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Abstract: The discrete element method (DEM) for modeling the behavior of particulate material is
highly dependent on the use of appropriate and accurate parameters. In this study, a seed metering
DEM simulation was used to measure, calibrate, and verify the physical and interactional parameters
of rapeseed. The coefficients of restitution and static friction between rapeseeds and three common
materials (aluminum alloy, acrylic, and high-density polyethylene) were measured using free drop
and sliding ramp tests, respectively. The angle of repose was determined using a hollow cylinder
experiment, which was duplicated using a DEM simulation, to examine the effects of static and
rolling friction coefficients on the angle of repose. Response surface optimization was performed to
determine the optimized model parameters using a Box–Behnken design test. A metering device
was made with three materials, and rapeseed seeding was simulated at different working speeds
to verify the calibrated parameters. The validation results showed that the relative errors between
the seed metering model and experiments for the single qualified seeding, missed seeding, and
multiple seeding rates were −0.15%, 3.29%, and 5.37%, respectively. The results suggest that the
determined physical and interactional parameters of rapeseed can be used as references for future
DEM simulations.

Keywords: rapeseed; DEM; interaction properties; simulation; response surface methodology

1. Introduction

Rapeseed is one of the most important sources of vegetable oil in the world [1].
As a discrete particle material, rapeseed processing which includes seeding, harvesting,
handling, processing, and storage involves complex forces that have been studied over
the decades, but are still extensively investigated, because the result from traditional
theoretical analysis of these complex forces often disagree with experimental results. The
use of numerical simulation methods can bridge the gap between theoretical analysis and
experimental studies, and therefore provide insight into particle interactions, which is
beneficial for the design and development of different types of machinery such as seeders,
harvesters, conveyors, and dryers at modern agricultural and industrial scales.

In recent years, with the rapid development of modern mechanics, numerical methods,
and computer technology, the discrete element method (DEM) has been widely used by
engineers and researchers to study interactions between particles and equipment [2–5].
As a numerical modeling technique, the DEM mainly addresses problems in engineering
and applied sciences that show significant discontinuity behavior [6–8]. The DEM for a
numerical analysis of a simulation involves constructing a discrete element model and
determining the simulation parameters. Furthermore, determination of the DEM input
parameters and construction of the model are also crucial prerequisites for an effective
simulation [9,10]. Z. Zhan et al. [11] established an ellipsoidal discrete element model of rice
based on the physical parameters of seeds and simulated the translational and rotational
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motions of seeds after impact. Ucgul et al. [12] calibrated the parameters required for soil
tillage using the angle of repose and penetration tests, which effectively simulated soil–tool
interactions for force. F. Liu et al. [13] obtained the angles of repose of wheat through
a cylinder-lifting test and a rotating drum test, respectively, and studied the differences
between wheat micro-parameters qualitatively and quantitatively. The results showed
that both calibration methods had effects on wheat micro-parameters. T. Xu et al. [14]
measured and analyzed the physical parameters of soybean seeds and proposed a multi-
sphere method to establish a DEM model for the particles. Rozbroj et al. [15] constructed a
DEM model of cylindrical pellets made from black bent. The vessel-discharge experiments
using particle image velocimetry and DEM simulations were compared to determine the
influence of the length of the pellets on the discharge speed and time. Kanakabandi and
Goswami [16] constructed a DEM model of black pepper and compared and analyzed the
laboratory and simulation tests of a rotating drum apparatus, which was used to study the
rest angle and flow characteristics of black pepper.

Considering a DEM model for simulations with rapeseed, Raji and Favier [17] first
attempted to study the compressive loading of rapeseeds using a single-sphere particle
model. Then, they extended the single-sphere particle model to simulate the compression
process of three oil crops including rapeseed [18]. Wojtkowski et al. [19] analyzed the free
fall of rapeseed under different moisture contents and impacts against a flat surface. The
validity of the two contact models of rapeseed was verified by physical tests and DEM
simulations. Parafiniuk et al. [20] simulated particle discharge tests based on two contact
models for rapeseed as a single-sphere model. The simulation results showed that the
contact model with low moisture content could effectively reproduce the experimental
results of slow particle flow. Tamás et al. [21] constructed simulation models of the mechan-
ical properties of rapeseed as a set of granular masses and verified them using single-axis
compression and shear tests. The results proved that the DEM-based models could be used
to simulate the macroscopic mechanical processes of rapeseed pressing. Most of the param-
eters required for rapeseed DEM simulation can be measured experimentally [22], however,
there is no general method to obtain the exact values for parameters (especially the physical
contact parameters) that have a significant impact on the simulation results. In addition,
few researchers have addressed the problem of the coefficient of rolling friction between
rapeseeds and the coefficient of rolling friction between rapeseeds and contact materials.

In this study, we aimed to calibrate and measure the parameters for the DEM modeling
of rapeseed. On the basis of the physical properties of rapeseed, we obtained the angle
of repose of rapeseed for a hollow cylinder experiment combined with image processing
techniques. Response surface optimization was performed to determine the optimized
DEM simulation parameters of rapeseed using a Box–Behnken design test. Furthermore,
we also determined the accuracy of inter-rapeseed simulation parameters through rapeseed
metering device validation tests.

2. Materials and Methods
2.1. Materials

The rapeseed variety zhongshuang 11 was used as the research object, provided by
the Wuhan Zhongyou Seed Industry Technology Co., Ltd. (Wuhan, China). Two hundred
seeds were randomly selected, and their length, width, and thickness were measured
using a digital vernier caliper (accuracy of 0.01 mm) (H type, Harbin Measuring & Cutting
Tool Group Co., Ltd., Harbin, China). The calculations of geometric mean grain size
and sphericity of rapeseed were based on triaxial dimensions [23]. The thousand seed
weight was measured using an electronic balance (accuracy of 0.0001 g) (FA type, Shanghai
Grows Instruments Co., Ltd., Shanghai, China). The moisture contents of the samples
were determined using a moisture analyzer DHS-16 (Shanghai Grows Instruments Co.,
Ltd., Shanghai, China). The analyzer was heated and dried using a halogen lamp. During
the drying process, the analyzer continuously measured the weight of the sample and
instantly displayed the percentage moisture content lost by the sample. After drying was
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completed, the final measured moisture content value was fixed, and displayed. The
density of rapeseed was determined following the liquid displacement method [24]. The
results for the physical parameters of rapeseed are shown in Table 1.

Table 1. Physical parameters of a rapeseed particle.

Properties Mean Standard Deviation

Length, mm 2.11 0.16
Width, mm 1.95 0.12

Thickness, mm 1.85 0.15
Geometric mean particle size, mm 1.96 0.12

Sphericity, % 93.42 0.05
Thousand kernel weight, g 4.66 0.31

Moisture content, % 4.98 0.24
Density, kg/m3 1058 1.05

2.2. Experimental Measurements

The parameters required for a discrete element model simulation can be divide into
two categories, i.e., material intrinsic parameters and contact mechanical parameters.
Material intrinsic parameters are relatively easy to determine, and most of them can
be measured by standardized tests, whereas contact mechanical parameters behave as
microscopic parameters that are difficult to obtain by actual measurements. However,
contact mechanical parameters, the coefficients of restitution and static friction, have
relatively well-defined measurement methods and theories [25,26]. Therefore, in this study,
the coefficients of static friction and restitution between rapeseed and each of three common
materials (aluminum alloy, acrylic, and high-density polyethylene (HDPE)) were obtained
by laboratory tests using a homemade test platform to provide a database for subsequent
validation simulation tests.

2.2.1. Coefficient of Static Friction

The coefficient of static friction is the ratio of the maximum static friction force on
an object to the normal pressure. In this study, a sliding ramp test was used to obtain
the sliding friction angle between rapeseed and three contact materials. The metering
device for tests is shown in Figure 1. Different material contact base plates (aluminum
alloy, acrylic, and HDPE) were used for the tests. For each material contact base plate,
seed(s) were placed on the base plate and by adjusting the threaded rod, one end of the
base plate was lifted at a uniform speed so that the base plate was slowly tilted. When
the seed(s) started to slide, the sliding friction angle of rapeseed on each of the different
material contact base plates was obtained by reading the digital display angle meter. Each
contact material group was tested 30 times and the average value was taken. The friction
angle value for each contact material group was substituted into Equation (1) to obtain the
coefficient of static friction as follows (see results in Table 2).

µ = tan θ, (1)
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Figure 1. The metering device for measuring the sliding friction angle between rapeseed and the
contact materials.

Table 2. Coefficient of static friction values between rapeseed and the contact materials.

Average Friction Angle Coefficient of Friction Standard Deviation

Rapeseed–aluminum alloy 11.36 0.38 0.05
Rapeseed–acrylic 9.60 0.36 0.06
Rapeseed–HDPE 15.72 0.43 0.08

2.2.2. Coefficient of Restitution

The coefficient of restitution is the ratio between the separation velocity and the
approach velocity of two objects along the normal direction of contact, before and after the
collision, and it can be expressed using Equation (2). Since the object is in free-fall motion
throughout the process and the velocity of the material is always zero, it can be converted
to Equation (3) to obtain the coefficient of restitution.

e =
v
v0

, (2)

Convert Equation (2) to obtain:

e =
v
v0

=

√
2gh√
2gh0

=

√
h√
h0

, (3)

where h is the set falling height and h0 is the bounce height of a seed.
The bounce height between rapeseed particles and each contact material was measured

by a free drop test on a homemade test platform, as shown in Figure 2. For the tests, different
material contact base plates (aluminum alloy, acrylic, and HDPE) were used, and rapeseed
particles were dropped freely from a height of 30 cm onto the base plate. To capture the
bouncing height of a rapeseed particle, a plate with a scale was set up in the background
and a high-speed camera was positioned perpendicular to the background plate. As shown
in the subfigure of Figure 2, the rapeseed was suspended in the initial position by a suction
nozzle that was connected to the vacuum generator. When the vacuum was released by a
manual air valve, a rapeseed dropped towards the material plate with zero initial velocity
(without any initial rotation). The displacement and bounce of the rapeseed were recorded
using a high-speed camera (frame rate of 500 frames/s). Rapeseed bounce height was
viewed and obtained with the help of video playback software on a computer. Each contact
material group was tested 30 times, and the average value was taken. The bounce height
values were substituted into Equation (3) to obtain the coefficient of restitution between
rapeseed and the different contact materials as follows (results are shown in Table 3).
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Figure 2. The metering device for measuring bouncing height between rapeseed and the contact materials.

Table 3. Coefficient of restitution values between rapeseed and the contact materials.

Average Value Standard Deviation

Rapeseed–aluminum alloy 0.35 0.07
Rapeseed–acrylic 0.39 0.06
Rapeseed–HDPE 0.55 0.08

2.3. Discrete Element Method (DEM) Simulations
2.3.1. Particle Model of Rapeseed

For this study, rapeseeds were used as a granular material. As shown in Table 1, the
sphericity of rapeseed is greater than 93%; therefore, in this study, we used a single sphere
model for the rapeseed particle model. The model of rapeseed particles was generated
using the normal distribution method in Particle Factory of EDEM Academic, 2018. The
mean particle diameter was 1.96 mm with a standard deviation of 0.12 mm, as shown in
Table 1. The rapeseed particle model is shown in Figure 3.
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Figure 3. Model of a rapeseed particle.

2.3.2. Contact Model Selection

The selection of the DEM contact model has a significant impact on simulation re-
sults [27]. As shown in Table 1, the moisture content of rapeseed was 4.98%, and the
adhesion between seeds was negligible. Therefore, in this study, the Hertz–Mindlin (no
slip) contact mechanics model in EDEM was selected for the simulation process. The model
decomposes the collision between particles at the contact point as a parallel connection of a
spring and a damper [28], as shown in Figure 4.
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2.3.3. Material Property Settings

Data for the simulations were provided by self-testing and referencing existing pa-
rameters. The discrete element parameters for the simulation of rapeseed particles and
geometry were set, as shown in Table 4.

Table 4. Discrete element method (DEM) parameters for the simulations.

Parameters Values

Poisson’s ratio of rapeseed 0.25 a

Poisson’s ratio of acrylic 0.40 d

Poisson’s ratio of aluminum alloy 0.33 b

Poisson’s ratio of HDPE 0.46 c

Young’s modulus of rapeseed /MPa 52 a

Young’s modulus of acrylic /MPa 160 d

Young’s modulus of aluminum alloy /MPa 2.6 × 104 b

Young’s modulus of HDPE /MPa 7.20 × 103 c

Density of rapeseed /(kg·m−3) 1058
Density of acrylic /(kg·m−3) 1385 d

Density of aluminum alloy /(kg·m−3) 2780 b

Density of HDPE /(kg·m−3) 945 c

Coefficient of static friction of rapeseed (acrylic) 0.36
Coefficient of static friction of rapeseed (aluminum alloy) 0.38

Coefficient of static friction of rapeseed (HDPE) 0.43
Coefficient of restitution of rapeseed (acrylic) 0.39

Coefficient of restitution of rapeseed (aluminum alloy) 0.35
Coefficient of restitution of rapeseed (HDPE) 0.55

a Xu [29]. b Azimian [30]. c Moysey [31]. d Liu [13].

2.3.4. Geometric Model of the Angle of Repose Test

The DEM parameters for the simulations of rapeseed were calibrated using a combined
method of real and virtual experiments. The software EDEM was used to simulate the
particle accumulation process in the hollow cylinder experiment. As shown in Figure 5a–c
for the real test platform, the simulation geometry model was constructed according to a 1:1
scale, as shown in Figure 5d. The platform consisted of 2 parts, the base was 200 × 200 mm
with a 5 mm thick material contact plate (aluminum alloy, acrylic, or HDPE), and the upper
end was a hollow cylinder (aluminum alloy tube, acrylic tube, or HDPE tube) with an outer
diameter of 25 mm, an inner diameter of 19 mm, and a height of 100 mm.
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Figure 5. The device for particle accumulation. (a) Aluminum alloy material; (b) Acrylic material; (c) High-density
polyethylene (HDPE) material; (d) Simulation model.

The test process was divided into two stages. First, the hollow cylinder was placed on
a horizontal plate, and then 5000 seeds were produced in the hollow cylinder. By lifting
the hollow cylinder along the positive direction of the Z-axis at a speed of 0.01 m/s, the
rapeseed particles formed a heap under the gravitational forces. To measure the angle of
repose more accurately and reduce the error caused by human measurement, an image
processing method was used, as shown in Figure 6. The boundary contours of the particle
pile images were extracted by performing grayscale and binarization using MATLAB
R2018a. Using the least squares method, the fitted equations were obtained by linear fit-
ting and the slope of the equation k. The angle of repose was calculated using Equation (4)
as follows:

α =
arctan|k| · 180

π
, (4)
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2.4. Calibration of Rapeseed Contact Parameters

The parameter conditions required for the EDEM software simulation of the coef-
ficients of restitution, static friction, and rolling friction between rapeseed particles and
the coefficient of rolling friction between rapeseed particles and the contact materials are
un-known, as shown in Table 4. Therefore, in this study, the Box–Behnken test method was
used to simulate the rapeseed stacking test with the angle of repose as the test index to
obtain the optimal combination of the required parameters. Under the obtained parameter
conditions, the accuracy of the parameters between rapeseed particles and the contact
materials was verified by comparing the bench seeding and simulation tests.

2.4.1. The Box–Behnken Design (BBD) Tests

The range of parameters to be calibrated was obtained by a pre-test and pre-simulation,
combined with the experimental design requirements, as shown in Table 5. Using the Box–
Behnken design scheme in Design–Expert software, the coefficient of restitution between
rapeseed X1, the coefficient of static friction between rapeseed X2, the coefficient of rolling
friction between rapeseed X3, and the coefficient of rolling friction of rapeseed with contact
materials (aluminum alloy, acrylic, and HDPE) X4 were designed as 4 simulation test factors.
Each test factor had 3 levels, and there were 29 test points, which included 24 factorial
points and 5 zero points (center of the region), and these zero points are repeated five times
to estimate the test error.

Table 5. Factors and levels of test.

Factors Low Level Middle Level High Level

X1 0.1 0.35 0.6
X2 0.1 0.35 0.6
X3 0.001 0.0155 0.03
X4 0.001 0.0155 0.03

2.4.2. Validation Tests

To further validate the accuracy of the obtained rapeseed DEM simulation parameters,
the validation tests were completed by seeding and simulation tests of the rapeseed
metering device. Figure 7a shows the bench of the rapeseed metering device, and Figure 7b
shows the simulation model. The rapeseed metering device includes a hopper, seed-
wheel, and seed protection board. They are made of aluminum alloy, acrylic, and HDPE,
respectively. The measured and simulated values of each test index were compared and
analyzed at different working speeds, using the single qualified seeding rate, missing
seeding rate, and multiple seeding rate as the test evaluation index. For the tests, the
seed-wheel was filled with 1 seed for qualified seeding, no seed for missed seeding, and 2
or more seeds for multiple seeding. One hundred holes were measured continuously in
each group, each test was repeated 3 times, and the average value was taken.
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3. Results
3.1. Results of the Box–Behnken Design (BBD) Simulations

The scheme of the Box–Behnken design test and the simulation results are shown in
Table 6. According to the data in Table 6, we used the Design-Expert software to perform
multiple regression analysis on the simulation results and established quadratic regression
models for the angles of repose α1, α2, and α3 and test variables, respectively, given as:

α1 = 6.109 + 29.913X2+146.514X3 + 124.836X4 + 323.448X2X3 + 362.069X2X4
−4720.571X3X4 − 30.489X2

2
α2 = 5.497 + 26.375X2+294.005X3 + 220.959X4 − 4292.509X3X4 − 15.979X2

2
α3 = 9.4 + 23.71X2+29.563X3 + 132.759X4 + 419.31X2X3 − 19.218X2

2

(5)

Table 6. Scheme of the Box–Behnken design test and the simulation results.

Run
Factors Responses

X1 X2 X3 X4 α1 α2 α3

1 0.1 0.1 0.0155 0.0155 13.77 14.36 13.12
2 0.6 0.1 0.0155 0.0155 14.09 14.84 13.88
3 0.1 0.6 0.0155 0.0155 22.78 22.98 21.75
4 0.6 0.6 0.0155 0.0155 22.83 21.34 23.85
5 0.35 0.35 0.001 0.001 11.37 12.01 12.43
6 0.35 0.35 0.03 0.001 20.61 22.10 22.88
7 0.35 0.35 0.001 0.03 20.00 18.93 20.03
8 0.35 0.35 0.03 0.03 25.27 25.41 24.89
9 0.1 0.35 0.0155 0.001 17.01 17.38 17.88

10 0.6 0.35 0.0155 0.001 18.11 18.98 18.74
11 0.1 0.35 0.0155 0.03 22.93 22.54 22.64
12 0.6 0.35 0.0155 0.03 22.29 21.36 22.54
13 0.35 0.1 0.001 0.0155 11.31 12.36 15.38
14 0.35 0.6 0.001 0.0155 19.14 19.65 19.80
15 0.35 0.1 0.03 0.0155 13.17 16.85 14.91
16 0.35 0.6 0.03 0.0155 25.69 25.61 25.41
17 0.1 0.35 0.001 0.0155 17.74 16.39 16.48
18 0.6 0.35 0.001 0.0155 16.86 15.86 17.38
19 0.1 0.35 0.03 0.0155 21.85 21.31 22.34
20 0.6 0.35 0.03 0.0155 22.29 23.50 21.75
21 0.35 0.1 0.0155 0.001 12.02 13.54 15.59
22 0.35 0.6 0.0155 0.001 19.14 20.25 21.50
23 0.35 0.1 0.0155 0.03 13.22 17.60 15.59
24 0.35 0.6 0.0155 0.03 25.59 25.29 26.43
25 0.35 0.35 0.0155 0.0155 18.93 19.85 19.90
26 0.35 0.35 0.0155 0.0155 20.00 20.39 19.85
27 0.35 0.35 0.0155 0.0155 18.88 19.34 21.16
28 0.35 0.35 0.0155 0.0155 19.60 19.76 20.25
29 0.35 0.35 0.0155 0.0155 20.05 20.15 21.16

From Equation (5), the angles of repose, i.e., α1, α2, and α3, have a quadratic function
with the coefficient of static friction between rapeseed X2, indicating that an optimal
combination of parameters for the coefficient of restitution, static friction, and rolling
friction between rapeseed and the coefficient of rolling friction exists between rapeseed
and the contact materials, such that angles of repose α1, α2, and α3 reach their maximum
values. The coefficient of rolling friction between rapeseed X3 and the coefficient of rolling
friction between rapeseed and the contact material X4 showed a positive linear correlation
on the angles of repose α1, α2, and α3, indicating that the angles of repose α1, α2, and α3
will increase as the coefficient of rolling friction between rapeseed and the coefficient of
rolling friction between rapeseed and the contact materials increase.

From Equation (5), the angle of reposes α1, α2, and α3 have a quadratic function
with the coefficient of static friction between rapeseed X2, indicating that there exists an
optimal combination of parameters for the coefficient of restitution, static friction, and
rolling friction between rapeseed and coefficient of rolling friction between rapeseed and
contact material, such that angle of reposes α1, α2, and α3 reach their maximum values.
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The coefficient of rolling friction between rapeseed X3 and coefficient of rolling friction
between rapeseed and contact material X4 showed a positive linear correlation on the angle
of reposes α1, α2, and α3. It indicates that the angle of reposes α1, α2, and α3 will increase
as the coefficient of rolling friction between rapeseed and the coefficient of rolling friction
between rapeseed and contact material increase.

As shown in Table 7, the p-values of all the models were less than 0.0001, indicating
that the models were highly significant and could predict the angles of repose α1, α2, and
α3. The larger the coefficient of determination R2 (in the range of 0 to 1), the better the fit of
the model. The R2 of the model for the angles of repose α1, α2, and α3 were 0.977, 0.979,
and 0.945, respectively, indicating that the predicted values of the regression equation fit
well with the actual values. Generally, a higher coefficient of variation (CV) results in lower
test reliability [32]. The CV values for the angles of repose α1, α2, and α3 are 4.87%, 3.97%,
and 6.36%, respec-tively, indicating that the simulation test has good reliability.

Table 7. Analysis of variance of quadratic polynomial model of the Box-Behnken design tests.

Source

α1 α2 α3

Sum of
Squares F-Values Significant

Level P
Sum of
Squares F-Values Significant

Level P
Sum of
Squares F-Values Significant

Level P

Model 491.16 41.66 <0.0001 ** 382.13 46.53 <0.0001 ** 375.67 17.19 <0.0001 **
X1 0.0127 0.0151 0.9041 0.0705 0.1202 0.7339 1.29 0.8246 0.3792
X2 276.38 328.22 <0.0001 ** 173.05 295.00 <0.0001 ** 210.59 134.91 <0.0001 **
X3 87.80 104.27 <0.0001 ** 130.55 222.55 <0.0001 ** 78.44 50.25 <0.0001 **
X4 80.29 95.35 <0.0001 ** 60.17 102.57 <0.0001 ** 44.47 28.49 0.0001 **

X1X2 0.0182 0.0216 0.8851 1.12 1.92 0.1880 0.4489 0.2876 0.6002
X1X3 0.4356 0.5173 0.4838 1.85 3.15 0.0975 0.5550 0.3556 0.5605
X1X4 0.7569 0.8988 0.3592 1.93 3.29 0.0910 0.2304 0.1476 0.7066
X2X3 5.50 6.53 0.0229 * 0.5402 0.9209 0.3535 9.24 5.92 0.0290 *
X2X4 6.89 8.18 0.0126 * 0.2401 0.4093 0.5327 6.08 3.89 0.0686
X3X4 3.94 4.68 0.0483 * 3.26 5.55 0.0335 * 7.81 5.00 0.0421
X1

2 2.42 2.88 0.1120 0.5049 0.8607 0.3693 2.78 1.78 0.2034
X2

2 22.54 26.76 0.0001 ** 7.15 12.20 0.0036 ** 10.91 6.99 0.0193 *
X3

2 0.5651 0.6711 0.4264 0.9690 1.65 0.2196 1.55 0.9906 0.3365
X4

2 0.0010 0.0012 0.9725 0.5446 0.9283 0.3516 1.28 0.8201 0.3805
Residual 11.79 8.21 21.85

Lack of fit 10.52 3.31 0.1300 7.57 4.75 0.0734 20.14 4.71 0.0743
Pure Error 1.27 0.6383 1.71

R2 = 0.977; CV = 4.87% R2 = 0.979; CV = 3.97% R2 = 0.945; CV = 6.36%

Note, * and ** mean significant differences at 5% and 1% levels, respectively.

From Table 7, we can see the effect of factors. The p-value of the coefficient of restitution
between rapeseed X1 was greater than 0.05, indicating that the coefficient of restitution
between rapeseed was not significant and had no effect on the angle of repose. The p-values
of the coefficient of static friction between rapeseed X2, the coefficient of rolling friction
between rapeseed X3, and the coefficient of rolling friction of rapeseed with contact material
X4 were all less than 0.0001, indicating that these three factors had highly significant effects
on the angles of repose α1, α2, and α3. The p-values of the X2X3, X2X4, and X3X4 interaction
models for the angle of repose α1 were all less than 0.05; the p-values of only the X3X4
interaction model for the angle of repose α2 were all less than 0.05; the p-values of only
the X2X3 interaction model for the angle of repose α3 were all less than 0.05, indicating
that these interaction terms had significant effects on the angles of repose α1, α2, and α3,
respectively; other than that, the remaining interaction terms had no significant effects on
the angles of repose α1, α2, and α3.

3.2. Interaction Effects of the Regression Model

To further explore the effect of interaction terms, the response surface for the interac-
tion of the factors on the angle of repose was obtained by using Design-Expert software. As
shown in Table 7, the coefficient of restitution between rapeseed did not have a significant
effect, so it was taken to be in the middle range of the level of 0.35. Among the three factors,
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the coefficient of static friction between rapeseed, the coefficient of rolling friction between
rapeseed, and the coefficient of rolling friction of rapeseed with contact materials, one of
the factors was fixed first, and then the response surface was used to analyze the effect law
of the remaining two factors on the angle of repose.

Figure 8a,c show the response surfaces of the coefficient of static friction and rolling
friction between rapeseed and the coefficient of rolling friction between rapeseed and
HDPE with each other, respectively. It can be seen from the plots that the interaction
between the three is obvious. From Figure 8a,b, it can be seen that angle of repose α1
gradually becomes larger with an increase in the coefficient of static friction between
rapeseed, while the coefficient of static friction between rapeseeds and coefficient of rolling
friction between rapeseed and aluminum alloy is constant. From Figure 8b,c, it can be
seen that when the coefficient of static friction and rolling friction between rapeseed and
aluminum alloy are constant, the angle of repose α1 gradually increases with an increase in
the coefficient of rolling friction between rapeseed particles. From Figure 8d, it can be seen
that when the coefficient of rolling friction between rapeseed particles and the coefficient
of rolling friction between rapeseed and HDPE are both fixed at one, the angle of repose α2
will gradually increase with an increase of the other one. From Figure 8e, it can be seen
that when the coefficient of rolling friction between rapeseed and the coefficient of static
friction between rapeseed particles is fixed one-by-one, the angle of repose α3 increases
gradually with an increase in the other one.
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effects of rapeseed–HDPE of rolling friction and rapeseed–rapeseed coefficient of static friction on the angle of repose α1; (d)
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repose α2; (e) Interactive effects of rapeseed–rapeseed coefficient of rolling friction and rapeseed–rapeseed coefficient of
static friction on the angle of repose α3.

In general, when any one of the parameters was fixed, the effect of the other two
parameters on the angle of repose tended to increase. This is because as the coefficient
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of static friction between rapeseed increases, the sliding resistance of contact between
rapeseeds increases. As the coefficient of rolling friction between rapeseed increases, more
and more particles in the stacking, the compaction between particles keeps increasing, the
resistance to rotational movement of rapeseeds increases, and the particles are not easily
displaced by leveling, resulting in a high pile of particles, which is similar to the results
of ZHOU, Y.C. [33]. As the coefficient of rolling friction between rapeseed and a contact
material increases, the flow capacity of the bottom particles during the stacking process
decreases, which facilitates the formation of particle piles, therefore, the angle of repose on
different materials increases with an increase in these three parameters.

3.3. Determination of Optimal Parameter Combination

The particle stacks of rapeseed particles on aluminum alloy, acrylic, and HDPE plates
were obtained using the devices shown in Figure 2a–c, respectively, as shown in Figure 9a–c.
The angles of repose were obtained at 20.41◦, 19.86◦, and 21.61◦, respectively, according to
the image processing technique above.
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Figure 9. Comparison of simulation results with real test results, (a) Accumulation of rapeseed on aluminum alloy plate; (b)
Accumulation of rapeseed on acrylic plate; (c) Accumulation of rapeseed on high-density polyethylene plate.

First, the actual angle of repose of rapeseed on the aluminum alloy plate was used
as the response value, and then the optimization module of Design-Expert software was
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used to optimize the solution for this objective. The following optimal combinations of
the influencing factors were obtained: a coefficient of static friction between rapeseed
particles of 0.377, coefficient of rolling friction between rapeseed particles of 0.017, and
coefficient of rolling friction between rapeseed particles and aluminum alloy of 0.016.
After that, the angles of repose of rapeseed particles on the acrylic and HDPE plates were
used as the response values, and the constraints were the coefficient of static friction
between rapeseed particles and the coefficient of rolling friction between rapeseed particles
obtained in the previous step, respectively. The coefficients of rolling friction between
rapeseed particles and acrylic, and rapeseed particles and HDPE were obtained as 0.011,
and 0.019, respectively.

3.4. Sensitivity of Simulation Parameters

We have clarified the sensitivity of the coefficient of rolling friction between rapeseed
particles and different materials on the angle of repose. The coefficients of static friction and
rolling friction between rapeseed particles were chosen to be 0.377 and 0.017, respectively.
The effect of the rolling friction coefficients between particles and materials on simulation
results was determined by bottomless cylinder simulation tests. As shown in Figure 10,
the coefficients of rolling friction between rapeseed particles and different materials had
a significant effect on the simulation results. As the rolling friction coefficients between
rapeseed particles and the three materials increased, the angles of repose all showed a
nonlinear increase, which was similar to the conclusion of Li [34]. Therefore, the coefficients
of rolling friction between rapeseed particles and different materials largely determines the
result of particle stacking.
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Figure 10. Effect of the coefficient of rolling friction between rapeseed particles and different materials
on the angle of repose.

3.5. Results of the Validation Tests

Taking the optimal combination of parameters as simulation input parameters, we
simulated the seeding test under different working speeds; at the same time, the actual
tests were carried out, as shown in Figure 11. We obtained the numerical difference of
the seeding results between the simulation and the real test, as shown in Table 8. The
simulation test results were better than the real test results. This is because, in this study,
the simulation model of rapeseed particles is simplified to round spherical particles, and
this model does not compensate for the bias arising from the differences in particle shapes.
While spherical particles would reduce the computational difficulty, rapeseed particles are
only constrained by the friction generated by contact with neighboring particles. Therefore,
the constructed model flow characteristics of rapeseed particles are better than the flow
characteristics of actual rapeseed particles. However, the average values of the relative
errors of single qualified seeding, missed seeding, and multiple seeding rates were −0.15%,
3.29%, and 5.37%, respectively. The simulation and actual test results were consistent,
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indicating that the obtained discrete element model and contact parameters of rapeseed
could be used in the DEM simulation test.
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Table 8. Results of the validation tests.

Working
Speed (rpm)

Single Qualified Seeding Rate, % Missed Seeding Rate, % Multiple Seeding Rate, %

Average of
Actual Test

Simulation
results

Relative
Error

Average of
Actual Test

Simulation
Results

Relative
Error

Average of
Actual Test

Simulation
Results

Relative
Error

10 95.32 95.46 −0.15 2.29 2.21 3.49 2.39 2.33 2.51
15 96.53 96.72 −0.20 1.9 1.82 4.21 1.57 1.46 7.01
20 98.22 98.35 −0.13 0.98 0.91 7.14 0.8 0.74 7.50
25 94.23 94.36 −0.14 3.75 3.73 0.53 2.02 1.91 5.45
30 89.99 90.12 −0.14 9.33 9.23 1.07 0.68 0.65 4.41

Average values - - −0.15 - - 3.29 - - 5.37

4. Conclusions

In this study, a rapeseed model was developed using EDEM, and physical and inter-
action parameters of rapeseed were measured, calibrated, validated, and applied on a
metering device. The following conclusions were drawn:

(1) The coefficients of restitution of 0.35, 0.39, and 0.55 and static friction factors of
0.38, 0.36, and 0.43 were determined between rapeseed and aluminum alloy, acrylic, and
high-density polyethylene, respectively, using the free drop and sliding ramp test.
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(2) According to the results of the Box–Behnken design test, the regression model of
test factors and repose angles were established and optimized. The calibrated coefficients
of the static and rolling friction of rapeseed were 0.357 and 0.012, respectively. The coeffi-
cients of rolling friction between rapeseed and aluminum alloy, acrylic, and high-density
polyethylene were 0.023, 0.021, 0.028, respectively.

(3) The angle of repose of rapeseed particles increases as the coefficient of rolling
friction between rapeseed, and the coefficient of rolling friction between rapeseed and
contact materials increase.

(4) By the validation test, the average values of relative errors of single qualified
seeding rate, missed seeding rate, and multiple seeding rate for the simulated and real
tests under different working speed conditions of seeding were −0.15%, 3.29%, and 5.37%,
respectively. The results showed that it was feasible to apply the response surface parameter
optimization method to analyze the calibrated discrete element parameters of rapeseed
particles. The method can improve the reliability and accuracy of the parameter calibration
results. Thus, it provides a theoretical basis for the design and optimization of rapeseed-
related operation implements.

It should be noticed that the above conclusions were drawn for a specific variety
of rapeseed in the given moisture content. For different conditions, further research
is required.
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