensions are normally distributed.
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Figure 1: Characteristic size of sunflower seeds

When carrying out the DEM simulation analysis experiment, it is necessary to set the distribution attributes of the sunflower simulation model. In this study, the parameter setting is based on the volume distribution of the sunflower. Calculate the volume of sunflower seeds (V) according to formula (1) [25], and use IBM SPSS Statistics 24 software to perform KS test. The significance levels (P) of SH361and SH363 are 0.200. P > 0.05, showing that the 3D volume of sunflower is normally distributed (Fig. 2). The average value and standard deviation of the two varieties of volume are 299.55 ± 64.94 mm3, and 302.37 ± 65.09 mm3.


V=πWTL212L−6WT
(1)
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Figure 2: Volume distribution of sunflower seeds

2.2 Discrete Element Method Model of Sunflower Seeds

Real particles are usually irregular in shape, and shape of particles plays a key role in DEM [26,27]. Sunflower seeds are flat, quadrangular, long cone-shaped, and high in the middle abdomen, fluted and sutured to both sides. To establish a more accurate DEM particle model of sunflower seeds and improve the authenticity of simulation experiments, this paper used a 3D scanning profile of sunflower seeds and applied EDEM software for automatic particle filling. For each of the two varieties, take a sunflower seed with a three-axis size close to the average (Figs. 3a and 4a), apply three-dimensional scanning technology, and use the COMET L3D scanner to get the surface contour of the sunflower seed. Based on the shape, adjust the three-axis size to the average value (Figs. 3b and 4b); in order to facilitate the filling of the three-dimensional DEM model of sunflower seeds, the contour file is imported into the Geomagic Wrap software to smooth the surface of the fine bumps (Figs. 3c and 4c). Finally, the processed contour was imported into EDEM 2020 software as a model of sunflower seed particles, and the grid division X, Y and Z of SH361 was set to 50 and SH363 was set to 40, 50 and 40 using the automatic particle filling function. The smoothness uses the default value 5, the minimum particle radius selects the default value 0 mm, and the hard sphere boundary is checked by default, the filling effect is closer to the real contour. There are 245 (Fig. 3d), and 227 (Fig. 4d) filled spheres of each variety.
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Figure 3: Model of SH361
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Figure 4: Model of SH363

2.3 Selection of Sunflower Seed Contact Model

In developing the DEM simulation of the sunflower, there is the contact between the seed and the force between the seed and other contact materials. The test contact material in this paper is made of Q235, with a Poisson’s ratio of 0.28, a density of 7850 kg/m3, and a shear modulus of 8.20 × 1010 Pa [28]. According to the characteristics of the sunflower material, the surface adhesion force is small, and it is assumed that the changes in the displacement, force, speed and other parameters of the particles during the movement are determined by the difference in the amount of small overlap between the particles or between the particles and the contact material. According to Newton’s second law, each sunflower kernel model moves and rotates under the action of force and torque. Based on the above assumptions, the related movement process of sunflower seeds adopts the Hertz-Mindlin non-sliding contact mechanics model [29–31]. In the Hertz-Mindlin non-sliding contact model, the forces between the sunflower seeds or between the seeds and the contact material mainly include normal contact force (Fn), tangential contact force (Ft), normal damping force (Fnd), and tangential damping force (Ftd). The force and moment of any sunflower seed in the system is the sum of the above forces and corresponding moments, which are used to calculate the translational acceleration and rotational acceleration of the seeds, respectively.

Fn is a function of the normal overlap amount (δn), and Ft depends on the tangential overlap amount (δt) and the tangential stiffness (St). Therefore, Fn and Ft satisfy the functional relationship


{Fn=43E∗R∗δn32Ft=−δtSt
(2)

and


St=8G∗R∗δn
(3)

where E*, R*, G* are equivalent Young’s modulus, equivalent radius of curvature and equivalent shear modulus, respectively. And


1E∗=1−νi2Ei+1−νj2Ej
(4)


1R∗=1Ri+1Rj
(5)


1G∗=1−νiGi+1−νjGj
(6)

where νi, Ei, Ri, Gi and νj, Ej, Rj, Gj are the Poisson’s ratio, Young’s modulus, radius of sphere and shear modulus of contact particles i and j, respectively.

Fnd and Ftd on sunflower seeds satisfy the functional relationship


{Fnd=−256βSnm∗vnrelFtd=−256βStm∗vtrel
(7)

where β, m* are damping ratio and equivalent mass, respectively; Sn, vnrel, St, vtrel represent normal stiffness, normal relative speed and tangential stiffness, tangential relative speed, respectively. And


β=ln⁡eln2e+π2
(8)


1m∗=1mi+1mj
(9)


Sn=2E∗R∗δn
(10)

In the formula, mi and mj are the equivalent masses of contact particles i and j, respectively.

At the same time, Ft is limited by the Coulomb friction force μsFn, where μs is the static friction coefficient. The rolling friction force of the sunflower seeds in the simulated motion is realized by applying a torque (Ti) on the contact surface. Among them, Ti has a relationship with μr, Fn and Ri from the contact point to the center of mass, and the angular velocity (ωi) of the seed at the contact point


Ti=−μrFnRiωi
(11)

Therefore, the simulation parameters that need to be got by using the Hertz-Mindlin non-sliding contact mechanical model are particle density, particle size, Poisson’s ratio, Young’s modulus, shear modulus, collision recovery coefficient, static friction coefficient and rolling friction coefficient.

3  Determination of Discrete Element Method Simulation Parameters for Sunflower Seeds

3.1 Density

In this paper, the density of sunflower seeds is measured by the immersion method, repeat 5 times for each variety. Using IBM SPSS Statistics 24 software to perform SW normal distribution test on the density measurement results, and using box plots to test outliers and eliminate them, the density of SH361 is 461.52 ± 5.56 kg/m3, and SH363 is 387.92 ± 1.29 kg/m3.

3.2 Young’s Modulus and Shear Modulus

In this paper, the Hertz contact stress method is adopted. According to the ASAE S368.4 DEC 2000 (R2017) standard on the compression test of convex agricultural materials [32], the TMS-Pro physical property analyzer is selected (sensor range: 0∼2.5 kN), The uniaxial compression test is carried out on the thickness direction (Z-axis direction) of sunflower seeds, as shown in Fig. 5.
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Figure 5: Determination for the Young’s modulus of sunflower seeds

Since the radius of curvature of the two contact surfaces of the sunflower seed and the compression plate are almost the same, the apparent elastic modulus of the sunflower seed is calculated by simplifying the Hertz equation to formula (12) based on the Hertz elastic contact theory.


E=0.338F(1−v2)d3/322[2KU(1RZ+1R′Z)1/133]3/322
(12)

In the formula, E is the elastic modulus, MPa; F is the load at the limit of sunflower seeds cracking, N; v is the Poisson’s ratio of sunflower seeds, which is taken as 0.35 [33]; d is the deformation variable, mm; KU is determined by the constant determined by the radius of curvature (checked from Tables 2–5 by the value of cosθ using interpolation [34]); RZ, RZ’ are divided into the minimum and maximum radius of curvature of the convex surface at the contact point between the sunflower seeds and the plate, mm. Among them, cosθ, RZ and RZ’ are calculated by formula (13) [35].


cos⁡θ=R2−R1R2+R1,RZ=[(H/H22)2+(W/W22)2/(H/H22)2+(W/W22)2HH],RZ′=[(H/H22)2+(L/L22)2/(H/H22)2+(L/L22)2HH]
(13)

The shear modulus G (unit: MPa) of sunflower seeds is calculated by formula (14).


G=E2(1+v)
(14)

Using the same data processing method for the measurement results, the statistical analysis results of elastic modulus and shear modulus are shown in Table 2.
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3.3 Coefficient of Restitution

The coefficient of restitution of sunflower seeds was determined by a free fall test [12], in which a bonded plate of sunflower seeds and a Q235 plate were used as the contact base plate. In this paper, a POC. dimax S high-speed camera was used, the setting was 1000 frames per second, the shooting background was coordinate grid paper, and the bounce height of sunflower seeds was shot from the vertical angle of its falling direction, and the TEMA3.4-500 software was used to view and mark the bounce height of the seeds. Determining the coefficient of restitution of sunflower seeds is shown in Fig. 6. The collision process between sunflower seeds and Q235 is shown in Fig. 7.
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Figure 6: Determination for the coefficient of restitution of sunflower seeds
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Figure 7: The collision process of sunflower seeds with Q235

The collision recovery coefficient of sunflower seeds was calculated by formula (15).


e=h′h
(15)

where, e is the collision recovery coefficient; h’ is the maximum height of rebound after collision, mm; and h is the drop height before collision, 170 mm (set with reference to the height between the seed catching base plate and the seed collecting winch of 4ZXRKS-4 sunflower combine harvester).

To reduce the measurement error and the influence of individual differences between sunflower seeds on the test results, 30 sunflower seeds of each variety were randomly selected, and the effective fall test results were retained; the results of the statistical analysis of the collision recovery coefficients between sunflower seeds and each contact material are shown in Table 3.
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3.4 Coefficient of Static Friction

In this paper, the static friction coefficients between sunflower seed and between sunflower seed and Q235 were determined by the inclinometer method. The test was carried out with a CNY-1 inclinometer, a digital display inclinometer (measuring range 4 × 90°, measuring accuracy ±0.2°, resolution 0.05°), a bonding plate of sunflower seeds and a Q235 test plate (250 mm × 100 mm × 2 mm). The static friction coefficient between sunflower seeds and Q235 was measured as shown in Fig. 8.
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Figure 8: Determination for static friction coefficient of sunflower seeds

Using the same test method and data processing method, the statistical analysis results of the static friction coefficient between the sunflower seeds and the contact materials are shown in Table 4. The coefficient of variation is less than 15%, indicating that the test repeatability is good, and the difference between individuals is within an acceptable range.
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4  Results

4.1 Physical Stacking Test

The angle of repose refers to the angle between the cone bus and the bottom plane into which the bulk material accumulates when it falls naturally and continuously from a certain height to a plane, which can reflect the internal friction characteristics and scattering characteristics of the bulk material and is influenced by the shape, size and moisture content of the material [36]. In this paper, the bottomless cylinder method was used for the repose angle test. It is known that the maximum particle size of sunflower seeds is 14.89 mm, and the diameter of the bottomless cylinder should be greater than 4–5 times the particle size of the seeds, and the height of the cylinder is 3 times the diameter [37], so the inner diameter and height of the Q235 bottomless cylinder were made to be 70 and 210 mm, respectively. During the test, the bottom of the cylinder was in contact with a square steel plate with a side length of 45 mm, and the sunflower seeds were filled with the cylinder. The cylinder was lifted vertically upward at a speed of 500 mm/min by a CRIMS DDL200 universal testing machine, and the seeds slowly flowed out from the bottom of the cylinder to form a vertebra, as shown in Fig. 9. After the seed pile slope surface was stabilized, the camera was used to get a front view of the repose angle of the seeds and the test was repeated 5 times.
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Figure 9: The angle of repose test of sunflower seeds

To obtain more accurate repose angle of sunflower seeds, this paper uses MATLAB image processing techniques to process the front view of the repose angle (Fig. 10a) in grayscale (Fig. 10b), binarize (Fig. 10c), invert the color (Fig. 10d), close the operational hole filling (Fig. 10e), extract the boundary curve and crop (Fig. 10f), and use the least squares method to linearly fit the boundary Fitting, obtaining the fitted linear equations, as shown in Figs.10g and 10h for the left profile and linear fit of the seed pile and the right profile and linear fit of the seed pile. The slope k of the linear equation is the tangent of the side angle of repose. The final angle of repose determination formula is shown in formula (16) [38]:


ρ=arctan⁡|k|×180∘π
(16)

where, ρ is the angle of repose sunflower seeds, °; k is the slope of the fitted line of the sunflower seeds heap boundary.
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Figure 10: Sunflower seed angle of repose image processing

Among them, and are the accumulation angles on the left and right sides of the sunflower seeds. Under this condition, since the accumulation shape is not completely symmetrical, and are not completely equal, so the average of the two angles is taken as the accumulation condition angle of repose [39]. After the SW normal distribution test was performed on the measured results, and the Mahalanobis distance method was used to find and eliminate the multivariate outliers. The statistical results of the data are shown in Table 5.
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4.2 Stacking Test Simulation Model

In the stacking test simulation, the inner diameter and height of the cylinder were the same as those used in the test (inner diameter: 70 mm; height: 210 mm), and the upper bottom surface of the cylinder was set as the particle plant. The DEM shape model for sunflower seed particles used the particle model shown in Figs. 3 and 4, which well characterized the shape of sunflower seeds. Based on the known volume distribution of sunflower seeds, it was determined that the volume of seeds in the simulation was generated randomly according to the standard normal distribution, and the seeds fell freely after generation and filled the whole cylinder. After the system reaches equilibrium, the cylinder is lifted vertically at a speed of 500 mm/s, and the particles will slowly flow out from the bottom of the cylinder and finally form a stable pile of seeds on the bottom plate. The cylinder modeling and seed stacking process are shown in Fig. 11. Combining the parameters obtained from each test in this study and referring to the relevant literature, the variation range of each simulation parameter in this study was determined as shown in Table 6. And the Hertz-Mindlin (no-slip) contact model was used. In addition, since the stress wave propagation in the particles is affected by the simulation parameters, the Rayleigh time step may be different in each simulation, so the time step is taken as 20% Rayleigh time step in all simulations. The mesh size in the simulation is taken as 3 times the minimum spherical cell size.
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Figure 11: Cylinder modeling and sunflower seed simulation stacking process
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4.3 Calibration of Friction Coefficient Between Sunflower Seeds

4.3.1 Plackett-Burman Design

Because the friction coefficient between the sunflower seeds and between the seeds and the material has a significant influence on the angle of repose [6], this paper calibrates the static friction coefficient and rolling friction coefficient of the sunflower seeds. The four parameters of static friction coefficient and rolling friction coefficient between the seeds, between the seeds and the Q235 material are selected as the test factors, and the physical angle of repose of the sunflower is the response value, and the Plackett-Burman test design is carried out using Design Expert 11 software. Plackett-Burman screening tests were conducted to determine the parameters that significantly affect the stacking angle of sunflower seeds, and the static and rolling friction coefficients between sunflower seeds, and the static and rolling friction coefficients between seeds and Q235 were screened to determine the parameters that significantly affect the stacking angle of sunflower seeds. Among them, the minimum and maximum values of the physical test are selected for the static friction coefficient between seeds, between seeds and Q235, the minimum and maximum values of the rolling friction coefficient between seeds, between seeds and Q235 are determined to be 0 and 0.2 [7], and the average value of other input parameters is determined by experiments, and the maximum and minimum values of the four friction coefficients are coded as level +1 and −1, respectively. The results are shown in Table 7. The Plackett-Burman experimental design used 1 center point and a total of 13 simulated repose angle tests were carried out in EDEM 2020 software, and repose angle measurements were carried out using image processing methods after the seeds had gradually stabilized. The Plackett-Burman test protocol and results are shown in Table 8, and the significance analysis of the test parameters is shown in Table 9.
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It can be seen from Table 9 that the P value for the models of SH361 and SH363 were less than 0.05, and the coefficient of determination R2 is 0.9207, 0.9527, respectively, which are all close to 1, indicating that the regression model is significant and the model can better predict the changing trend of each parameter. It can be seen from the standardization effect that A (coefficient of static friction between seeds) and B (coefficient of rolling friction between seeds) of SH361 have a positive effect on the repose angle, i.e., the repose angle increases as these 2 factors increase; and C (coefficient of static friction between seeds and Q235) and D (coefficient of static friction between seeds and Q235) have a negative effect, i.e., the repose angle decreases as these 2 factors increase. A, B, and C of SH363 have a positive effect on the repose angle, and D has a negative effect.

The influence of each factor on the repose angle was analyzed according to the contribution rate of each factor, in which A and B had a greater influence on the results with a contribution rate greater than 15%, and C and D had a smaller influence on the results with a contribution rate less than 5%. By comparing the magnitude of F value of each parameter, it was obtained that the effect of A on repose angle was greater than that of B. Therefore, the parameters with significant effects on the angle of repose were selected by the results of the Plackett-Burman test: A and B were considered as the parameters for the subsequent steepest climb test and the response surface analysis test.

4.3.2 Steepest Climbing Test

According to the Plackett-Burman test design and results, the two more significant test parameters A and B, which have a positive effect on the repose angle of sunflower, are gradually increased according to a certain step. For the remaining parameters, choose the middle level for the steepest climbing test to quickly approach the optimal parameter area. Calculate the relative error between the simulated repose angle and the actual repose angle of the sunflower. The test plan and results are shown in Table 10.
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The steepest climbing test results show that with the increase of A and B, the simulated repose angle gradually increases, and the relative error with the repose angle measured by the physical experiment decreases first After the increase, the relative error of No. 2 test is the smallest. Therefore, the parameter values in the No. 2 experiment are taken as the central point of the response surface analysis test, and the parameter values of the No. 1 and No. 3 experiments are regarded as the low level and the high level respectively for the response surface analysis experiment.

4.3.3 Response Surface Analysis Test

According to the results of the steepest climbing test, the Box-Behnken design test was used to find the optimal values of the significant parameters using the response surface methodology. In the experiment, A and B were used as the test factors, and the repose angle was used as the test index. For other non-significant influencing factors, refer to the test levels of each factor in Table 5, and a total of 9 tests were carried out. One center point test was used for error analysis. The Box-Behnken test design scheme and results are shown in Table 11. +1 and −1 respectively represent the high and low levels of A and B.

[image: images]

Design-expert software was applied to multiple regression fitting analysis of sunflower seed test results, with Y (angle of repose) as the response value and A and B as independent variables, and the repose angle regression equations for SH361 and SH363 were obtained as follows:


Y=13.79141−16.71717A−0.371212B+117.42424AB+92.59259A2−79.16667B2
(17)


Y=−20.44448+146.69690A+287.59524B−488.09524AB−117.15797A2−304.16667B2
(18)

It can be seen from Table 12 that the P value of the repose angle regression model of the two varieties is less than 0.05, the determination coefficient R2 and the correction determination coefficient R2adj are all close to 1, the CV (coefficient of variation) is less than 15%, and the accuracy of the model is greater than 4. According to the book [40], the repose angle regression model is remarkable, with high degree of fit, good reliability and high accuracy, which can be used to predict the repose angle of sunflower seeds. Analyze the variance results of the regression model for each repose angle: the effect of A in SH361 on the repose angle is highly significant, and the effect of the remaining terms on the repose angle is not significant; the effect of B in SH363 on the repose angle is highly significant; the effect of the remaining terms on the repose angle is not significant. There was a quadratic nonlinear relationship between the experimental independent variables A and B and the response value Y. The effect of the interaction on the response value was not significant, and the response surface of the repose angle for each species is shown in Fig. 12.
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Figure 12: Angle of repose response surface for sunflower seeds

5  Result and discussion

The optimization module in Design Expert 11 software has been used to solve the regression model (i.e., Eqs. (17) and (18)) with constrained objectives, in which the physical test values of the repose angle are defined as the optimization target values and A, and B are regarded as the optimization objects. Based on the Plackett-Burman test and the steepest climb test, the ranges of SH361 A, SH361 B, SH363 A and SH361 B have been determined to be 0.27~0.6, 0.27~0.57, 0.35~0.58, and 0.37~0.62, respectively. Therefore, the objective function and constraint function of the optimization problem are as in Eqs. (19) and (20).


{Y(A,B)=19.540.27≤A≤0.60.27≤B≤0.57
(19)


{Y(A,B)=22.440.35≤A≤0.580.37≤B≤0.62
(20)

The repose angle simulation test is carried out with a number of optimized solutions as parameters, and the repose angle is compared and verified with the physical test. A set of data with the most similar size, shape, and formation process of the two repose angles is selected as the optimized solution, that is, SH361 A is 0.34, B is 0.02; SH363 A is 0.41, B is 0.03; Other non-significant parameters are set to intermediate levels, and the optimized DEM simulation parameters of sunflower seeds are shown in Table 13.
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The optimal calibration parameters were input into the EDEM software to simulate the repose of the sunflower seeds, and the resulting simulated repose angles and relative errors of SH361 and SH363 are shown in Table 14. A two-sample t-test was conducted to detect significance between the simulated values and the physical test values. Therefore, an F-test of the simulated values against the physical test values was required first as a basis for selecting the t-test method. Table 15 shows the results of the F-test.
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As shown in Table 15, the PSH361 = 0.04727 < 0.05 and PSH363 = 0.00240 < 0.05 indicates a significant difference between the two variances. So the heteroskedasticity t-test was used to detect significance between the simulated values and the physical test values. The results of the two-sample heteroskedasticity t-test are shown in Table 16.

[image: images]

From the test results shown in Table 14, it can be seen that |T| < “T two-tailed critical”, “two-tailed” > 0.05, indicating that there is no significant difference between the simulated value and the physical test value after calibration of the simulation parameters. As shown by the comparison results of SH361 physical test (Fig. 13a) and simulation test (Fig. 13b), proved it can be used as a DEM simulation value of the characteristics of the sunflower seeds.

[image: images]

Figure 13: Comparison of physical and simulation tests

The above research results verify the accuracy of the DEM building method and friction coefficient calibration method for sunflower seeds proposed in this paper, and determine the DEM model and parameters for sunflower seeds, which helps the application of the DEM in the development of agricultural equipment for sunflower seeds. Compared with the DEM of sunflower seeds manually filled by Guo et al. [41], the automatic filling method used in this paper is efficient and the model is more accurate, which in turn improves the applicability of the DEM simulation parameters calibration. The results of our calibration tests concerning the friction coefficients are consistent with other studies of bulk particles, such as oil sunflower seeds [42], which implies that the static and dynamic friction coefficients between seeds are factors that have a significant effect on the resting angle of sunflower seeds, and the effect is positive.

6  Conclusions

DEM modeling and friction coefficient calibration were performed for edible sunflower seeds, SH361 and SH363, which are mainly planted in Inner Mongolia Autonomous Region, China. A new method for the calibration of DEM parameters of non-spherical and irregular particles was developed. The parameters required for the DEM model of sunflower seeds were obtained by physical tests: density, Young’s modulus, elastic modulus, collision recovery coefficient and static friction coefficient. Further, the static friction coefficient and rolling friction coefficient of sunflower seeds were calibrated by applying regression analysis and response surface analysis with reference to the static friction coefficient determination interval through simulation tests. The optimum combination of DEM parameters of sunflower seeds was determined with the rest angle measured by physical tests as the optimized target value. It shows that it is feasible to apply response surface analysis to calibrate the DEM simulation parameters, and the results of the calibrated DEM simulation model parameters of sunflower seeds are realistic and reliable, which can provide reference for the simulation of mechanized operations such as sunflower seed sowing and harvesting.

In this paper, a second-order mathematical model between the static friction coefficient between seeds, rolling friction coefficient between seeds and angle of repose was developed using RSM in the calibration of DEM friction coefficient of sunflower seeds. This method uses the Plackett-Burman, steepest climb, and Box-Behnken experimental design methods in turn and obtains certain data through simulation tests, and uses a multiple quadratic regression equation to fit the functional relationship between the friction coefficient and the angle of repose. However, the RSM requires experimental design to establish a suitable mathematical model from a large amount of experimental data, which will undoubtedly take a lot of time.

Further, we have obtained comprehensive results demonstrating that the inter-seed static friction coefficient and rolling friction coefficient had a significant positive effect on the resting angle of the simulation test. Therefore, in the future study, we should try to calibrate only the static and dynamic friction coefficients between seeds to obtain the results in a shorter time. However, the selection of sunflower seed varieties was limited in our paper; meanwhile, other complications, such as water content, were not considered in our paper, which would be our next tasks.
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Table 3: Coefficient of collision recovery of sunflower seeds

Variety Contact material Average Standard deviation Minimum Maximum P value (S-W)

SH361 SH361 041 0.10 0.23 0.61 0.089
Q235 0.49 0.13 0.24 0.66 0.193
SH363  SH363 0.43 0.08 0.28 0.57 0.232

Q235 0.37 0.11 0.24 0.57 0.093
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Table 8: Design and results of Plackett-Burman test

No. A B C D Simulation angle of repose (°)
SH361 SH363
1 +1 +1 —1 +1 35.57 38.56
2 -1 +1 +1 —1 20.22 32.75
3 +1 —1 +1 +1 26.82 23.96
4 -1 +1 -1 +1 18.93 26.52
5 -1 -1 +1 -1 17.98 20.37
6 -1 —1 -1 +1 16.11 18.88
7 +1 -1 -1 -1 24.62 23.01
8 +1 +1 -1 -1 39.28 36.32
9 +1 +1 +1 —1 38.14 36.89
10 -1 +1 +1 +1 20.26 29.30
11 +1 —1 +1 +1 26.46 24.18
12 -1 -1 -1 -1 17.78 18.66
13 0 0 0 0 25.83 25.85
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Table 13: DEM simulation input parameters of sunflower seeds

Parameter SH361 SH363

Seeds Q235 Seeds Q235
Poisson’s ratio 0.35 0.28 0.35 0.28
Density (kg'm ) 461.50 7850 387.92 7850
Shear modulus (Pa) 8.4 x 10° 8.20 x 10" 7.22 x 10° 8.20 x 10"
Coefficient of restoration 0.41 0.49 0.43 0.37
Coefficient of static friction 0.34 0.42 0.41 0.50
Coefficient of rolling friction 0.02 0.10 0.03 0.10
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Table 4: Static friction coefficient of sunflower seeds

Variety Contact material Average Standard deviation Minimum Maximum P value (S-W)

SH361 SH361 0.44 0.10 0.27 0.60 0.067
Q235 041 0.08 0.27 0.57 0.098
SH363  SH363 0.47 0.05 0.37 0.58 0.583

Q235 0.46 0.07 0.37 0.62 0.085
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Table 9: Significance analysis of Plackett-Burman test parameters

Variety Parameters Stdized effects Contribution rate (%) F value P value
Model — — 20.30 0.0006
A 13.27 69.29 61.62 0.0001

SH361
B 7.11 19.87 17.67 0.0040
C —0.40 0.64 0.0565 0.8190
D —2.31 2.10 1.87 0.2137
Model — — 35.26 <0.0001
A 6.07 19.38 28.89 0.0010

SH363 B 11.88 74.16 110.54 <0.0001
C 0.92 0.44 0.6581 0.4439
D —1.10 0.64 0.9477 0.3627
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Table 7: Factors and levels of Plackett-Burman

No. Parameter Coding SH361 level SH363 level
-1 0 +1 -1 O +1
1  Poisson’s ratio of sunflower seeds — — 0.35 - = 0.35 —
2 Sunflower seeds density (kg'm ™) - - 46150 - - 38792 -
3 Shear modulus of sunflower seeds (Pa) — — 8.4 % - = 722x -
10° 10°
4  Coefficient of restoration between seeds — — 0.41 - = 0.43 —
5  Coefficient of static friction between seeds A 0.27 0.435 0.60 0.37 0.475 0.58
6  Coefficient of rolling friction between seeds B 0 0.10 0.20 0 0.10 0.20
7  Poisson’s ratio of Q235 — — 0.28 - — 028 —
8 Q235 density (kgm ) = — 7850 - — 7850 -
9  Shear modulus of Q235 (Pa) — — 8.2 % - = 8.2 % —
1010 1010
10 Coefficient of restoration between seed and  — — 0.49 - = 0.37 —
Q235
11  Coefficient of static friction between seed and C 0.27 042 0.57 0.37 0.495 0.62
Q235
12 Coefficient of rolling friction between seed and D 0 0.10 020 0  0.10 0.20

Q235
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Table 12: Anova of quadratic polynomial model of Box-Behnken test

Variety Source of variance Sum of squares df Mean square F value P value
Model 76.91 5 15.38 9.52 0.0464*
A 65.87 1 65.87 40.78 0.0078%*
B 10.30 1 10.30 6.38 0.0858
AB 0.3844 1 0.3844 0.2380 0.6591
SH361 5
A 0.3254 1 0.3254 0.2014 0.6840
B? 0.0321 1 0.0321 0.0199 0.8968
Residual 4.85 3 1.62 - —
Total 81.75 8 - - -
R* = 0.9407; R”,q; = 0.8420; CV = 6.28%; Adeq precision is 8.9110
Model 50.28 5 10.06 9.97 0.0436%*
A 9.93 1 9.93 9.84 0.0518
B 37.10 1 37.10 36.76 0.0090%**
AB 2.69 1 2.69 2.67 0.2011
SH363 A? 0.0854 1 0.0854 0.0846 0.7900
B? 0.4737 1 0.4737 0.4694 0.5425
Residual 3.03 3 1.01 - —
Total 53.31 8 - - -

R* = 0.9432; Rzadi = 0.8486; CV = 4.44%; Adeq precision 1s 9.2008

Note: * and **indicated significance at 0.05 and 0.01 levels, respectively.
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Table 16: Results of two-sample heteroskedasticity #-test

SH361 SH363

Simulated value Test value Simulated value Test value
Mean (°) 19.82 19.54 22.35 22.44
Variance 0.44498 2.94128 0.1724 5.8636
Observed value 5 5 5 5
Assume average difference 0 0
df 4 4
T Stat 0.36298 —0.07736
P (T <=f) one-tailed 0.36749 0.47103
T one-tailed critical 2.13185 2.13185
P (T <= f) two-tailed 0.73499 0.94205

T two-tailed critical 2.77645 2.77645
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Table 11: Design and results of Box-Behnken test

No. A B Simulation angle of repose (°)

SH361 SH363
1 —1 —1 16.77 17.19
2 +1 —1 2247 21.70
3 —1 +1 17.54 24.76
4 +1 +1 24.48 25.99
5 —1 0 16.90 21.84
6 +1 0 24.14 23.82
7 0 —1 17.45 21.02
8 0 +1 22.53 24.08
9 0 0 19.96 23.17
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Table 1: DEM simulation parameter calibration study

Object Shape model Particle model =~ Parameter Calibration Reference
filling method range parameters
Wheat Ellipsoidal Manual Literature Ms-pps Mrpp> Ms-pm  Liu et al.
[7]
Maize Non-spherical Manual Test value &  t4pps tr-pm Wang
Literature et al. [8]
Soybean Spherical Manual Literature Hr-pps Lr-pm Ghodki
et al. [9]
Rice seed Non-spherical Particle factory  Literature Hs-pp> Mr-pp Zhang
et al. [10]
Radix peucedani  Non-spherical Particle factory ~ Test value & 1, trpp Wu et al.
seed Literature [11]
Flaxed seed Tabular Manual Test value  tbpps tr-pm Shi et al
[12]
Panax Non-spherical Particle factory  Literature Cpps Ms-pps Mr-pp Yu et al.
notoginseng seed [13]
Alfalfa seed Non-spherical Manual Literature Cpps Ms-pps Mr-pp Ma et al.
[14]
Buckwheat, Non-spherical Manual Test value & e,,, €pms thspp» Hs-  Zhang
buckwheat rice Literature pm et al. [15]
Agropyron seed  Non-spherical Manual Test value €pps €pms Ms-pps lr-pp HoU et al.
[16]
Sandy soil Spherical, Manual GEMM Cpps Ms-pps Mr-pp Zhang
rectangular, et al. [12]
prismatic
Rape stalk Cylindrical Manual Literature Us-pp> lr-pps Mspm  Liao etal.
[17]
Alfalfa straw Long strip Manual Test value Us-pps tr-pps Mspm  Ma et al.
[18]
Pellet feed Cylindrical Manual GEMM €op> Ms-pps> Mr-pp Peng
et al. [19]
Pig manure Spherical Manual Literature €pps Mr-pp> JIKR Peng
organic fertilizer surface energy et al. [20]
Sheep manure Spherical Manual Literature Hr-pp> trpm» JKR  Yuan
organic fertilizer surface energy et al. [21]
Blueberry Ellipsoidal Manual Literature Cpps Ms-pps Hs-pm Zhang
et al. [22]
Potato minituber  Ellipsoidal Manual Test value ey, €pms lhspp> s Liu et al.
pm> Mr-pps Mrpm [23]
Garlic Non-spherical Manual Test value Hr—pps Horpm Wen et al.

[24]
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Table 6: DEM input parameters for sunflower seeds and Q235

Type No. Parameter SH361 SH363
1 Poisson’s ratio of sunflower seeds 0.35 0.35
2 Sunflower seeds density (kg'm ) 461.5 387.92
3 Shear modulus of sunflower seeds (Pa) 8.4 x 10° 7.22x10°
4 Coefficient of restoration between seeds 0.41 0.43
Sunflower seeds 5 Coefficient of static friction between seeds 0.27~0.60 0.37~0.58
6 Coefficient of rolling friction between seeds 0~0.2 0~0.2
7 Coefficient of restoration between seed and Q235 0.49 0.37
8 Coefficient of static friction between seed and Q235  0.27~0.57 0.37~0.62
9 Coefficient of rolling friction between seed and Q235 0~0.2 0~0.2
10 Poisson’s ratio of Q235 0.28
Q235 11 Q235 density (kg'm™) 7850
12 Shear modulus of Q235 (Pa) 8.2 x 10
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Table 15: Results of the F-test

SH361 SH363

Simulated value Test value Simulated value Test value
Mean (°) 19.82 19.54 22.35 22.44
Variance 0.44498 2.94128 0.1724 5.8636
Observed value 5 5 5 5
df 4 4 4 4
F 0.15129 0.02940
P (F <= f) one-tailed 0.04727 0.00240
F one-tailed critical 0.15654 0.15654
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Table 2: Young’s modulus and shear modulus of sunflower seeds

Modulus Variety Average Standard deviation =~ Minimum Maximum P value
(Mpa) (Mpa) (Mpa) (Mpa) (S-W)
Young’s SH361 22.69 5.93 15.98 35.93 0.007
modulus SH363 19.62 3.25 15.52 25.23 0.008
Shear SH361 8.40 2.20 5.92 13.31 0.007
modulus SH363 7.22 1.27 4.91 9.34 0.052
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Table 10: Design and results of the steepest climbing test

Variety Physical angle No. A B Simulation angle Relative error (%)
of repose (°) of repose (°)

1 0.270 0.00 16.77 14.18
2 0.336 0.04 19.96 5.23

SH361 19.54 3 0.402 0.08 24.48 25.28
4 0.468 0.12 29.35 50.20
5 0.534 0.16 34.92 78.71
6 0.600 0.20 38.35 96.26
1 0.370 0.00 17.19 23.40
2 0.412 0.04 24.47 9.05

SH363 20 44 3 0.454 0.08 25.99 15.82
4 0.496 0.12 29.25 30.53
5 0.538 0.16 32.89 46.57
6 0.580 0.20 38.77 72.77
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Table 5: Angle of repose test results for sunflower seeds

Variety Angle of repose  Average Standard deviation Minimum Maximum P value (S-W)
1 19.37 2.88 16.67 22.74 0.166
SH361 pp 19.72 2.88 15.91 23.38 0.830
Po 19.54 1.72 17.77 22.18 0.671
01 22.23 3.34 17.71 25.73 0.695
SH363 pp 22.64 5.27 15.56 30.08 0.881
Po 22.44 2.42 20.65 26.38 0.094
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Table 14: Simulation results and relative errors about angle of repose for sunflower seeds

No. SH361 SH363
Simulated value (°) Relative error (%) Simulated value (°) Relative error (%)
1 19.59 0.26 22.57 0.58
2 19.67 0.67 22.85 1.83
3 19.96 2.15 21.89 2.45
4 19.89 1.79 22.49 0.22
5 20.01 2.41 21.95 2.18






