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Abstract: The interaction properties of the seeds have to be calibrated to simulate the realistic behavior
of the seed bulk. Here, a simple and accurate calibration method of DEM interaction properties of
seeds with adequate equipment to simulate each seed’s behavior remains a challenge. In this research,
the rotary drum is chosen as simple equipment to calibrate particle–particle and particle–material
interaction properties, as there is a lack of research on whether the rotary drum is adequate equipment
to calibrate particle–material interaction properties. Therefore, this article calibrates particle–particle
and particle–material static and rolling interaction coefficients using a rotary drum. The calibration
of particle–material static and rolling friction coefficients are described using the rotating drum with
a 45 degrees inclination. The particle–particle static and rolling friction coefficients were calibrated
according to the angle of repose when the rotary drum is vertical.

Keywords: DEM; wheat seeds; behavior simulation; calibration of interaction properties; rotary drum

1. Introduction

Wheat is the staple food mostly used for human consumption in many areas of the
world. Therefore, it is important to investigate wheat seeds’ interactions with various
materials when developing seeding machines, sorting machines, or transport. When
providing various operations, wheat seeds contact with various materials. For example,
the seed boxes and colters of the wheat seeding machines are made of steel. In contrast, the
metering devices, including the roller, are made of acrylic PLA material printed on a 3D
printer [1,2].

The discrete element method (DEM), a numerical technique for simulating the me-
chanical behavior of granular assemblies, has the advantage of data tracking, such as the
trajectories, velocities, and transient forces of all particles at any stage of the process [3].
Moreover, DEM simulation is economically profitable since there is no need to carry out
real experiments when optimizing equipment parameters since manufacturing equipment
with different parameters is an additional cost [4]. Therefore, the DEM has been applied to
simulate the bulk behavior of agricultural seeds, granular particles, and pharmaceutical
tablets at the individual particle scale, not providing high-cost actual experiments that
need expensive sensors to observe the experiment process [5–9]. The simulation accuracy
of the DEM bulk behavior depends on the chosen DEM model depending on the particle
moisture [10] and input properties that need to be calibrated. In this article, wheat seeds’
interaction properties are calibrated as calibration is necessary for the simulation. The
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accurate measurement of the interaction properties does not simulate actual bulk behavior
because it is impossible to generate every particle’s exact shape and size in the DEM [11].
Scientists have developed equipment for calibrating interaction properties on DEM [12].
The types of equipment to calibrate particle–particle interaction properties on DEM are well
studied [13–15]. However, developing simple equipment for calibrating particle–material
interaction properties on DEM is still a challenge.

Rotating drum equipment has been used to calibrate the particle-to-particle and
particle-to-material static and rolling friction coefficients, in rotating drums with diameters
of 300 mm and 130 mm, where the dynamic angle of repose of the upward and downward
flow of particles is measured [16,17]. However, there is no information on particle–material
static and rolling friction properties calibration using rotating drum equipment. There is a
matter of whether the exact angle of repose (AOR) can be used as a response to calibrate
particle–particle and particle–material static and rolling friction coefficients [18]. This
study hypothesized that the tilt of the rotating drum is an important factor in improving
the particle-to-material interaction properties. The initial function of the inclined rotary
drum is to granulate the powder fertilizers [19–21]. The behavior of the particles on the
surface of the pile adjacent to the material depends on the rotating drum inclination. When
the rotating drum is vertical, the mass of particles is downward, and contact with the
material depends on whether adjacent particles are pushed toward the material. When the
rotating drum is inclined, the mass of particles is directed toward the material contacting it.
Therefore, this research aimed to determine the rotating drum test conditions to calibrate
particle–material static and rolling friction coefficients. Calibration is typically performed
using a “trial and error” approach or optimization algorithms [22]. Here, we adopt the
central composite plan (CCP) as an optimization algorithm.

2. Materials and Methods
2.1. Rotary Drum Equipment

The experiments were provided with rotary drum equipment (Figure 1). All the rotary
drum equipment parts were set on a stand (1). The angle retainer (2) was fixed to the stand,
and the angle retainer regulated the inclination of the plane plate (3). The bearings were set
on the plain plate holding four drums. The PLA drum (4) is printed with a 3D printer. The
soil drum (5) was prepared by gluing the soil particles into the PLA drum. Soil particles
covered all the surfaces of the glue. Steel (6) and acrylic (7) drums were made of steel and
acrylic materials. The inner diameters and the inner length of the drums were 150 and
50 mm, respectively. The drums were covered by an acrylic drum cover (8) so that the
behavior of the wheat seed particles was visible inside the drum. The drums were rotated
using the pulley (9) fixed to the drum shaft (10). The drum shafts are fixed to the plane
plate through the bearings and moved with it. The traction pulley (11) tightened the belt
(12) that connects all the pulleys. The stepper motor with gear (13) was fixed to the plane
plate and clockwise rotating one of the bottom pulleys. As all the pulleys were the same
and connected by a belt, the drums rotated clockwise with the same speed.

2.2. Experimental Procedure
2.2.1. Real Experiment Procedure

First, to determine the weight of the seeds filled to fifty percent of the drum volume,
the drum was filled with seeds, and the weight of the seeds, excluding the weight of the
drum, was measured with a scale. Half the measured weight of the seeds was taken as
fifty percent to fill the drum for the experiment. When the drums were half full, they
were covered with an acrylic drum cover. Four drums of different materials were filled
with the same mass of wheat seeds. The rotary drums are made of various materials to
investigate if the material influences the wheat pile AOR depending on the plain plate
position. Second, the tilt of the rotating drum was adjusted by tilting the plain plate and
securing the plain plate in this position with a corner retainer. Third, the drum began to
rotate clockwise, and a high-speed camera captured the behavior of the seeds. In this study,
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drum speed was not chosen as a factor because it was believed that a slow rotation would
eliminate particle-to-particle and particle-to-material collisions. The rotational speed is
determined experimentally not allowing cascading regime but a rolling regime of wheat
seed particles [23,24]. The experiments were performed when the plane plate position was
vertical and was inclined at a 45-degree angle. When the AOR of the seed pile was chosen
as the response for the experiment, the angle of the plain plate was considered a single
factor for the experiment. The results of the single-factor experiment were analyzed to
determine if the plain plate angle influences the calibration of the particle–particle and
particle–material interaction properties of the wheat seeds. If the difference is insignificant,
the hypothesis that the tilt of the rotating drum is an important factor in improving the
particle-to-material interaction properties is rejected. If the difference is significant, wheat
seeds’ particle–particle and particle–material interaction properties are calibrated on DEM
using rotary drum equipment.
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Figure 1. Rotary drum equipment: (a) front view; (b) back view; 1. stand; 2. corner retainer; 3. plane
plate; 4. PLA drum; 5. soil drum; 6. steel drum; 7. acrylic drum; 8. acrylic drum cover; 9. pulley;
10. drum shaft; 11. traction pulley; 12. belt; 13. stepper motor with gear.

2.2.2. Measurement of the AOR of the Seeds Pile Depending on Rotary Drum Tilt

Images of the rotating drum were captured using the high-speed camera to determine
the AOR of the seed pile in Cartesian coordinates employing OriginPro software. The AOR
of the particles was measured adjacent to the material side to determine the influence of
the material. When the rotary drum position was vertical, the particle pile adjacent to the
material was invisible. Therefore, the high-speed camera is moved to the left 15 degrees
from the axis of the drum (Figure 2a). Moving the camera to the left does not influence the
results as the data are digitalized in Cartesian coordinates (Figure 2b). When the rotating
drum is tilted at 45 degrees, the camera is concentric as the particle pile adjacent to the
material is visible (Figure 3a,b). The pictures were digitized in Cartesian coordinates.
The digitized sample points adjacent to the material in the images are linearly fitted to
determine the slope of the pile (Figure 4). The arctangent of the slope was taken as an
AOR of the conical pile of the particles. It should be noted that linear regression depends
on the number of points sampled along the border. The number of sampling points was
considered sufficient in this study because the distance between the sampling points was
0.05 mm. It should be noted that all the conditions to determine the AOR were identical.
The four pictures were randomly chosen from the pictures taken by a high-speed camera to
determine the wheat pile AOR. The average of four values of the AOR in the experiment
was considered the target value to calibrate the interaction properties.
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Figure 2. Filming the vertical drum: (a) High-speed camera position when the rotary drum is vertical;
(b) digitizing the pile slope in Cartesian coordinates.
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2.2.3. Measurement of Seed Sizes and Seed Generation on DEM

A dial caliper was used to measure three orthogonal dimensions of 80 randomly
selected seeds of wheat. The largest of the three dimensions was the length, the second
largest was the width, and the smallest was the thickness. The sphericity of the particles
was calculated using Equation (1) [25]:

S =
3
√

LWT
L

(1)

where L, W, and T are the seeds’ length, width, and thickness (mm); S is the sphericity of
the seeds (dimensionless). The data of 80 randomly selected wheat seeds were analyzed
according to the normal distribution, and seven sizes of the wheat seeds were generated
on DEM.

The liquid displacement method was used to determine the density of the wheat seeds.
A cylinder with an inner radius of 47.5 mm and a height of 45 mm was loaded with wheat
seeds, and the weight was determined with an electronic scale (accuracy of 0.01 g). A
wetting agent (polyethylene glycol tert-octylphenyl ether) was added to the water at a
concentration of 1.5 g/L. The wetting agent prevents the wheat seeds from absorbing water
by reducing the surface tension. Water was poured into the seed-filled cylinder to cover the
seeds, and the volume of the poured water was considered free space between the seeds.
The density of the seeds was determined as:

ρs =
ms

Vc −Vs
(2)

where ms is the mass of the seeds in the cylinder in g; Vc is the volume of the cylinder in
mm3; and Vs is the free space between the seeds in mm3. The moisture of the seeds was
measured before each test with a moisture analyzer.

2.2.4. DEM Input Parameters

The simulation was carried out on DEM. The particle size distribution must be known
to determine the particle–particle and particle–material interaction properties significantly
affecting the experimental results. The boundary conditions were not specified, since how
the particles behave when leaving the domain is out of the scope of this manuscript. In the
Hertz–Mindlin no-slip model, the Euler was selected as a time integration method. The
Raleigh time-step was 30%. The estimated cell radius of the simulator grid was 3 mm.

Particle flow inside the rotating drum consists of two types of motion: translational
and rotational and the equations are governed by Newton’s second law of motion [26–28].

mi
dvi
dt

=
k

∑
j=1

Fc,ij + mig (3)

Ii
dwi
dt

=
k

∑
j=1

Mij (4)

where vi and wi are the translational and angular velocities of particle i, respectively, mi
and Ii are the mass and moment of inertia of particle i, mig is the gravitational force acting
on particle i, Fc,ij and Mij are the contact force and torque acting on particle i by particle j
or drum walls, respectively.

The particle–particle and particle–wall collision forces should be treated carefully
since granular flow in the rotating drum is contact-dominated. Here, the popularly used
Hertz–Mindlin model is used to describe the contact force. According to the model, the
contact forces can be expressed as [27]

Fc,ij = Fcn,ij + Fct,ij (5)
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where Fcn,ij is the normal contact force, while Fct,ij is the tangential contact force. They
comprise two components: elastic and damping. The magnitudes of the elastic and
damping normal forces are given by

Fe
cn =

4
3

E∗
√

R∗δn
(3/2) (6)

Fd
cn = −2

√
5
6

β

√
Snm∗Vrel

n (7)

where the equivalent of Young’s modulus E∗, the equivalent radius R∗ are defined as

1
E∗

=
1− v2

i
Ei

+
1− v2

j

Ej
(8)

1
R∗

=
1
Ri

+
1
Rj

(9)

where Ei, vi, and Ri are Young’s modulus, Poisson ratio, and particle radius. In Equation (7),
Vrel

n is the normal component of the relative velocity. m∗, β, and Sn are equivalent mass, the
factor of the coefficient of restitution, and the normal stiffness, respectively, and given by

1
m∗

=
1

mi
+

1
mj

(10)

β =
ln e√

ln2 e + π2
(11)

Sn = 2E∗
√

R∗δn (12)

where e is the coefficient of restitution, and δn is the normal overlap.
The tangential contact force Fct,ij also consists of two components: elastic and damping.

The magnitudes of the two components are, respectively, given by

Fe
ct = −2G∗

√
R∗δnδt (13)

Fd
ct = −2

√
5
6

β

√
Stm∗Vrel

t (14)

where G∗ is the equivalent shear modulus, and Vrel
t is relative tangential velocity. The

tangential force is limited by Coulomb friction Fct = µsFn, where µs is the friction coefficient,
and Fn is the normal force. The torque consists of the one from the tangential contact force
and the so-called rolling friction. The rolling friction normally contributes to the settlement
of particles from a dynamic into a static state. A more detailed discussion of the force
models can be seen in [27].

2.2.5. Verification of the Shape, Size, and Density of the Wheat Seeds and Simulation
on DEM

Wheat seeds in seven sizes were generated on DEM according to the normal distri-
bution of the real wheat seeds. The size distribution and density of the particles were
validated by comparing the mass of the wheat seeds in the vessel and that in the DEM
simulation for an identical vessel. After validating the wheat seeds on DEM, the identical
equipment is inserted into the DEM drawn by CAD. Each drum contained 9000 wheat
particles, determined according to the weight of wheat seeds in a real experiment. The
simulation of the generated wheat seeds and measuring the AOR of the wheat seed
pile is identical to the real experiment. The coefficients of the particle–particle and
particle–material interaction properties of the wheat seeds are varied when simulat-
ing on DEM according to CCP. The interaction coefficients’ low, mid, and high levels



Agriculture 2022, 12, 1497 7 of 15

combinations were determined using the Design-Expert software to develop the CCP.
Choosing the low and high levels is essential. If the range between the minimum and
maximum values is large, there may not be sufficient points. If the range is small, some
points may be outside of the range. During the simulation on DEM, the particle–particle
and particle–material restitution coefficients were considered eliminated as the drums
were rotating slowly. The restitution coefficients elimination decreases the number of
simulations to calibrate other coefficients.

3. Results and Discussion
3.1. Results of Real Experiments and One-Way ANOVA of the Results of Real Experiments

The actual experiment results show that at 5 rpm of the drum the behavior of the
wheat seeds is a rolling regime than the cascading regime (Figure 5a,b). The rolling
regime allows the comparison of the experimental results according to a single AOR.
Therefore, the experiments were provided when the drums were rotating at 5 rpm. The
behavior of wheat seeds in the drums is demonstrated when the drums are inclined
90 degrees and 45 degrees and the red lines show the front line of the wheat seeds pile
(Figure 5c,d).
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The single factor actual experiment results varying the drum inclination angle with
five replications are shown in Table 1. From the table, we can see that the AOR of the wheat
pile increases when the plain plate is inclined 45 degrees independently of the material
when the plain plate position is vertical.
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α = 90◦ α = 45◦

1 2 3 4 5 1 2 3 4 5

(◦) (◦) (◦) (◦) (◦) (◦) (◦) (◦) (◦) (◦)

Soil 36.64 36.86 37.95 38.14 44.29 56.75 61.74 58.30 63.88 65.96
Steel 31.00 32.05 33.05 33.27 37.13 45.74 46.01 46.54 48.18 45.04
PLA 34.63 37.63 36.81 38.75 36.99 39.79 39.66 38.3 44.86 38.96

Acrylic 36.43 33.67 33.10 37.80 37.37 42.96 43.00 39.74 46.25 46.30

One-way ANOVA of the single-factor experiment is shown in Table 2. When the
drum inclination angle is 90 degrees, the p-value of the wheat was 0.68, more than 0.05.
Therefore, according to the null hypotheses, the mean of the five replications can be
considered equal to each other. This means the influence of the material is weak and can be
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neglected when the drum is inclined to 90 degrees. Thus, the average of sixteen samples
was considered the target AOR for calibrating the particle–particle static friction and rolling
coefficients for wheat 36.17 degrees. When the drum inclination angle was 45 degrees, the
wheat p-value was less than 0.00. Therefore, the null hypothesis is rejected in favor of the
alternate. It means that the influence of the material is strongly significant when the drum
is inclined to 45 degrees. Thus, the average of four samples with various materials was
considered the target AOR for calibrating the particle–material static friction and rolling
friction coefficients. To calibrate wheat’s static and rolling friction coefficients with soil,
steel, PLA, and acrylic, the target AORs were 61.32 degrees, 46.30 degrees, 40.31 degrees,
and 43.65 degrees, respectively.

Table 2. One-way ANOVA of the single-factor experiment.

Source of Variation SS df MS F p-Value F Crit

α = 90◦
Between Groups 14.53 3 4.84 0.49 0.68 3.23
Within Groups 155.71 16 9.73

Total 170.25 19

α = 45◦
Between Groups 1348.48 3 449.49 52.69 <0.00 3.23
Within Groups 136.46 16 8.52

Total 1484.95 19

3.2. Results of the Seed Size Measurement and Generation on DEM

The sizes of eighty seeds were measured, and the normal distribution of the sizes of
the seeds is shown in Figure 6. The range between maximum and minimum wheat length,
width, and thickness was 1.56, 1.51, and 1.60 mm, respectively. The length of the wheat
seed is much more than the width and thickness and the width more than the thickness.
Pearson’s correlation coefficients of seed sizes are shown in Table 3. Pearson’s correlation
coefficients of the wheat seed sizes show a significant correlation between length and
thickness and between thickness and width. The significance of the correlation means that
the width depends on the length: the longer the wheat, the wider it became, and the wider
the wheat, the thicker it is. However, there were cases when the thickness was more than
the width. Moreover, there were cases when the wheat width was more than another wheat
width though the wheat length was less than another. The significance means that the
number of cases is little and can be neglected. If the number of cases is high, Pearson’s
correlation coefficients were not significant. The wheat length and width are chosen to
generate wheat seeds on DEM (Figure 7). The generated wheat width depended on wheat
length, which was increased depending on the increase of wheat length. The dimensions of
the seven wheat seeds generated on DEM and their distribution is shown in Table 4. Each
wheat seed particle was generated by combining seven spherical particles in one axis: one
central spherical particle and three spherical particles from each side. The diameters of the
three spherical particles have decreased to 0.30 mm, 0.80 mm, and 1.60 mm from the central
spherical particle. The diameter of the central spherical particle was chosen depending
on the length of the wheat seed. The distribution of wheat seeds was determined by the
percentage depending on counts.

Table 3. Pearson’s correlation coefficients of the sizes of the seeds.

Wheat

Length Width Thickness

Length 1 0.31 0.48
Width 0.31 1 0.46

Thickness 0.483 0.46 1
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Table 4. Generated on DEM wheat seed dimensions and distribution.

Generated Wheat Particle Numbers

1 2 3 4 5 6 7

Length, mm 5.75 6.00 6.25 6.50 6.75 7.00 7.25
Width, mm 2.75 3.00 3.25 3.50 3.75 4.00 4.25

Distribution, % 3.75 12.50 32.50 15.00 25.00 7.50 3.75

3.3. DEM Input Parameters

The simulation was carried out in the DEM. The values of the material properties used
in the Hertz–Mindlin no-slip numerical model for the DEM simulations were obtained
from the literature as the density and humidity of the experimental wheat seeds coincided
(Table 5). AK58 variety of wheat seeds with a moisture content of 14% was used in
the experiment. When simulating the drums on DEM, the material values were various
consistent with the real experiment. The particle size distribution must be known to
determine the particle–particle and particle–material interaction properties significantly
affecting the experimental results. The boundary conditions were not specified since we
were not interested in how the particles behave when leaving the domain.
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Table 5. Mechanical properties of the materials obtained from the literature.

Intrinsic Parameters Shear Modulus (Pa) Poisson’s Ratio Density (kg m−3)

Wheat 1.13 × 107 a 0.22 a 1370
Soil 106 b 0.38 b 1850 b
Steel 8.23 × 1010 b 0.30 b 7850 b

Acrylic 1.15 × 109 c 0.35 c 1385 c
PLA 2.42 × 108 d 0.36 d 1050 d

a [29] b [30] c [31] d [32].

The levels of static and rolling friction coefficients according to CCP are shown in
Table 6. High levels of friction coefficients were determined by conducting experiments
with DEM that the simulation results were far from the actual results of the experiment.
Moreover, when the coefficient of friction is increased by more than 0.60, wheat seeds will
behave like a cohesive material, while the behavior of real wheat seeds will not be cohesive.
During the DEM simulation, particle–particle (C) and particle material (D) restitution
coefficients were not considered a factor, and the middle levels were used to simulate. First
and foremost, particle–particle static (A) and rolling (B) friction coefficients were calibrated.
Second, A and B’s calibrated coefficients were used to calibrate particle–material static
(D) and rolling (E) friction coefficients. When calibrating particle–particle static (A) and
rolling (B) friction coefficients, the particle–material static (D) and rolling (E) friction
coefficients are taken in the middle level as the real experiment analysis showed the
negligible impact of the material on the wheat pile AOR when the drum was in the
vertical position.

Table 6. The levels of the interaction parameters according to CCP to simulate on DEM.

Symbol Interaction Parameters Low Level High Level

A The particle–particle static friction coefficient 0 0.60
B The particle–particle rolling friction coefficient 0 0.60
C The particle–particle restitution coefficient 0.20 0.60
D The particle–material static friction coefficient 0 0.60
E The particle–material rolling friction coefficient 0 0.60
F The particle–material restitution coefficient 0.20 0.60

3.4. Simulation Results

Simulation results on DEM according to CCP with two factors and five levels when
the plain plate was vertical and was inclined at 45 degrees are shown in Tables 7 and 8,
respectively. Each sample was simulated once, and the average wheat pile AOR of four
drums was taken.

Table 7. Simulation results of particle–particle interaction properties on DEM according to CCP.

STD Order A B

α = 90◦

1 2 3 4 Average

(◦) (◦) (◦) (◦) (◦)

1 0.15 0.15 34.54 33.81 33.42 33.12 33.72
2 0.45 0.15 51.15 50.78 50.12 50.94 50.75
3 0.15 0.45 36.58 36.06 34.83 36.56 36.01
4 0.45 0.45 58.55 58.47 58.66 58.50 58.55
5 0.00 0.30 20.54 19.33 19.25 19.64 19.69
6 0.60 0.30 62.04 61.83 59.05 61.54 61.12
7 0.30 0.00 34.62 34.21 32.74 33.06 33.66
8 0.30 0.60 49.18 50.20 45.32 48.56 48.32
9 0.30 0.30 47.24 46.95 47.57 47.34 47.28
10 0.30 0.30 48.64 47.52 47.30 47.10 47.64
11 0.30 0.30 47.00 48.19 46.29 47.28 47.19
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Table 7. Cont.

STD Order A B

α = 90◦

1 2 3 4 Average

(◦) (◦) (◦) (◦) (◦)

12 0.30 0.30 46.76 47.80 47.58 47.10 47.31
13 0.30 0.30 47.15 47.30 47.93 47.00 47.35

Table 8. Simulation results of particle–material interaction properties on DEM according to CCP.

STD Order D E

α = 45◦

1 2 3 4 Average

(◦) (◦) (◦) (◦) (◦)

1 0.15 0.15 31.72 32.58 30.22 30.76 31.32
2 0.45 0.15 47.50 45.81 46.85 48.98 47.29
3 0.15 0.45 34.25 33.09 35.10 34.54 34.25
4 0.45 0.45 48.67 48.99 48.63 48.40 48.67
5 0.00 0.30 13.45 14.75 14.56 15.61 14.59
6 0.60 0.30 56.65 56.58 55.41 56.68 56.33
7 0.30 0.00 37.10 38.40 37.70 37.60 37.70
8 0.30 0.60 42.81 40.58 42.59 39.59 41.39
9 0.30 0.30 41.13 37.45 37.54 40.54 39.17
10 0.30 0.30 38.06 39.51 37.75 37.72 38.26
11 0.30 0.30 39.20 41.03 42.17 40.37 40.69
12 0.30 0.30 38.71 37.91 40.02 38.98 38.91
13 0.30 0.30 37.65 38.41 39.56 40.76 39.10

3.4.1. ANOVA of the Simulation Results of the Particle–Particle Interaction Properties

ANOVA of the wheat pile AOR simulated on DEM shows that particle–particle static
friction coefficient (A), rolling friction coefficient (B), and their interaction (AB) significantly
influence wheat pile formation (Table 9). A final equation in terms of coded factors is
shown to identify the relative impact of the factors by comparing the factor coefficients and
to make predictions about the response for given levels of each factor (Equation (15)). The
equation shows that particle–particle static friction (A) has more influence than particle–
particle rolling friction coefficient (B). It is suggested because of the wheat shape. If the
particles were close to spherical particles, the rolling friction coefficient would be more
significant than the static friction coefficient. The interaction of the two factors is shown
in Figure 8. According to AB interaction, the increase in both coefficients increases wheat
pile AOR. When the particle–particle rolling friction coefficient is zero, the increase of the
particle–particle static friction coefficient increases wheat pile AOR. However, increasing
the particle–particle rolling friction coefficient (B) does not increase wheat pile AOR when
the particle–particle static friction coefficient is zero.

AOR = 47.55 + 10.2A + 3.28B + 1.38AB− 1.72A2 − 1.58B2 (15)

Since the target value was 36.17 degrees obtained in a real experiment to calibrate
the coefficients between wheat particles, the optimization showed that the static friction
coefficient (A) and the rolling friction coefficient (B) were 0.15 and 0.36, respectively. How-
ever, Figure 8 demonstrates that the goal can be achieved using various combinations of
static (A) and rolling friction (B) coefficients. However, these are the values chosen by
Design-Expert as the most desirable. The calibration result shows that the rolling friction
coefficient (B) is greater than the static friction coefficient (A), which means that the wheat
seeds in the mass will slide rather than rotate due to their non-spherical shape.
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Table 9. ANOVA of particle–particle interaction properties simulation results simulated on DEM.

Source Sum of Squares df Mean Square F-Value p-Value

Model 1483.40 5 296.68 366.70 <0.00 **
A 1248.74 1 1248.74 1543.44 <0.00 **
B 129.35 1 129.35 159.87 <0.00 **

AB 7.60 1 7.60 9.39 0.01 *
A2 68.16 1 68.16 84.25 <0.00 **
B2 57.12 1 57.12 70.59 <0.00 **

Residual 5.66 7 0.80
Lack of Fit 5.55 3 1.85 63.25 0.00 **
Pure Error 0.11 4 0.02
Cor Total 1489.06 12

R2 = 0.99; Adj R2 = 0.99; Pred R2 = 0.96; Adeq precision = 66.77; CV = 2.20%.
Note: * shows that the item is significant (p < 0.05); ** shows that the item is extremely significant (p < 0.01).
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3.4.2. ANOVA of the Simulation Results of the Particle–Material Interaction Properties

ANOVA of the wheat pile AOR simulated on DEM shows that only particle–material
static friction coefficient (D) significantly influences wheat pile formation (Table 10). The
strong influence of the particle–material static friction coefficient (D) over the particle–
material rolling friction coefficient (E) is demonstrated in Figure 9. Wheat pile AOR
increases dramatically when the particle–material static friction coefficient (D) increases,
eliminating the particle–material rolling friction coefficient (E). It is believed that wheat
seeds, due to their shape, tend to slide rather than rotate.

According to the real experiment’s target values, the calibrated particle–material
interaction properties on Design-Expert software are shown in Table 11. The calibrated
values show that the particle–material static (D) and rolling (E) friction coefficients depend
on materials. It is considered that static friction coefficient and rolling friction coefficient are
dependent parameters. Therefore, the particle–material rolling friction coefficient (E) was
calibrated together with the particle–material static friction coefficient (D), although the
particle–material rolling friction coefficient (E) is not significant.
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Table 10. ANOVA of particle–material interaction properties simulation results simulated on DEM.

Source Sum of Squares df Mean Square F-Value p-Value

Model 1114.81 5 222.96 43.39 <0.00 **
D 1080.53 1 1080.53 210.30 <0.00 **
E 11.39 1 11.39 2.22 0.18

DE 0.60 1 0.60 0.11 0.74
D2 18.84 1 18.84 3.67 0.09
E2 0.30 1 0.30 0.05 0.81

Residual 35.97 7 5.14
Lack of Fit 32.77 3 10.92 13.67 0.01 *
Pure Error 3.20 4 0.79
Cor Total 1150.77 12

R2 = 0.96; Adj R2 = 0.94; Pred R2 = 0.73; Adeq precision = 24.64; CV = 5.80%.
Note: * shows that the item is significant (p < 0.05); ** shows that the item is extremely significant (p < 0.01).
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Table 11. Calibrated interaction properties of wheat seeds with various materials.

Soil Steel PLA Acrylic

Particle–material static friction coefficient (D) 0.51 0.40 0.30 0.36
Particle–material rolling friction coefficient (E) 0.38 0.33 0.35 0.29

4. Conclusions

The interparticle interaction properties of wheat seeds and interaction properties of
wheat seeds with various materials were calibrated using rotary drum equipment. The
real experiment results showed that the rotary drum tilt at 45 degrees plays a dramatic
role in determining the influence of drum material on the wheat pile AOR than the ro-
tary drum in the vertical position. In the vertical position of the rotary drum, the target
AOR of the wheat pile was 36.17 degrees. Therefore, first, particle–particle interaction
properties were calibrated on DEM when the rotary drum position was vertical. Second,
after calibrating the interparticle interaction properties, the particle–material interaction
properties are calibrated when the rotary drum is inclined 45 degrees. To calibrate wheat’s
static and rolling friction coefficients with soil, steel, PLA, and acrylic, the target AORs
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were 61.32 degrees, 46.30 degrees, 40.31 degrees, and 43.65 degrees, respectively. When
calibrating interaction properties, it is adequate to choose several experiment responses to
compare than a single response, as various combinations of factors can achieve the same
target value. The calibrated interaction properties can be used to simulate wheat seeds with
various equipment; however, the concern should be to use the same size and distribution
of wheat seeds. The wheat seeds generated on DEM tend to slide rather than rotate on the
material surface and interconnecting with other wheat seeds because of the shape.
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