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Abstract: Discrete element parameters of the black bean (BLB) are key to developing high-performance
BLB machineries (e.g., seeders and shellers), which are still lacking in previous literature. In this
study, the effects of the radius and lifting speed of cylinder-in-cylinder lifting method (CLM) sim-
ulations were investigated to efficiently and accurately obtain the repose angle. Discrete element
method (DEM) parameters of the BLB were determined by combining the Plackett-Burman Design
test, the steepest ascent design test, and the central composite design test. The results show that
the measurement moment (i.e., 12 s) of repose angles should be determined when kinetic energy
reaches the minimal threshold (1 x 107° J) to efficiently and accurately obtain repose angles; too
early or too late a measurement can result in inaccurate repose angles or excessive computation time
of the computer, respectively. The lifting speed and cylinder radius affected the lateral displacements
of BLBs and came at the cost of higher computation time and memory usage. A lifting speed of
0.015 m-s~! and a radius of 40 mm of the cylinder were determined in CLM simulations. The static
friction coefficient and rolling friction coefficient between BLBs significantly affected the repose
angles. A static friction coefficient of 0.202 and rolling friction coefficient of 0.0104 between BLBs were
obtained based on the optimization results. A low relative error (0.74%) and insignificant difference
(p > 0.05) between the simulated and measured repose angles were found. The suggested method can
be potentially used to calibrate the DEM parameters of BLBs with good accuracy. The results from
this study can provide implications for investigating interactions of BLBs and various BLB processing
machines and for the efficient and accurate determination of DEM parameters of crop grains.

Keywords: black bean; discrete element method (DEM); parameters calibration; repose angle;
validation

1. Introduction

The black bean, also known as winter bean, is native to China and is a dual-purpose
crop for both food and medicinal use, which is rich in nutritional value [1,2]. In China,
black beans are grown in a wide range of areas; the main sowing areas are concentrated in
the Northeast, Hebei, Henan, and other places. Due to the presence of various bioactive
compounds and their high nutritional value and remedial and health-promoting effects
make this legume an excellent functional food [3]. Currently, the mechanization rate of black
bean (BLB) production is still low due to very limited agricultural machineries, e.g., BLB
seeders and shellers [4]. It is generally acknowledged that the mechanisms of machinery—
seed interaction are key to developing high-performance agricultural machineries [4—6].
However, information on machinery-BLB interactions is still lacking in the literature.

The discrete element method (DEM) is a discontinuum numerical method for dealing
with discontinuous particles [7,8]. DEM simulations are widely used to investigate the
interaction between crop seeds and related machineries, such as simulations of the contact
number, kinetic energy, and potential energy of seeds [9]. The main programs for DEM
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simulations consist of EDEM, PFC, YADE, MercuryDPM, and LIGGGHTS [10]. Among
them, the main characteristics of EDEM software, which was used in this research, include
high practicability, simple entry, and powerful coupling solutions and cross-platform
operations [10]. DEM parameters of crop seeds in EDEM mainly consist of intrinsic and
contact parameters, which are the basis for developing the interaction model of seeds—
seeders. Previous studies have conducted research on the calibration of DEM parameters
of agricultural particles. Methods for calibrating the DEM parameters mainly consist of
the trial and error method and a combination of some tests through various tillage tests or
repose angle tests (e.g., the slumping angle of repose test, funneling angle of repose test,
and cylinder lifting method) [6,11-16]. A good example of the trial and error method is
the study from Barr et al. [11], who determined the rolling friction coefficient and cohesive
energy density of soil by changing them until the simulated repose angles reached a close
match with experimental values. Shi et al. [9] simulated the repose angle by adjusting the
interspecific rolling friction coefficient of the quinoa seed model to approximate the actual
repose angle. The major limitations of this method are that it is quite time-consuming and
less efficient, especially when most DEM parameters are unknown or very hard to measure
physically [6]. Therefore, a combination of some tests is preferred by researchers in this
field due to the characteristics of high efficiency and accuracy in the calibration [6]. The
variables used in this method are intrinsic and are contact parameters required for the
development of discrete element models, e.g., bulk (particle) density, moisture content,
friction and rolling friction coefficients, and energy density [6-10]. The common indicators
for the DEM parameters’ calibrations include the repose angles [6], draught and vertical
forces [14-16], disturbance width [16], and yield forces of particles [17].

For the calibration method using a combination of some tests, Zhou et al. [18] calibrated
the parameters of oil peony seeds by a combination of actual measurements and DEM
simulations with an indicator of the relative error between actual and simulated results.
For rapeseed, Cao et al. [19] used the cylinder lifting method (CLM) to determine the DEM
parameters of rapeseed versus three common materials with a response index of the repose
angle. Wojtkowski et al. [20] established dry and wet rapeseed models and evaluated the
different application areas of two basic contact models using lab experiments and DEM
simulations. Coetzee and Els [21] developed a maize seed model using the DEM through
two spheres to mimic the “teardrop” shape of real maize seed with enough accuracy and
efficiency. By contrast, Xue et al. [22] provided a new soybean seed model using four
overlapped spheres based on the three dimensions of real soybean seeds (i.e., length, width,
and thickness). Literature review results showed that there was no information about BLB
DEM model development. Moreover, the effects of measuring parameters (i.e., the time
required for seed particles flowing before measuring repose angle, the lifting speed, and
the radius of the cylinder in the CLM) were seldom considered in the DEM parameters’
calibration process of various seeds. As a result, the accuracies and efficiencies of DEM
parameters’ calibration in previous studies were more or less negatively affected.

Therefore, the objectives of this study were to: (1) determine the measurement moment
of the repose angle of BLBs and the lifting speed and radius of the cylinder using the CLM;
(2) screen significant DEM parameters of BLBs and narrow their feasible ranges using
the Plackett-Burman Design and steepest climb design tests through repose angles from
actual measurement and DEM simulations; (3) optimize and validate the significant DEM
parameters of BLBs using the central composite design test and the error between simulated
and measured repose angles; (4) provide an efficient method and accurate calibration
method for the DEM parameters of BLBs and other crop grains.

2. Materials and Methods
2.1. Determination of Black Bean Parameters
2.1.1. Intrinsic Parameters
The intrinsic parameters of black beans (BLBs) include their three-dimensional sizes,
particle density, volume density, Poisson’s ratio, and elastic modulus, among others. A
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total of 500 BLBs were selected randomly to measure the three-dimensional dimensions
(length x width x thickness) of the BLBs using electronic calipers with an accuracy of
0.01 mm. The geometrical measurement positions and dimension distributions of the BLB
are shown in Figure 1.

Seed hilum

y

Figure 1. The geometrical measurement positions of the black bean (BLB) (L = length; W = width;
T = thickness).

The thousand-seed weight (TSW) of BLBs was measured in accordance with the mass
of 1000 BLB seeds using a benchtop scale with an accuracy of 0.01 g; the measurement
was repeated three times. The BLB bulk density was measured according to the weight of
100 mL of BLBs using a graduated cylinder with an accuracy of 1 mL. The particle density
of the BLBs was measured using a displacement method. A volume of water was initially
poured into a graduated cylinder; then, some BLBs were weighted and put into the cylinder;
the water volume was raised due to the added BLBs; and the particle density was eventually
calculated by the ratio of the mass of BLBs and water volumes’ difference after and before
putting BLBs into the cylinder. To obtain a precise measurement, the initial water should be
adequate to fully immerse the measured BLBs. Measurements of bulk density and particle
density of BLBs were repeated 5 times. The results showed that the TSW, bulk density, and
particle density were 274.39 4 3.05 g, 661 & 1.3 kg/m>, and 1186 =+ 3.8 kg/m?3, respectively.

Most materials exhibit a Poisson’s ratio within the range of 0.2 to 0.5. When the charac-
teristics of a material approach those of rubber or a liquid, Poisson’s ratio is approximately
0.5. Conversely, for materials such as fruits and vegetables where the air content increases
(i.e., the density decreases), Poisson’s ratio diminishes [23]. The elastic modulus (Young's
modulus) is generally defined as the stress required to produce a unit of elastic deformation
in a material under the influence of an external force. Considering the variability among
individual BLBs, and in conjunction with relevant literature [24-26] as well as the mate-
rial database from EDEM software 2022 [27], the ranges of Poisson’s ratio and the elastic
modulus of BLBs were determined.

2.1.2. Contact Parameters

The coefficient of restitution (COR) refers to the ability of two objects to recover to
their initial state after colliding and deforming. It is defined as the ratio of the normal
separation velocity after collision to the normal approaching velocity before collision [28].
Increased values of COR are indicative of a higher propensity of objects to return to their
initial configuration after an impact, signifying a greater elasticity. For the BLB, COR is
a basic physical property and serves as an important parameter in DEM simulations of
precision-sowing or harvesting equipment [29]. In this study, a collision bounce test [30-32]
was used to measure the COR between BLBs and between a BLB and a plexiglass plate.
Initially, the plexiglass plate was placed horizontally, and a bean particle was released from
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a height (H) above the plate without any initial velocity. The principle of the experiment is
shown in Figure 2.

—
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Figure 2. Experimental principle for determining the coefficient of restitution (BLB, H, and h represent

black bean, initial height, and the largest rebound height of the black bean, respectively).

As depicted in Figure 2, the velocity just before the collision was v, and the instanta-
neous normal separation velocity after the collision was vy. The largest rebound height of
the BLB after collision from the plexiglass plate was h. Following pre-experimental setups,
an initial height H of 500 mm was selected for this research. The restitution coefficient e;
for the collision between the BLB and the plexiglass plate was defined as the ratio of v; to v,
where v and v; were calculated as /2gH and /2gh, respectively. The e; was calculated as

follows:
Vi 2gh h
= — = —_— f— 1
TV T\ 2ga " VH @
2

where g is gravitational acceleration, 9.8 m-s~~.

The COR between BLBs was measured using the same procedure with a single change
of replacing the plexiglass plate with a BLB plate. The measurement of CORs was repeated
ten times.

The static friction coefficient (SFC) is defined as the ratio between the maximum static
friction force and the normal force, which can be measured when an object is about to start
to move on the inclined contact surface. This study employed the inclined plane method
for measuring the SFC, as illustrated in Figure 3. Given the approximately spherical shape
of BLBs, accurately measuring the SFC of an individual bean particle is challenging. Seven
BLBs were regularly arranged and adhered together to form a bean group. One side of
a plexiglass plate was fixed while the other side was free. Initially, the BLB group was
steadily placed on the plexiglass plate. Then, the plexiglass plate was slowly lifted until the
BLB group started to slide down the inclined plane. At this moment, the angle between
the inclined plane and horizontal plane was denoted as «. The tangent value of this angle
represented the static friction coefficient.
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Figure 3. Test principle for measuring the static friction coefficient (BLB and « represent black bean
and the angle between the inclined plane and horizontal plane, respectively).

The SFC between BLBs was measured using the same procedure with a single change
of replacing the plexiglass plate with a BLB plate. The measurement was repeated five
times.

The rolling friction coefficient (RFC) is closely related to the shape, size, mass, and
contact surface properties of seeds. The inclined plane method (IPM) [33,34] was used to
determine the RFC between BLBs and perspex plates. An inclined plate was connected
to a lengthy plexiglass plate at its base; a single BLB was introduced at a distance from
the base and then released with zero initial velocity. Due to the rolling frictional force, the
BLB stopped after rolling for a certain distance. The distance from the final static position
of the BLB to the bottom edge of the bevel was recorded (Figure 4). Given that a BLB is
approximately spherical, its motion in the IPM can be considered as pure rolling. According
to the law of conservation of energy, the following formula was derived:

mgx sin 3 = mgx(cos 3 + L) pg (2)

where x is the distance from the BLB to the base edge of the inclined plate; {3 is the
inclination angle of the plate; L is the rolling distance of the BLB on a horizontal plexiglass
plate; and i is the RFC between the BLB and plexiglass plate.

Plexiglass plate
or BLB plate

Initial position

Final resting position

Figure 4. Test principle for measuring the rolling friction coefficient (x, 3, and L represent the distance
from the black bean (BLB) to the base edge of the inclined plane, the inclination angle of the plate,
and the rolling distance of the BLB on the horizontal plexiglass plate, respectively).

Due to the approximate spherical shape of BLBs, their rolling trajectory was signifi-
cantly influenced by the angle of the inclined plate (3) and the initial position of the BLB
(i.e., the distance from the initial position of the BLB to the base edge of the inclined plate
(x)). After extensive preliminary experiments, the 3 value of 15° and x value of 50 mm
were selected in the IPM to accurately measure the rolling displacement (L) (Figure 4).
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The RFC between BLBs was measured using the same procedure with a single change
of replacing the plexiglass plate with a BLB plate. The measurement was repeated 20 times.

2.1.3. Laboratory Repose Angle Test of BLBs

The cylinder lifting method (CLM) is a common and classic method generally em-
ployed to calibrate the DEM parameters of various granular materials, e.g., crop seeds [35]
and soil [13]. In this research, CLM tests were carried out to calibrate the parameters of
BLBs. The bottomless cylinder used in the CLM is 0.04 m in radius and was lifted at a
constant speed of 0.015 m-s~!. The appropriate radius and lifting speed of cylinder in the
CLM will be discussed in the following DEM simulations. The BLBs gradually flowed out
of the cylinder when the cylinder was lifted vertically, forming a cone of bean particles
(Figure 5). Two cone images 90° apart in rotation were taken when there was no obvious
bean particle movement. The test was repeated six times. A total of 12 images were col-
lected and processed in AutoCAD 2016 by tracking the boundary curves of the bean particle
cone using splines. The coordinates of points on the boundary curves were extracted and
imported into Excel software 2016 for a linear fitting. In total, 24 repose angles were finally
obtained in accordance with the slopes of the fitted lines (i.e., two repose angles per bean
particle cone image).

Figure 5. Cone image from laboratory repose angle test.

2.2. Discrete Element Modeling
2.2.1. Development of a DEM Model of BLBs

The DEM model of BLBs was developed in EDEM software using six spherical particles
to mimic the real BLB shapes [36], as illustrated in Figure 6a. To achieve the means of three
dimensions of the real BLBs measured, the three-dimensional coordinates of six spherical
particles used for forming the BLB model are shown in Table 1. The CLM model for DEM
simulations was then developed, as shown in Figure 6b. The radius and lifting speed of
the cylinder directly affect the BLB number and potential and kinetic energies of bean
particles in CLM simulations, resulting in variations of computation time, memory usage,
formation of the bean particle cone, and the releasing time required for particle flowing
before reaching the static stage [6]. Therefore, it is quite essential to investigate the effects
of the radius and lifting speed of the cylinder to efficiently and accurately obtain the repose
angle and calibrate the DEM parameters of BLBs.

Plexiglass cylinders

Pile of black beans

/ Plexiglass plate

(a) (b)

Figure 6. Discrete element modeling of black beans (BLBs): (a) 3D DEM model of a BLB; (b) lifting
process model of the cylinder filled with BLBs.
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Table 1. Three-dimensional coordinates of six spherical particles used for forming the BLB.
No. x/mm y/mm z/mm Radius/mm
1 0.44 0.505 0 3.3
2 0 —0.19 0 3.3
3 0 1.19 0 33
4 —0.44 0.505 0 3.3
5 0 0.505 1.3 2
6 0 0.505 13 2

Frequency

2.2.2. DEM Parameter Calibration

With the repose angle of the BLB as the performance indicator, a Plackett-Burman
Design (PBD) test was conducted to filter out the essential factors from the DEM parameters
of the BLB. Through the steepest ascent design (SAD) test, reasonable ranges of essential
factors to minimize relative errors between the simulated and actual repose angles were
further examined. The effects of essential factors on the repose angle were then investigated
using a central composite design (CCD) test. The relationship between the repose angle
and essential factors was developed based on the outputs of the CCD test. The essential
factors were eventually optimized in accordance with the above relationship and reasonable
ranges. The calibrated BLB model with an optimal combination of essential factors was
validated using both the p-value from a T test and the relative error between the simulated
and measured repose angles.

3. Results and Discussion
3.1. Experiment Results
3.1.1. Three Dimensions of the Black Bean (BLB)

As shown in Figure 7, all of the three dimensions of BLBs (i.e., length L, width W,
and thickness T) followed a normal distribution pattern in terms of the number and
frequency of BLBs. The means of the measured BLBs were 7.98 £ 0.464 mm in length,
7.48 £ 0.235 mm in width, and 6.60 £ 0.279 mm in thickness.

= Number = Number = Number
—Normal distribution curve —Normal distribution curve 016 —Normal distribution curve %
40 04 120 )
30 50»3 90 _ 5,0.12 60
- S [} 5 @
208 3So02 60 g 3008 40 2
£ g =] @ =]
S = bd = =
10z o1 30 L 0.04 | | L 20
0 0 0 o 0
67 73 79 85 91 97 55 61 67 73 719 59 62 65 68 71 74 77
BLB length (mm) BLB width (mm) BLB thickeness (mm)

(a)

(b) ()

Figure 7. Dimension distributions of the black bean (BLB): (a) BLB length distribution (i.e., L);
(b) BLB width distribution (i.e., W); (c) BLB thickness distribution (i.e., T).

3.1.2. Lab Repose Angles

The mean repose angle measured in the laboratory was 20.18° according to the slope of
the fit lines (Figure 8), which would be taken as the target in the following DEM parameter
optimization.

Based on the above physical measurements and relevant literature [37,38], the major
parameters of BLBs for DEM simulations were finally determined, as shown in Table 2.
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Figure 8. Laboratory repose angle results of black bean: (a) fit line from the left side; (b) fit line from
the right side.

Table 2. Major DEM parameters for cylinder lifting method simulations.

Parameter Value
Poisson’s radio of BLB 0.12-0.50
Young’s modulus of BLB/MPa 32.6-207.5
Density of BLB/(kg-m~3) 1186
Poisson’s radio of plexiglass 0.33
Shear modulus of plexiglass/MPa 82
Density of plexiglass/ (kg~m*3) 1219
Coefficient of restitution between BLBs 0.10-0.65
Coefficient of static friction between BLBs 0.15-0.65
Coefficient of rolling friction between BLBs 0-0.10
Coefficient of restitution between BLB and plexiglass plate 0.127-0.281
Coefficient of static friction between BLB and plexiglass plate 0.366-0.525
Coefficient of rolling friction between BLB and plexiglass plate 0.047-0.091

3.2. Calibration of Significant Parameters in the DEM Model
3.2.1. Effect of the Lifting Speed of the Cylinder

To investigate the effect of the cylinder lifting speed, the CLM simulations with lifting
speeds ranging from 0.005 to 0.055 m-s~! were performed. The front and top views of
bean particle cones at various lifting speeds were collected when there was no notable
bean particle movement, as shown in Figure 9a—f. The repose angles of bean particle
cones decreased from 27.35° to 16.67° with the increase in lifting speed. Higher lifting
speeds correspond to larger kinetic energies of BLB particles, which gave larger lateral
displacements. Too large a beans’ particles diffusion at the cone edge is generally not
conducive to the measurement of repose angles.

It can be seen from Figure 9c—f that the particle diffusion phenomenon was already
obvious as the lifting speeds were 0.025-0.055 m-s~!. Lower lift speeds gave smaller
lateral displacements of BLBs and less particles diffusion. However, excessively low
speeds resulted in high computational load and simulation time, and large memory usage
(Figure 9¢g). A lifting speed of 0.005 m s~! was determined by considering the measurement
accuracy of the repose angles and the costs of time and memory usage.
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Figure 9. BLB accumulation forms from lifting speeds of (a) 0.005 m/s, (b) 0.015 m/s, (c) 0.025 m/s,
(d) 0.035m/s, (e) 0.045 m/s, and (f) 0.055 m/s, and (g) effects of the lifting speed on the solution time
of the computer and memory usage (i.e., space occupied by simulation data).

3.2.2. Effect of Cylinder Radius

As shown in Figure 10a—e, the repose angles were 26.70°, 27.03°, 27.02°, 27.94°, and
27.37° when the cylinder radii were 20, 30, 40, 50, and 60 mm, respectively. These compar-
ative values demonstrated an absence of a notable impact by the cylinder radius on the
repose angle. When the cylinder radius was too small (<30 mm), the boundaries of the bean
particle cones were quite rough, which was not desired for accurately measuring the repose
angles. Additionally, much larger cylinder radii (>40 mm) would require much more bean
particles and larger memory usage. The computation time of the computer would increase
at the same time, affecting the calibration efficiency of DEM parameters. Considering the
potential influence of the cylinder radius on the final repose angle and computation time, a
40 mm-radius cylinder was determined for the following CLM simulations.

: f\ ' 5>
TE Al s B a W Ran ami

X
Eit.‘. 3%

Figure 10. Cont.
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Figure 10. The bean particle cones with cylinder radii of (a) 20 mm, (b) 30 mm, (c) 40 mm, (d) 50 mm,
and (e) 60 mm, and (f) the effects of the cylinder radius on the number of bean particles and memory
usage.

3.2.3. Measurement Moment of Repose Angle

The measurement moment of repose angle (MMRA) is of great importance, as too
early or too late a measurement moment generally means inaccurate repose angle values
or excessive computation time of the computer. In CLM simulations, the repose angle
formation is a type of flow model involving transformations of energies (Figure 11). The
angle when the kinetic energy reaches a static level is referred to the “repose angle”. The
static level is denoted by a critical kinetic energy of 1 x 107° J, which is small enough as
per Qi et al. [13]. In the particle generation stage, the potential energy gradually increased
with time as more bean particles were generated; by contrast, the kinetic energy initially
increased as the generated bean particles began to move downward and then decreased as
more BLBs contacted the bottom plate and became static.

0.8 Particle generation stage (a)
- Kinetic energy / 1.00E-05 - (b)
~— Potential energy //
4 = 8.00E-06
—— Total energy - =
-~ o
Releasing stage // @ 6.00E-06
- )
\ e 2 4.00E-06 |
) S ——— o
,,,,,,,,, s 2
x L
— 2.00E-06 F|f) 1.00E-06
0 L - OOOE‘*OO V\j; va\/\/\/\)u\\ ./J\ 1
o 1 2 5 6 7 8 9 10 11 12 13 14 15 \ 85 95 105 115 125 135 145
Time (s) Time (s)

Figure 11. The change in energy during the formation of the repose angle. (a) Particle energy vs. time.
(b) Kinetic energy change of the BLB pile after cylinder separation.

The cylinder began to move upward at 4 s and there was only potential energy for
BLBs. In the releasing stage (4-8.5 s), bean particles began to flow out of the cylinder;
the potential energy gradually decreased while the kinetic energy initially increased and
then decreased, as shown in Figures 11a and 12. It was found that the kinetic energies
of the BLBs were stably less than 1 x 107° J after 12 s, indicating that the bean particle
cone reached a static level. The quite stable accumulation angles after 12 s in Figure 13
verified this conclusion again. The MMRA of 12 s was therefore determined. A study from
Shi et al. [39] determined the MMRA when the kinetic energy first reached zero without
considering the fluctuation of kinetic energies due to subsequent possible movements of
BLBs. The present study revealed that there possibly are oscillations in the kinetic energy
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before it reaches the minimal threshold, i.e., the MMRA should be determined when the
kinetic energy reaches the minimal threshold to efficiently and accurately obtain repose

angles.
Kinetic Energy (J)

1.00e-06 Kinetic Energy (1) Kinetic Energy (1)

1.00c-06 1.00e-06
8.33¢-07

8.33¢-07 8.33¢-07
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(a) (b) (c)

S ese” V e oe ¥
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(d)

Figure 12. Accumulation angle formation process in releasing stage of bean particles: (a) 4 s; (b) 5's;
(c)65s;(d)7s;(e)8s.
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3.2.4. Plackett-Burman Design Test

The DEM parameters (A-H) to be screened in the Plackett-Burman Design (PBD)
test are shown in Table 3. The test design and outcomes of the PBD test are delineated in
Table 4. According to the ANOVA outputs from Table 5, the contributions of parameters B,
D, E, and H were higher, while the only effects of parameters D (static friction coefficient
between BLBs) and E (rolling friction coefficient between BLBs) on the repose angles reached
significant levels (p < 0.05). The Pareto chart in Figure 14 showed that the significance
ranking for the effects of the tested factors on the repose angle was as follows: E, D, B, H, F,
A, G, C, which is consistent with Table 5. Moreover, both the static friction coefficient and
rolling friction coefficient between BLBs exhibited positive effects.

Table 3. Plackett-Burman Design test parameters.

Symbol Parameters Low Level (—1) High Level (+1)

A Poisson’s ratio of black beans (BLBs) 0.12 0.50
B Elastic modulus of BLB/MPa 32.6 207.5
C Coefficient of restitution between BLBs 0.10 0.65
D Coefficient of static friction between BLBs 0.15 0.65
E Coefficient of rolling friction between BLBs 0 0.1

F Coefficient of restitution between BLB and plexiglass plate 0.127 0.281
G Coefficient of static friction between BLB and plexiglass plate 0.366 0.525
H Coefficient of rolling friction between BLB and plexiglass plate 0.047 0.091

Table 4. Design scheme and results of Plackett-Burman Design test.

No. A B C D E F G H AOR op/°
1 0.50 207.5 0.10 0.65 0.10 0.127 0.366 0.047 34.11
2 0.12 32.6 0.65 0.65 0.10 0.281 0.366 0.047 31.91
3 0.12 207.5 0.10 0.65 0.10 0.127 0.525 0.091 34.83
4 0.12 207.5 0.65 0.15 0 0.127 0.366 0.091 18.88
5 0.50 32.6 0.65 0.15 0.10 0.127 0.525 0.091 24.08
6 0.12 207.5 0.65 0.15 0.10 0.281 0.525 0.047 24.00
7 0.12 32.6 0.10 0.65 0 0.281 0.525 0.091 23.50
8 0.50 32.6 0.10 0.15 0.1 0.281 0.366 0.091 24.64
9 0.50 207.5 0.10 0.15 0 0.281 0.525 0.047 14.19
10 0.12 32.6 0.10 0.15 0 0.127 0.366 0.047 12.92
11 0.50 32.6 0.65 0.65 0 0.127 0.525 0.047 22.42
12 0.50 207.5 0.65 0.65 0 0.281 0.366 0.091 22.58
13 0.31 120.1 0.375 0.40 0.05 0.204 0.446 0.069 27.09

Table 5. Significance analysis of Plackett—-Burman Design test parameters.

Parameters  Contribution/%  df Sum of Squares F-Value p-Value
Model 8 523.32 21.47 0.0143 *
A 0.2391 1 1.35 0.4419 0.5537
B 1.2403 1 6.93 227 0.2286
C 0.0015 1 0.0085 0.0028 0.9611
D 37.9336 1 213.70 70.13 0.0036 **
E 51.6318 1 290.87 95.45 0.0023 **
F 0.6097 1 343 1.13 0.3663
G 0.0604 1 0.34 0.1116 0.7603
H 1.1876 1 6.69 2.20 0.2350

Note: ** represents extremely significant effect (p < 0.01); * represents significant effect (p < 0.05).
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Figure 14. Pareto chart.

3.2.5. Steepest Ascent Design Test

To obtain an increased trend of simulated repose angles in the steepest ascent design
(SAD) test, both parameters D and E were set from the smallest values to the largest
values due to their positive effects on repose angles in accordance with Section 3.2.4. As
shown in Table 6, the simulated repose angles were raised with increasing parameters
D and E. By contrast, the relative errors between the real repose angle measured in the
laboratory (20.18°) and simulated repose angles initially decreased and then increased. The
smallest relative error (7.63%) was associated with combination No. 2, indicating that more
reasonable ranges of parameters D and E were 0.15-0.35 and 0-0.04, respectively.

Table 6. Design scheme and results of Steepest ascent design test.

No. D E Simulated Repose Angle (°) Relative Error (%)
1 0.15 0 16.52 18.14
2 0.25 0.02 21.72 7.63
3 0.35 0.04 25.93 28.49
4 0.45 0.06 29.58 46.58
5 0.55 0.08 32.01 58.62
6 0.65 0.10 35.79 77.35

3.2.6. Central Composite Design Test

A central composite design (CCD) test was performed as shown in Table 7 to investi-
gate the effects of significant parameters (i.e., D and E) on the simulated repose angle (6x).
The high and low levels of the tested parameters were selected based on the reasonable
ranges from Section 3.2.5.
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Table 7. Central composite test design and results.

No. D E Angle 6x/° Relative Error/%
1 —1(0.15) —1(0) 16.57 17.89
2 1(0.35) -1 21.87 8.37
3 -1 1(0.04) 23 13.97
4 1 1 27.16 34.59
5 —0.5(0.2) 0(0.02) 21.87 8.37
6 0.5(0.3) 0 23.62 17.05
7 0(0.25) —0.5(0.01) 21.7 7.53
8 0 0.5 (0.03) 24.1 19.43
9 0 0 23.76 17.74
10 0 0 22.78 12.88
11 0 0 23.92 18.53
12 0 0 22.86 13.28
13 0 0 23.73 17.59

By conducting a bivariate regression fit on the data from Table 7, a regression model
was established that correlated simulated repose angles with the static friction coefficient
(D) and rolling friction coefficient (E) between BLBs. A quadratic nonlinear relationship
was found between the test factors D and E and the repose angle 6x (Equation (3)).

Ox = +8.256 + 69.02D + 203.59E — 142.5DE — 86.41D* — 610.17E> 3)

A response surface analysis was carried out in Figure 15 based on the regression
model. The results showed that raising both the static friction coefficient and rolling friction
coefficient of BLBs would give larger simulated repose angles. This agreed well with the
results from above PBD test.

27

)
)
<]

123

122
12
121

Repose angle 6y

Figure 15. Response surface analysis on the effects of static friction and rolling friction coefficients of
black beans (BLBs) on the simulated repose angle 6x.

The analysis of variance of influential factors on the repose angle are depicted in
Table 8, which indicated that the model is highly significant with a p of < 0.0001; at the same
time, the lack of fit showed a p-value of 0.5831, suggesting a good fit. The determination
coefficient R? of 0.9708 further confirmed the excellent fit of the model. The larger the
coefficient of variation (CV), the less reliable the tested data. This model’s CV was only
2.30%, indicating a high reliability of the experimental results. Factors D and E had highly
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significant impacts on the repose angle of BLB (p < 0.0001), while their interaction effect

did not reach a significant level (p > 0.05).

Table 8. Analysis of variance of influential factors on the repose angle.

Source Sum of Squares df Mean Square F-Value p-Value
Model 64.26 5 12.85 46.57 <0.0001 **
D 23.74 1 23.74 86.02 <0.0001 **
E 37.09 1 37.09 134.43 <0.0001 **
DE 0.3249 1 0.3249 1.18 0.3138
D2 0.1821 1 0.1821 0.6600 0.4433
E2 0.0145 1 0.0145 0.0527 0.8251
Residual 1.93 7 0.2759
Lack of Fit 0.7472 3 0.2491 0.8412 0.5831
Pure Error 1.18 4 0.2961
Cor Total 66.19 12

A ckacs

Note: R? = 0.9701; Adjusted R? = 0.95; Adequate precision = 28.6914; ** represents extremely significant effect
(p <0.01).

3.2.7. Significant Parameters Optimization and Validation

To optimize the significant parameters obtained from Section 3.2.6, the target of the
measured repose angle (20.18°) and constraints of reasonable ranges were determined [6].
The results showed that to realize the repose angle of 20.18° in cylinder lifting method
(CLM) simulations, the static friction coefficient and rolling friction coefficient of BLBs
should be 0.202 and 0.0104, respectively.

The CLM simulations were performed using the optimized parameters and produced
a mean repose angle of 20.33° (three replications). The relative error was merely 0.74%
as compared with the repose angle measured in the laboratory (Figure 16). Moreover,
a p-value of 0.865 (>0.05) from the T-test of the simulated and measured repose angles
implied that there was no significant difference between the two repose angles. The low
relative error and insignificant difference between the simulated and measured repose
angles demonstrated that the DEM model of the black bean had a good accuracy.

()

Figure 16. Verification of optimized DEM parameters: (a) repose angle measured in the laboratory.
(b) Repose angle from the DEM simulation.

4. Conclusions

The discrete element parameters of the black bean (BLB) are the key to developing
high-performance BLB machineries (e.g., seeders and shellers), which are still lacking in
the literature. In this study, a critical kinetic energy was proposed and the effects of the
radius and lifting speed of cylinder-in-cylinder lifting method (CLM) simulations were
investigated to efficiently and accurately obtain the repose angle. The DEM parameters
of the black bean (BLB) were determined by combining the Plackett-Burman Design test,
the steepest ascent design test, and the central composite design test. The optimized DEM
parameters were validated using both the relative error and the p-value from the T-test of
the simulated and measured repose angles. The main conclusions are as follows:

(1) The measurement moment of repose angle (MMRA) should be determined when
the kinetic energy reaches the minimal threshold to efficiently and accurately obtain
repose angles; too early or too late a measurement can result in a low-accuracy repose
angle or excessive computation time of the computer, respectively. The lifting speed
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and cylinder radius affected the lateral displacements of BLBs and had a higher cost
of computation time and memory usage. A lifting speed of 0.015 m-s~! and radius of
40 mm of cylinder were determined in CLM simulations.

(2) The static friction coefficient and rolling friction coefficient between BLBs were two
essential DEM parameters that significantly affected the repose angles in CLM simu-
lations. Moreover, a static friction coefficient of 0.202 and a rolling friction coefficient
of 0.0104 between BLBs were obtained based on the optimization results.

(38) A low relative error (0.74%) and insignificant difference (p > 0.05) between simulated
and measured repose angles were found. This implied that the suggested method
can be potentially used to calibrate the DEM parameters of black beans with good
accuracy.

Author Contributions: Conceptualization, X.W.; methodology, X.W., Q.Z. and S.Z.; software, X.W.,
Q.Z. and S.Z; formal analysis, Q.L. and H.Z.; investigation, X.W., Q.Z. and S.Z.; resources, X.W., Q.L.;
data curation, X.W., Q.Z. and S.Z.; writing—original draft preparation, X.W., Q.Z.; writing—review
and editing, Q.L. and H.Z.; supervision, Q.L. and H.Z.; project administration, Q.L. and H.Z.; funding
acquisition, X.W, Q.L. and H.Z. All authors have read and agreed to the published version of the
manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (grant
number: 32401718), National Key Research and Development Project of China (grant number:
2022YFD2300803-9), Key Scientific Research Project of Colleges and Universities of Henan Province
(grant number: 24A416001), Experimental Technology Development Foundation of Henan University
of Science and Technology (grant number: 5Y2324006), and Doctoral Research Foundation of Henan
University of Science and Technology (grant number: 13480042).

Data Availability Statement: The data reported in this study are contained within the article.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Li, P; Li, Y.; Wang, L.; Zhang, H.; Qi, X.G.; Qian, H.F. Study on water absorption kinetics of black beans during soaking. J. Food
Eng. 2020, 283, 110030. [CrossRef]

2. Lin, WM.; Weng, Q.Q.; Deng, A.P; Zhao, ].C,; Jin, Y;; Zhang, Y.; Zhang, S.L.; Yu, B.; Zhan, Z.L.; Huang, L.Q. Textual research on
sojae semen nigrum. China J. Chin. Mater. Med. 2020, 45, 4519-4527. [CrossRef]

3. Bhartiya, A.; Aditya, ].P.; Pal, R.S.; Chandra, N.; Kant, L.; Pattanayak, A. Bhat (Black Soybean): A traditional legume with high
nutritional and nutraceutical properties from NW Himalayan region of India. Indian |. Tradit. Knowl. (I]TK) 2020, 19, 307-319.
[CrossRef]

4. Dong, H.; Xu, W.H,; Chen, T,; Li, Y.E; Yi, S.J. Experimental study on the performance of air-suction black soya bean precision
seeding. J. Chi. Agric. Mecha. 2019, 40, 26-31.

5. Boac, J.; Maghirang, R.; Harner, J.P. Material and interaction properties of selected grains and oilseeds for modeling discrete
particles. Trans. ASABE 2010, 53, 1201-1216. [CrossRef]

6. Wang, X.Z,; Zhang, Q. K.; Huang, Y.X; Ji, ].T. An efficient method for determining DEM parameters of a loose cohesive soil
modelled using hysteretic spring and linear cohesion contact models. Biosyst. Eng. 2022, 215, 283-294. [CrossRef]

7. Wang, X.; Zhou, H,; Ji, J. Effect of mounting angle on bending subsoiling tool-soil interactions using DEM simulations. Agriculture
2022, 12, 1830. [CrossRef]

8.  Wang, X.Z,; Li, P; He, ].P.; Wei, W.Q.; Huang, Y.X. Discrete element simulations and experiments of soil-winged subsoiler
interaction. Int. J. Agric. Biol. Eng. 2021, 14, 50-62. [CrossRef]

9. Shi, L.R.; Zhao, W.Y.; Sun, B.G.; Sun, W.; Zhou, G. Determination and analysis of basic physical and contact mechanics parameters
of quinoa seeds by DEM. Int. . Agric. Biol. Eng. 2023, 16, 35-43. [CrossRef]

10. Zeng, Z.W.; Ma, X.; Cao, X.L.; Li, Z.H.; Wang, X.H. Critical review of applications of discrete element method. Trans. CSAM 2021,
52,1-20.

11. Barr, J.B.; Ucgul, M,; Desbiolles, ] M.A_; Fielke, ].M. Simulating the effect of rake angle on narrow opener performance with the
discrete element method. Biosyst. Engin. 2018, 171, 1-15. [CrossRef]

12.  Ucgul, M,; Fielke, ].M.; Saunders, C. Three-dimensional discrete element modelling (DEM) of tillage: Accounting for soil cohesion
and adhesion. Biosyst. Eng. 2015, 129, 298-306. [CrossRef]

13.  Qi, L,; Chen, Y.; Sadek, M. Simulations of soil flow properties using the discrete element method (DEM). Comput. Electron. Agric.

2019, 157, 254-260. [CrossRef]


https://doi.org/10.1016/j.jfoodeng.2020.110030
https://doi.org/10.19540/j.cnki.cjcmm.20200506.106
https://doi.org/10.56042/ijtk.v19i2.35346
https://doi.org/10.13031/2013.32577
https://doi.org/10.1016/j.biosystemseng.2022.01.015
https://doi.org/10.3390/agriculture12111830
https://doi.org/10.25165/j.ijabe.20211401.5447
https://doi.org/10.25165/j.ijabe.20231605.7837
https://doi.org/10.1016/j.biosystemseng.2018.04.013
https://doi.org/10.1016/j.biosystemseng.2014.11.006
https://doi.org/10.1016/j.compag.2018.12.052

Agronomy 2024, 14, 2803 18 of 18

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Chen, Y.; Munkholm, L.J.; Nyord, T. A discrete element model for soil-sweep interaction in three different soils. Soil. Till. Res.
2013, 126, 34-41. [CrossRef]

Gursoy, S.; Chen, Y.; Li, B. Measurement and modelling of soil displacement from sweeps with different cutting widths. Biosyst.
Eng. 2017, 161, 1-13. [CrossRef]

Li, B.; Chen, Y.; Chen, J. Modeling of soil-claw interaction using the discrete element method (DEM). Soil. Till. Res. 2016, 158,
177-185. [CrossRef]

Sadek, M.A; Chen, Y.; Liu, ].D. Simulating shear behavior of a sandy soil under different soil conditions. J. Terramechanics 2011,
48,451-458. [CrossRef]

Zhou, H,; Li, K.T,; Qin, Z.Y.,; Wang, S.S.; Wang, X.Z.; Sun, EY. Discrete element model of oil peony seeds and the calibration of its
parameters. Agriculture 2024, 14, 1092. [CrossRef]

Cao, X.L.; Li, ZH.; Li, HW.; Wang, X.C.; Ma, X. Measurement and calibration of the parameters for discrete element method
modeling of rapeseed. Processes 2021, 9, 605. [CrossRef]

Wojtkowski, M.; Pecen, J.; Horabik, ].; Molenda, M. Rapeseed impact against a flat surface: Physical testing and DEM simulation
with two contact models. Powder Technol. 2010, 198, 61-68. [CrossRef]

Coetzee, C.J.; Els, D.N.J. Calibration of discrete element parameters and the modelling of silo discharge and bucket filling. Comput.
Electron. Agric. 2009, 65, 198-212. [CrossRef]

Xue, P; Xia, X.; Gao, P; Ren, D.; Hao, Y.; Zheng, Z.; Zhang, J.; Zhu, R.; Hu, B.; Huang, Y. Double-setting seed-metering device for
precision planting of soybean at high speeds. Trans. ASABE 2019, 62, 187-196. [CrossRef]

Zhou, Z.Y. Agricultural Materials; China Agriculture Press: Beijing, China, 1994.

Cunha, R.N,; Santos, K.G.; Lima, R.N.; Duarte, C.R.; Barrozo, M.A.S. Repose angle of monoparticles and binary mixture: An
experimental and simulation study. Powder Technol. 2016, 303, 203—-211. [CrossRef]

Zhao, H.B.; Huang, Y.X,; Liu, Z.D.; Liu, W.Z.; Zheng, Z.Q. Applications of discrete element method in the research of agricultural
machinery: A review. Agriculture 2021, 11, 425. [CrossRef]

Chen, Z.P,; Wassgren, C.; Veikle, E.; Ambrose, K. Determination of material and interaction properties of maize and wheat kernels
for DEM simulation. Biosyst. Eng. 2020, 195, 208-226. [CrossRef]

EDEM. EDEM User Guide; DEM Solutions Ltd.: Edinburgh, UK, 2014.

Melo, K.R.; de Padua, T.F.; Lopes, G.C. A coefficient of restitution model for particle-surface collision of particles with a wide
range of mechanical characteristics. Adv. Powder Technol. 2021, 32, 4723-4733. [CrossRef]

Wang, ].W.; Xu, C.S.; Xu, Y.N.; Wang, Z.M.; Qi, X.; Wang, ].E.; Zhou, W.Q.; Tang, H.; Wang, Q. Influencing factors analysis and
simulation calibration of restitution coefficient of rice grain. Appl. Sci. 2021, 11, 5884. [CrossRef]

Mi, G.P; Liu, Y.; Wang, T.; Dong, ].X.; Li, Q.W.; Chen, K.Z.; Huang, Y.X. Measurement of physical properties of sorghum seeds
and calibration of discrete element modeling parameters. Agriculture 2022, 12, 681. [CrossRef]

Yu, J.; Chu, ].K,; Zhang, R.; Li, Y.;; Zhang, J. Validation of compliant contact force models for low coefficient of restitution impact.
Biosyst. Eng. 2022, 218, 216-228. [CrossRef]

Zhou, L,; Yu, ].Q.; Liang, L.S.; Wang, Y.; Yu, Y.J.; Yan, D.X,; Sun, K,; Liang, P. DEM parameter calibration of maize seeds and the
effect of rolling friction. Processes 2021, 9, 914. [CrossRef]

Hu, M.J.; Xia, J.E; Zhou, Y.; Luo, CM.; Zhou, M.K;; Liu, Z.Y. Measurement and calibration of the discrete element parameters of
coated delinted cotton seeds. Agriculture 2022, 12, 286. [CrossRef]

Wang, X.Z.; Du, R.; Geng, L.X.; Zhou, HM.; Ji, ].T. Performance evaluation of a cicada-inspired subsoiling tool using DEM
simulations. Biomimetics 2024, 9, 25. [CrossRef] [PubMed]

Liu, Y,; Mi, G.P; Zhang, S.L.; Li, P; Huang, Y.X. Determination of discrete element modelling parameters of adzuki bean seeds.
Agriculture 2022, 12, 626. [CrossRef]

Markauskas, D.; Kacianauskas, R.; DZiugys, A.; Navakas, R. Investigation of adequacy of multi-sphere approximation of elliptical
particles for DEM simulations. Granul. Matter 2010, 12, 107-123. [CrossRef]

Wang, Y.H.; He, ].L.; Yang, H.H.; Guo, Y.X,; Ly, J.X. Simulation parameter calibration of broad bean seed discrete element model.
Agric. Eng. 2023, 13, 79-84. [CrossRef]

Zhang, SW.; Zhang, R.Y.; Chen, T.Y; Fu, ]J.; Yuan, H.E. Calibration of simulation parameters of mung-been seeds using discrete
element method and verification of seed-metering test. Trans. CSAM 2022, 53, 71-79. [CrossRef]

Shi, L.R.;; Ma, Z.T.; Zhao, W.Y.; Yang, X.P.; Sun, B.G.; Zhang, ].P. Calibration of simulation parameters of flaxed seeds using
discrete element method and verification of seed-metering test. Trans. CSAE 2019, 35, 25-33. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.still.2012.08.008
https://doi.org/10.1016/j.biosystemseng.2017.06.005
https://doi.org/10.1016/j.still.2015.12.010
https://doi.org/10.1016/j.jterra.2011.09.006
https://doi.org/10.3390/agriculture14071092
https://doi.org/10.3390/pr9040605
https://doi.org/10.1016/j.powtec.2009.10.015
https://doi.org/10.1016/j.compag.2008.10.002
https://doi.org/10.13031/trans.13055
https://doi.org/10.1016/j.powtec.2016.09.023
https://doi.org/10.3390/agriculture11050425
https://doi.org/10.1016/j.biosystemseng.2020.05.007
https://doi.org/10.1016/j.apt.2021.10.023
https://doi.org/10.3390/app11135884
https://doi.org/10.3390/agriculture12050681
https://doi.org/10.1016/j.biosystemseng.2022.04.007
https://doi.org/10.3390/pr9060914
https://doi.org/10.3390/agriculture12020286
https://doi.org/10.3390/biomimetics9010025
https://www.ncbi.nlm.nih.gov/pubmed/38248599
https://doi.org/10.3390/agriculture12050626
https://doi.org/10.1007/s10035-009-0158-y
https://doi.org/10.19998/j.cnki.2095-1795.2023.01.015
https://doi.org/10.6041/j.issn.1000-1298.2022.03.007
https://doi.org/10.11975/j.issn.1002-6819.2019.20.004

	Introduction 
	Materials and Methods 
	Determination of Black Bean Parameters 
	Intrinsic Parameters 
	Contact Parameters 
	Laboratory Repose Angle Test of BLBs 

	Discrete Element Modeling 
	Development of a DEM Model of BLBs 
	DEM Parameter Calibration 


	Results and Discussion 
	Experiment Results 
	Three Dimensions of the Black Bean (BLB) 
	Lab Repose Angles 

	Calibration of Significant Parameters in the DEM Model 
	Effect of the Lifting Speed of the Cylinder 
	Effect of Cylinder Radius 
	Measurement Moment of Repose Angle 
	Plackett–Burman Design Test 
	Steepest Ascent Design Test 
	Central Composite Design Test 
	Significant Parameters Optimization and Validation 


	Conclusions 
	References

