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Abstract: Investigating the interactions of granular fertilizers with various types of equipment is an
essential part of agricultural research. A numerical technique simulating the mechanical behavior
of granular assemblies has the advantage of data trackings, such as the trajectories, velocities,
and transient forces of the particles at any stage of the test. The interaction parameters were calibrated
to simulate responses of granular fertilizers in EDEM, a discrete element method (DEM) software.
Without a proper calibration of the interaction parameters between the granular fertilizers and various
materials, the simulations may not represent the real behavior of the granular fertilizers. Therefore,
in this study, a strategy is presented to identify and select a set of DEM input parameters of granular
fertilizers using the central composite design (CCD) to establish the nonlinear relationship between
the dynamic macroscopic granular fertilizer properties and the DEM parameters. The determined
interaction properties can be used to simulate granular fertilizers in EDEM.

Keywords: DEM; calibration; granular fertilizers; central composite design; interaction properties

1. Introduction

The discrete element method (DEM) was first developed by Cundal et al. (1979) [1]
and is a numerical technique for simulating the mechanical behavior of granular assemblies.
It has the advantage of data trackings, such as the trajectories, velocities, and transient forces
of all particles at any stage of the test. Therefore, the DEM has been successfully applied to
simulate the bulk behavior of agricultural seeds, granular particles, and pharmaceutical
tablets and to describe chemical reactions and heat transfer at the individual particle
scale [2]. The accuracy of bulk behavior simulation in the DEM depends on the DEM model
and input properties, including the material properties and interaction properties [3].
Farmers often use granular fertilizers to apply to the soil using a variety of machines.
However, there is a lack of information on the granular fertilizer interaction properties
to simulate in the DEM. Therefore, the first objective of this research was to calibrate
particle-particle and particle-material interaction properties to investigate the granular
fertilizer behavior with various devices.

A common DEM model for predicting the bulk behavior of non-cohesive materials is
the Hertz–Mindlin model. However, this model is computationally time-consuming when
many particles are generated [4]. The Hertz-Mindlin model is used in conjunction with the
Johnson-Kendall-Roberts (JKR) model for cohesive bulk materials if the tensional forces
between particles have to be considered [5]. Since the moisture content of granular fertilizer
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does not exceed 2%, it is regarded as a non-cohesive material. In this case, the Hertz-Mindlin
(no-slip) model, a simplified form of the Hertz-Mindlin model, describes the cohesionless
granular fertilizers [6]. Therefore, in this study, the Hertz-Mindlin (no-slip) model was
selected to simulate the particle-particle and particle-geometry interactions.

The granular fertilizer properties, such as the particle shape, size, particle size distri-
bution, Poisson’s ratio, shear modulus, and density, are the primary input properties of the
simulations. The objective of this paper is to validate the calibration strategy to determine
the interaction properties of the granular fertilizers. Six interaction properties are required
for the Hertz-Mindlin (no-slip) model: the coefficient of restitution, static friction coefficient,
and rolling friction coefficient for the particle-particle and particle-material interactions.
These interaction properties can be determined by measurements [7], virtual calibration
using the DEM [8], or a combination of both [9]. When the interaction properties of a
single particle are measured with laboratory tests, the DEM simulation results do not
match the experimental results because the physical meaning of the input properties is
unknown due to the particle shape and size [7]. If the bulk particle shape and size are
accurately modeled by the DEM, the bulk behavior of the particles and their contacts can
be accurately modeled [10]. However, accurate modeling of the particle shape and size is
challenging unless the particles are spherical [11]. Nevertheless, the mismatch between
the actual and simulated particle shape and size can be compensated for by performing a
calibration of the interaction properties, which have a much stronger influence than the
particle shape [12]. Therefore, robust calibration procedures to determine the interaction
properties (which are also called micro-properties) are required to reproduce the granular
fertilizer behavior accurately so that the macro response simulated by the DEM matches
the laboratory test results.

Researchers devoted to studying calibration methods of the particles have been de-
veloping laboratory tests for many years. A swing-arm slump test was developed by
Grima and Wypych (2011) [13] to calibrate the particle-particle static friction and rolling
friction coefficients of polyethylene pellets to minimize the particle-material interactions.
The swing-arm slump test creates a rapid flow of bulk material when the left and right
arms attached to the symmetrically divided cylinder filled with polyethylene granules
are instantly extended. Tekeste et al. (2018) [14] used an anchor-Lift test to calibrate the
interparticle static and rolling friction coefficients by measuring the repose angle of a
conical corn pile; the anchor was lifted from a corn-filled cylinder to form the conical corn
pile in the anchor. Derakhshani et al. (2015) [15] and Do et al. (2018) [16] performed a sand-
glass test to calibrate the interparticle static and rolling friction coefficients. Quartz sand
in the upper transplant chamber flowed from the top part when the plug was removed
from the sandglass neck. The discharge time (DT) and the angle of repose (AOR) were
measured to determine the stabilization time of the sand particles, which formed a conical
sand pile in the upper chamber. Similar to the sandglass test, the draw-down test was
used to calibrate interparticle static and rolling friction coefficients of the coarse gravel
by Richter et al. (2020) [17], the corn grains by Coetzee (2020) [9], and the particles with
different diameters varying from 2 to 10mm by Ye et al. [8], measuring the conical pile
angle of repose of the upper box and the bottom box. The particles in the upper box of
the draw-down test flowed to the bottom box after the outlet was opened, creating conical
coarse gravel piles in the upper and bottom boxes. Ye et al. [8] used a rotating drum test
to calibrate the particle-particle and particle-material friction coefficients. The dynamic
angles of repose of the upper and lower flows of the particles in a rotating 300mm di-
ameter drum were measured. An Anton Paar powder cell was used by Salehi et al. [18]
to calibrate the interparticle interaction properties of powder by measuring the rotation
torque of the impeller immersed in powder. Various impellers were used to compare
the results. Cabiscol et al. [19] used three laboratory tests: a pouring test to calibrate the
interparticle friction coefficients; a rotating drum with a diameter of 130 mm to calibrate
the particle-particle and particle-material sliding and rolling friction coefficients; and a
drop test to calibrate the particle-particle and particle-material coefficient of restitution
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of cylindrical tablets. A cylinder with a diameter of 40 mm and a height of 255 mm was
used in the pouring test. The cylinder was filled with the tablets at a constant speed of
3 mm/s. When the tablets formed a conical pile, the AOR between the horizontal surface
and the pile’s lateral profile was measured. A single pharmaceutical tablet was released
from the suction handle in the drop test from a height of 100 mm, and the rebound height
was extracted with a high-speed camera (Promon 501, AOS Technologies, Switzerland)
at an acquisition frequency of 1459 fps. The coefficient of restitution was determined
by dividing the fall height by the bounce height. The drop test was used to determine
the coefficient of restitution (COR) of a single particle. However, an average COR input
value was used to simulate the bulk behavior using the DEM, even though the COR value
depends on the particle’s weight, size and shape. The accuracy of calibrating the COR
coefficient depends on the laboratory test device. In a pouring test with coke provided by
Zu et al. (2018) [20], the influence of the particle-particle COR was not significant because
of the negligible influence of the particle-particle collision on the AOR of the conical coke
pile. Nevertheless, the results of the draw-down test provided by Wei et al. (2017) [21]
and Geer et al. (2018) [22] showed that the particle-particle COR affected the slope angle
of the pile because of the high probability of the particle to slide and jump along the free
surface. Xia et al. (2019) [23] designed a slide plate test to calibrate the particle-material
COR. The particles in a hopper fell onto the inclined collision plate located under the
hopper and collided with other particles. The collision distance of the coal particle from
the inclined collision plate and the AOR of the formed conical coal pile were measured.

However, there is a lack of information comparing the responses that best describe the
interaction properties. Therefore, the second objective of this research was to design labora-
tory tests to calibrate the interaction properties and compare the responses best describing
interaction properties. A potential problem of calibration is that more than one micro-
property may influence the bulk response of the particles in the numerical experiment.
It would be ideal if every input property could be determined separately in laboratory
tests. However, it is challenging to measure the rolling and static friction of granular parti-
cles. A desirable strategy would be to calibrate the particle-particle interaction properties
separately from the particle-material interaction properties using various laboratory tests
to compare the macro responses. Performing separate calibrations of the particle-particle
and particle-material interaction properties with two laboratory tests allows us to limit the
number of factors influencing the interaction properties, thereby increasing the calibration
accuracy. The calibration accuracy of the interaction properties depends on the design of
the laboratory test and the experimental method.

The designed laboratory test is adequate only for granular non-cohesive materials with
a particle diameter range of 1-5 mm. In this study, we determine the interaction properties
of granular fertilizer particles for simulating applications with fertilizer metering devices.

2. The Experimental Framework

In this study, the granular fertilizer properties were determined experimentally, in-
cluding the particle shape, size, and density. The material properties of the granular
fertilizer, such as the Poisson’s ratio and shear modulus, were obtained from the literature
because they have a negligible effect on the bulk behavior [24]. The measured particle
shape, size, and density were compared with the simulated values obtained from the DEM.
If the bulk mass and volume match the experiment results, the particle-particle interaction
properties are calibrated using the DEM. The sandglass test was modified to eliminate
the particle-material interaction properties. After the calibration of the particle-particle
micro-properties, a discharge-drop laboratory test was performed to calibrate the interac-
tion properties of particles with different geometries (Figure 1). The calibration accuracy
of the particle-particle interaction properties has to be high because it affects the results
of the particle-material interaction properties. Calibration is typically performed using a
“trial and error” approach or optimization algorithms to reduce the number of simulations.
Here, we adopt the central composite design (CCD) as an optimization algorithm.
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Figure 1. Strategy to calibrate interaction properties.

2.1. Determination of the Shape, Size, and Density of the Granular Fertilizer

Choosing the appropriate particle size and shape is a critical part of the calibration
process due to the substantial influence on the macro response of the bulk material. The par-
ticle shape influences the rolling coefficient parameters and the computational complexity.
A dial caliper was used to measure three orthogonal dimensions of 80 randomly selected
granular fertilizer particles [25]. The largest of the three dimensions was designated as the
length, the second largest was the width, and the smallest was the thickness. The sphericity
of the particles was calculated using the following equation [26]:

S =
3
√

LWT
L

(1)

where L, W, and T are the length, width, and thickness of the fertilizer granule (mm); S is
the sphericity of the granule (dimensionless).

In addition to the particle shape, the particle size also significantly influences the
macro response [27]. Therefore, a 1000 g sample was used to determine the particle size
and distribution using a sieve. The sieve opening diameter was changed from 6 to 1 mm
with an interval of 0.5 mm. The granular fertilizer particle size ranged from 1.5 to 5 mm.
The experiment was conducted in triplicate, and the results were averaged.

The liquid displacement method was used to determine the density of the granular
fertilizer [28]. A cylinder with an inner radius of 47.5 mm and a height of 45 mm was
loaded with compound fertilizers, and the weight was determined with an electronic scale
(accuracy of 0.01 g). Since granular fertilizers absorb water, a wetting agent (polyethy-
lene glycol tert-octylphenyl ether) was added to the water at a concentration of 1.5 g/L.
The wetting agent prevents the granular fertilizer from absorbing water by reducing the
surface tension. The water was poured into the cylinder filled with the granular fertilizer
and completely covered the granular fertilizer. The volume of the poured water was con-
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sidered as free space between the granular fertilizer. The density of the granular fertilizer
was determined as:

ρ f er =
m f er

Vc −Vs
(2)

where m f er is the mass of the granular fertilizer in the cylinder, g; Vc is the volume of
the cylinder, mm3; Vs is the free space between the granular fertilizer particles, mm3.
The granular fertilizer density was 1575 kg m−3. The granular fertilizer density depends
on its moisture, which was 2.5%, with a standard deviation of 0.3%. The moisture of the
granular fertilizer was measured before each test with a moisture analyzer.

2.2. EDEM Input Parameters

The simulation was carried out in the EDEM software. The values of the material
properties used in the Hertz-Mindlin no-slip numerical model for the DEM simulations
were obtained from the literature (except for the granular fertilizer density) (Table 1).
The values of the shear modulus and the Poisson’s ratio of the granular fertilizer obtained
from the literature as the determined granular fertilizer density were identical to our
experimental results. The particle size distribution has to be known to determine the
particle-particle and particle-material interaction properties because it significantly affects
the experimental results. The boundary conditions were not specified, since we were not
interested in how the particles behave when leaving the domain. 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.

Table 1. Mechanical properties of the materials.

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

Granular fertilizer 1.24 × 107 a 0.25 a 1575
Acrylic 1.15 × 109 b 0.35 b 1385 b

PLA 2.42 × 108c 0.36 c 1050 c

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

The low, mid and high levels of the interaction coefficients were determined to develop
the CCD using the Design-Expert software (Table 2). Choosing the low and high levels
is essential. If the range between the minimum and maximum values is large, there may
not be a sufficient number of points. If the range is small, some points may be outside
of the range. In this study, the range was not large to ensure accurate calibration results.
In this research, low and high levels were chosen according to pre-provided simulations in
the DEM.

Table 2. The levels of the interaction properties.

Symbol Interaction Parameters Low Level Mid-Level High Level

A Particle-particle static friction coefficient 0.2 0.4 0.6
B Particle-particle rolling friction coefficient 0.05 0.15 0.25
C Particle-particle restitution coefficient 0.2 0.4 0.6
D Particle-material static friction coefficient 0.15 0.25 0.35
E Particle-material rolling friction coefficient 0.05 0.15 0.25
F Particle-material restitution coefficient 0.3 0.5 0.7

In the CCD, twenty configurations of the interaction properties were generated for
the EDEM simulation using the sandglass test with three factors: the interparticle static
friction coefficient (A), the interparticle rolling friction coefficient (B), and the interparticle
restitution coefficient (C). The particle-material interaction parameters, i.e., the particle-
material static friction coefficient (D), the particle-material rolling friction coefficient (E),
and the particle-material restitution coefficient (F), were kept at the mid-levels. The inter-
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particle interaction properties calibrated by the sandglass test were used to calibrate the
particle-material interaction properties of the discharge-drop test. In the CCD, twenty con-
figurations of the interaction parameters were generated for the EDEM simulation using
the discharge-drop test with three factors: the particle-material static friction coefficient
(D), the particle-material rolling friction coefficient (E), and the particle-material restitution
coefficient (F). The optimization of the interaction properties according to the simulation
results was conducted using the Design-Expert software.

2.3. Sandglass Test
2.3.1. Sandglass Test Process

The sandglass test was used with some modifications that did not take into account
the particle-material interaction properties due to design (Figure 2). First, a hole in the
center of the bottom of the upper vessel (1) was surrounded by a ring with the same
internal radius, with a height of 5 mm. The ring was added to prevent the bottom layer of
granular fertilizers from moving when in contact with the material. The top of the ring was
tilted outward at 45◦. Second, the upper part of the inner vessel (4), which was attached
to the cylinder (3) by a micro load cell (5), was tilted inward at 45◦ to prevent particles
from interacting with the material. Therefore, the interaction of particles with material
in the upper vessel and in the inner vessel was neglected, since the bottom was filled
with immobile particles. Left and right plugs (2) were used to close the central hole of the
upper vessel (1).

Figure 2. Sandglass test: (1) Upper vessel with a hole in the center of the bottom; (2) left and right
plugs; (3) cylinder; (4) inner vessel; (5) micro load cell.

In the EDEM software, forty thousand particles were generated in the upper vessel
in 4 s (Figure 3a). The particles did not move until the left and right plugs were removed
at a speed of 0.5 m/s, opening the hole in the center (Figure 3b). The opening speed
was 0.5 m/s because this was the speed of removing the plugs by hand in experiments,
as determined by a high-speed camera. The particles were discharged from the upper
vessel through the hole in the center and filled the inner vessel, and excess particles fell
downward (Figure 3c,d).
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Figure 3. Working process of the sandglass test in EDEM: (a) Generating granular particles in the upper vessel; (b) coming
out of the left and right plugs and filling the inner vessel; (c) falling of excess particles; (d) discharged upper vessel and
particle flow formation onto the inner vessel.

The sandglass test was designed to investigate the effect of the particle-particle inter-
action parameters on the responses, such as the discharge mass (DM) and the discharge
time (DT) of the granular fertilizers from the upper vessel, and the AOR and the height (H)
of the conical granular fertilizer pile. The sandglass test was repeated five times, and the
simulations with the different configurations of the interaction properties were conducted
once. The average of the five tests was the target value for the calibration of the EDEM
interaction parameters.

2.3.2. Measurement of the Discharge Mass of the Granular Fertilizer

The DM of the granular fertilizer was calculated by subtracting the final weight from
the original weight. The original mass of the forty thousand particles simulated in EDEM in
the upper vessel was 1837 g. Therefore, 1837 g of the granular fertilizer was loaded into the
upper vessel in the real experiments. After discharging the granular fertilizer by removing
the left and right plugs, the plugs were closed, and the granular fertilizer mass left in the
upper vessel was weighed (Figure 3d). The average of five replicates was the target DM of
the granular fertilizer for calibration of the interparticle properties. The fertilizer weight
was measured with an electronic scale with an accuracy of 0.01 g.

2.3.3. Measurement of the Discharge Time of the Granular Fertilizer

The DT was measured using two methods, i.e., using a micro load cell (4) and a
high-speed video camera (5). The results of the two methods were compared (Figure 4).
In the first method, the inner vessel (7) was connected to a micro load cell (4), which sent
an analog signal to the Arduino Uno board (2) through the HX711 load cell amplifier (3).
The Arduino Uno board converted the analog signal to a digital signal and sent the data
to the serial monitor of the laptop (1), where the data and received data time were stored
and later were processed to determine the DT. The data in the monitor was zero when the
right and left plugs blocked the central orifice of the upper vessel. The measurement time
started when the right (9) and left plugs (10) were removed, and the granular fertilizers
started to fall into the inner acrylic vessel (7). The measurement time ended when the
granular fertilizer stopped discharging from the upper vessel. The data in the monitor were
fluctuating when the particles were falling dawn and were constant when the particles
stopped falling. The time when the data was fluctuating was considered the DT. In the
second method, as all pieces of the equipment (6–11) were acrylic, the discharge process
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could be monitored using a high-speed video camera (5), which captured images with an
exposure time of less than 1000 s−1. After recording, the images could be played back in
slow motion, frame by frame. The measurement time started when the granular fertilizer
began to discharge from the upper vessel and ended when the last granular fertilizer
particle had left the upper vessel. The time between the start time and finish time was
considered the DT. The DT results obtained from the load cell and the high-speed video
camera were compared. The average of five replicates was considered the target value of
the granular fertilizer’s DT to calibrate the interparticle properties.

Figure 4. Granular fertilizer discharge time (DT) measurement of the sandglass test: (1) Laptop;
(2) Arduino Uno board; (3) HX711 load cell amplifier; (4) micro load cell; (5) high-speed video camera;
(6) bottom vessel; (7) inner vessel; (8) cylinder; (9) right plug; (10) left plug; (11) upper vessel.

2.3.4. Measurement of the Angle of Repose of the Conical Granular Fertilizer Pile

Images of the four sides of the vessel were captured to determine the AOR of the pile
in Cartesian coordinates (Figure 5a). It was determined that the area from 20 to 50 mm from
the edge best described the AOR of the conical granular fertilizer pile in the inner vessel.
Therefore, sample points in this area were randomly chosen in the images and linearly
fitted to determine the AOR of the pile (Figure 5b). The results showed that the area of
interest for obtaining the AOR was located at a distance of up to 30 mm from the edge
of the vessel since it provided the best linear regression results. It should be noted that
linear regression depends on the number of points sampled along the border. In this study,
the number of sampling points was considered sufficient because the distance between
the sampling points was 0.05 mm; thus, the slope of the line represents the AOR of the
particle pile (Figure 6). It should be noted that all the conditions to determine the AOR
were identical.

Since the experiment was repeated five times and the pictures were taken from four
sides, the average of twenty values of the AOR in the experiment was considered the target
value to calibrate the interparticle interaction properties.

2.3.5. Measurement of the Height of the Conical Granular Fertilizer Pile

The five highest points from the top of the vessel were measured in Cartesian co-
ordinates, and the average was used as the height of the pile (Figure 7). The average
was considered the target H of the conical granular fertilizer pile for calibration of the
interparticle properties.
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2.4. Discharge-Drop Test
2.4.1. Discharge-Drop Test Process

The discharge-drop test was used to calibrate the particle-material interactions. The
discharge-drop test equipment consisted of a container (1), drum (2), plug (3), collision plate
(4), and collision plate attachment (5) located between the two acrylic plates (Figure 8).
The distance between the two acrylic plates was 50 mm. All the parts were acrylic and
were attached to each other, except for the plug, drum, and collision plate attachment.
The collision plate attachment was tilted 30 degrees from the horizontal. The drum and the
collision plate can be made from various materials. In this research, polylactic acid (PLA)
and acrylic were compared. The PLA drum and PLA collision plates were printed with a
3D printer, and the acrylic drum and acrylic collision plate were cut from an acrylic tube
and acrylic board, respectively. The drum rotated clockwise at 10 rpm. The plug moved
upward and downward, opening and closing the rectangular hole between the container
and drum.

Figure 8. Discharge-drop test: (1) Container; (2) drum; (3) plug; (4) collision plate; (5) collision
plate attachment.

2.4.2. Measuring the Discharge Time of the Granular Fertilizer

When measuring the DT, the high-speed camera was filming the upper left side of the
discharge-drop test. The plug was closed when the container was empty (Figure 9a) and
was filled with 1640 g of granular fertilizer particles. In the EDEM, 35,800 particles were
generated in the container to obtain a mass of 1640 g (Figure 9b). Before the drum started
to rotate, the plug was opened (Figure 9c). In a real experiment, the plug was removed
manually, and the opening speed did not affect the results of the experiment. In the EDEM,
the plug was moved upward until the open hole was free. The drum started to rotate
at 10 rpm, discharging the particles (Figure 9d). The DT started when the drum began
to turn and ended when the level of the discharged granular fertilizer reached the open
hole (Figure 9e). In a real experiment, the moment when the discharged granular fertilizer
reached the open hole could be monitored using a high-speed camera. The discharged
granular fertilizer exiting the rotating drum fell by gravity onto the collision plate. The use
of a fertilizer granular discharge drum to calibrate particle-material interaction properties
is a novelty in this study.

2.4.3. Measuring the Collision Height

The discharged particles fell and collided with the inclined plate. The highest collision
heights (CH) were measured. The average of the measured 36 highest collision heights (CH)
was considered the target value to calibrate the particle-material interaction properties
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(Figure 10). The advantages of using an inclined plate allow us to measure the height of
the collision, since particles that collide with the collision plate bounce in one direction.

Figure 9. Discharge process of the discharge-drop test: (a) Free container; (b) filled container; (c) opened plug; (d) particle
discharge due to drum rotation; (e) discharged particles reached the open hole.

Figure 10. Measurement of the highest collision heights of the collided granular fertilizers of the
discharge-drop test.

3. Results and Discussion
3.1. Verification of the Shape, Size, and Density of the Granular Fertilizer Particles

Since the sphericity of the fertilizer granules exceeded 0.90, the particles created
in EDEM were simplified as spheres. Nine spherical particles with various sizes were
generated in the EDEM according to the sieve results. The particle size was normally
distributed, and the proportion of the nine particles was 0.1, 0.8, 1.7, 19, 26, 30, 16, 6,
and 0.4%, and the sizes were 1,1.5, 2, 2.5, 3, 3.5, 4, 4.5, and 5 mm, respectively (Figure 11).
The sieve opening diameter ranged from 1 to 6 mm with an interval of 0.5 mm. All granular
fertilizer particles larger than the sieve opening diameter were considered to be equal to
the sieve opening diameter. The diameter ranged from less than 5.5 mm to more than
1 mm. The size distribution, size, and density of the particles were validated by comparing
the mass of the granular fertilizer particles in the vessel and that in the EDEM simulation
for an identical vessel. The validation result showed that the difference did not exceed 2 g;
thus, it was determined that the density, size, and size distribution of the granular fertilizer
particles were adequate for further calibration of the interaction properties.
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Figure 11. The size distribution of the granular fertilizer generated on EDEM.

3.2. Results of the Sandglass Test for Calibrating the Particle-Particle Interaction Properties

The results of the sandglass test are listed in Table 3. The average of five replications
was considered the target to optimize the particle-particle interaction properties in the
Design-Expert software. The targets of the DM, the DT from the upper hopper, the AOR
of the conical fertilizer pile in the inner vessel, and the CH of the conical fertilizer pile in
the inner vessel were 1285 g, 7 s, 29.26 degrees, and 20.96 mm, respectively. The EDEM
simulation results of the sandglass test according to the CCD for the 20 configurations
of the particle-particle interaction properties are listed in Table 4. Statistical analysis was
performed on the output values of the DM, DT, AOR, and H (Table 5). The results showed
that A and B were significant factors affecting the DM, DT, AOR, and CH, and C was
a significant factor for CH. The statistical models were significant at p < 0.01. It was
determined that H and AOR had the most influences on the response because all three
coefficients were significant and close to significant. The reason was that the height
between the upper vessel and the inner vessel was sufficient so that the falling speed of the
particles depended on the mass, influencing the location of the previously fallen particles.
There were no free hits between the granular fertilizer particles in the upper vessel, or they
could be neglected; therefore, the restitution coefficient was marginally affected.

Table 3. The results of the sandglass test.

DM, g DT, s AOR, Degree AOR (Aver.) CH, mm CH (Aver.)

1291 6.9 29 29 30.4 30.8 29.8 20.3 20.7 20.8 20.7 21 20.7
1285 7.1 29.6 29.5 29.4 29.1 29.4 21 21.5 21.5 20.9 21.6 21.3
1280 7 29.6 29.2 29.3 29.1 29.3 20.8 20.9 20.5 21 20.8 20.8
1286 7.1 29.4 28.9 28.8 28.9 29 21 21.2 20.9 20.5 20.9 20.9
1284 6.9 28.6 28 29 29.6 28.8 20.7 21.5 20.8 21.5 21 21.1

Average 1285 7 29.26 20.96

St.dev 4.82 0.16 0.38 0.24

The following equations with the significant factors were used to predict the response
for the given levels of the factors:

DM = 1162.11− 99.39A− 36.54B− 19.99AB + 12.17A2 + 9.74B2 (3)

DT = 15.66 + 2.03A + 2.27B + 2.45AB− 2.12A2 − 1.65B2 (4)

AOR = 39.59 + 3.34A + 2.91B + 1.62AB− 1.41A2 (5)
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H = 31.47 + 4.1A + 3.88B− 0.79C− 1.05A2 (6)

Significant interactions between the factors included in Equations (3)–(6) are demon-
strated in Figures 12–14. When the coefficient of static friction (A) and the coefficient of
rolling friction increased, the DM of the granular fertilizer from the upper vessel decreased
(Figure 12). The reason is that more particles left the upper vessel. As the interparticle
friction coefficients continued to increase, the particles were blocked in the upper vessel,
which occurred when determining the high levels of the interaction properties.

Table 4. EDEM simulation results of the particle-particle interaction properties using the sandglass test.

StdOrder A B C DM, g DT, s AOR, Degree H, mm

1 0.2 0.1 0.3 1282.7 6.48 33.27 22.67
2 0.4 0.1 0.3 1132.9 7.99 37.41 30.78
3 0.2 0.2 0.3 1268 8 36.53 29.72
4 0.4 0.2 0.3 1049.6 21 44.96 40.8
5 0.2 0.1 0.5 1288.5 6.6 32.95 21.52
6 0.4 0.1 0.5 1141.7 8.58 33.70 26.62
7 0.2 0.2 0.5 1271 7.95 36.31 27.94
8 0.4 0.2 0.5 1032.9 18 45.71 37.39
9 0.1 0.15 0.4 1425.6 6.95 26.45 20.16

10 0.5 0.15 0.4 1007 9.95 41.82 36.08
11 0.3 0.05 0.4 1292.7 7.55 33.51 25.01
12 0.3 0.25 0.4 1112.5 13.1 43.70 38.93
13 0.3 0.15 0.2 1153.9 14.75 40.95 33.59
14 0.3 0.15 0.6 1172.7 18.79 38.83 32.52
15 0.3 0.15 0.4 1158.1 15.95 39.29 31.15
16 0.3 0.15 0.4 1176.39 16.24 39.1 32.13
17 0.3 0.15 0.4 1168 15.54 39.97 31.82
18 0.3 0.15 0.4 1161.6 15.9 40.03 31.61
19 0.3 0.15 0.4 1154.6 16.84 39.85 31.67
20 0.3 0.15 0.4 1157 16.04 39.81 32.11

Table 5. Analysis of variance of the results of the sandglass test.

Discharge Mass Discharge Time AOR Height

Source df Mean
Square F Value p-Value Mean

Square F Value p-Value Mean
Square F Value p-Value Mean

Square F Value p-Value

Model 9 20,993 99.1 <0.0001 ** 40.32 5.61 0.0063 * 44.02 42.89 <0.0001 ** 62.38 33.83 <0.0001 **
A 1 158,100 746.12 <0.0001 ** 66.18 9.2 0.0126 * 178.65 174.08 <0.0001 ** 268.88 145.81 <0.0001 **
B 1 21,367 100.86 <0.0001 ** 82.81 11.52 0.0068 135.52 132.05 <0.0001 ** 240.98 130.68 <0.0001 **
C 1 92.64 0.44 0.5234 2.06 0.29 0.6042 3.74 3.65 0.0852 9.96 5.4 0.0425 *

AB 1 3196 15.09 0.003 ** 47.82 6.65 0.0275 * 20.94 20.41 0.0011 ** 6.71 3.64 0.0856
AC 1 34.86 0.16 0.6935 0.77 0.11 0.7504 0.73 0.71 0.4196 2.69 1.46 0.255
BC 1 100.11 0.47 0.5074 1.77 0.25 0.6308 2.61 2.54 0.1419 0.0021 0.0011 0.9737
A2 1 4359.1 20.58 0.0011 ** 113.09 15.73 0.0027 * 51.2 49.89 <0.0001 ** 27.57 14.95 0.0031 **
B2 1 2386.29 11.26 0.0073 ** 68.62 9.54 0.0115 * 2.41 2.35 0.1561 0.18 0.1 0.7583
C2 1 0.17 0.0008 0.9778 0.042 0.0058 0.9407 0.00340 0.0033 0.9552 0.88 0.48 0.5042

Residual 10 211.85 7.19 1.03 1.84
Lack of Fit 5 356.47 5.3 0.0455 14.19 75.05 0.0001 1.9 12.8 0.0071 3.56 26.8 0.0013
Pure Error 5 67.23 0.19 0.15 0.13
Cor Total 19

R2 = 0.9889; Adj R2 = 0.9789;
Pred R2 = 0.9198;

Adeq precision = 38.63;
CV = 1.23%.

R2 = 0.8346; Adj R2 = 0.6858;
Pred R2 = −0.3387;

Adeq precision = 8.392;
CV = 21.26%.

R2 = 0.9747; Adj R2 = 0.952;
Pred R2 = 0.8109;

Adeq precision = 21,175;
CV = 2.65%.

R2 = 0.9682; Adj R2 = 0.9396;
Pred R2 = 0.7511;

Adeq precision = 22.59;
CV = 4.42%.

Note: * shows that the item is significant (p < 0.05); ** shows that the item is extremely significant (p < 0.01).

The DT of the particles from the upper vessel increased as the static and rolling friction
coefficients increased (Figure 13). The static friction coefficient (A) had a larger influence on
the DT than the rolling friction coefficient (B). It should be noted that the DT was not a more
accurate response than other responses even though the model was significant (Table 5).
The reason is that the number of particles generated in the upper vessel was not sufficient.
It is assumed that the results would be more precise if the quantity of the particles generated
in the upper vessel was twice that used in this study. However, an increase in the particle
quantity would increase the calculation time in the EDEM software. In future studies, it is
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suggested to decrease the upper vessel’s diameter, increase the outlet hole diameter of
the upper vessel, and increase the height of the upper vessel. However, the outlet hole
diameter of the upper vessel cannot be too small, otherwise particle blockage may occur,
depending on the particle size.

The AOR of the conical particle pile in the inner vessel increased as the static friction
coefficients (A), and rolling friction coefficients increased (Figure 14). However, when the
rolling friction coefficient (B) was at the minimum, the AOR increased and decreased
depending on the static friction coefficient (A). This result might be attributed to the
influence of the collision restitution coefficient (C). As the static friction coefficient increased
to the maximum, the particles in the inner vessel created counteracted the falling particles,
decreasing the AOR of the pile.

Figure 12. Response surface of the discharge mass versus the AB interaction.

Figure 13. Response surface of the DT versus the AB interaction.
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Figure 14. Response surface of the AOR versus the AB interaction.

The optimization in the Design-Expert software was conducted for all responses and
the individual responses. The EDEM simulation results are listed in Table 6. The values
(e.g., the static friction coefficient (A)) had a large range (between 0.18 and 0.39) because
the H and the AOR provided better responses for calibrating the restitution coefficient,
whereas the DM and the DT provided better responses for calibrating the static and rolling
friction coefficients. This result indicates that the influence of the interaction properties
varies. For example, when the granular fertilizer was in the upper vessel, the influence of
the rolling and static friction coefficients was larger than that of the restitution coefficient
because the granular fertilizer particles were sliding and rotating until they reached the
hole in the center. When the granular fertilizer particles left the upper vessel, their speed
accelerated and they collided with the other particles after reaching the inner vessel. In this
case, the influence of the restitution coefficient was larger than that of the static and rolling
friction coefficients. The measured responses listed in Table 6 show that the difference
between the coefficients was not substantial. However, each measured response of the
corresponding interaction properties optimized by the Design-Expert software was de-
scribed more precisely than others. For example, the H was the lowest, 21.73 mm, and was
close to 20.96 mm. The measured responses for the optimized interaction properties were
the second-closest to the target when the four responses were considered together in the
Design-Expert software. For example, the H was the second-lowest, 22.46 mm, and was
close to 20.96 mm. Therefore, the interaction properties were chosen for the combined
responses. The interparticle static friction coefficient (A), the interparticle rolling friction
coefficient (B), and the interparticle restitution coefficient (C) of the granular fertilizers were
0.30, 0.05, and 0.58, respectively.

Table 6. The optimization results for considering all responses and individual responses.

Measured Responses Simulated in EDEM

A B C DM, g DT, s AOR, Degree AOR (av.),
Degree H, mm H (av.),

mm

H 0.18 0.07 0.53 1340 7.59 35.35 32.04 32.39 32.86 33.18 21.08 22.38 21.20 22.26 21.73
AOR 0.21 0.06 0.55 1282 7.76 30.27 30.68 30.21 30.53 30.42 24.79 23.41 22.78 24.48 23.87
DM 0.28 0.05 0.43 1291 7.64 28.39 34.00 33.48 30.94 31.76 22.47 22.67 23.88 23.30 23.08
DT 0.39 0.08 0.46 1189 6.43 32.30 36.29 34.54 36.93 35.05 27.27 28.24 26.62 26.45 27.15

Together 0.30 0.05 0.58 1305 7.30 31.83 31.12 30.05 30.73 30.94 22.80 22.23 22.09 22.73 22.46
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3.3. Results of the Discharge-Drop Test for Calibrating the Particle-Material Interaction Properties

The results of the discharge-drop test are listed in Table 7. The average of five replica-
tions was considered the target to calibrate the particle-material interaction properties.

Table 7. Experimental results of the discharge-drop test.

Discharge Time (DT), s Collision Height (CH), mm

PLA 60 235
Acrylic 140 250

The simulation results of the discharge-drop test are listed in Table 8. Statistical analy-
sis was performed on the output values of the DT and the CH. The results showed that the
particle-material static friction coefficient (D) had a significant effect on the DT, and the
particle-material coefficient of restitution (F) significantly affected the CH (Table 9). The sta-
tistical models were significant at p < 0.01. The particle-material rolling friction coefficient
(E) did not have a significant influence on the results, indicating that the discharge-drop
test can be used to calibrate the particle-material static friction coefficient. Calibrating the
particle-material properties using the discharge-drop test is accurate, but the simulation
in EDEM requires a long time. Calibrating the particle-material restitution coefficients (F)
from the particle-material static (D) and rolling friction coefficients (E) could be performed
separately because they had no significant influence. Therefore, the discharge test and the
drop test can be used to calibrate particle-material interactions.

Table 8. Simulation results of the discharge-drop test.

StdOrder D E F Discharge Time (DT), s Collision Height (CH), mm

1 0.2 0.1 0.4 508 210
2 0.3 0.1 0.4 71 209
3 0.2 0.2 0.4 380 208.8
4 0.3 0.2 0.4 86 208.2
5 0.2 0.1 0.6 501 276
6 0.3 0.1 0.6 73 274
7 0.2 0.2 0.6 378 275
8 0.3 0.2 0.6 89 277
9 0.15 0.15 0.5 655 238

10 0.35 0.15 0.5 42 236
11 0.25 0.05 0.5 144 239
12 0.25 0.25 0.5 202 234
13 0.25 0.15 0.3 184 184.2
14 0.25 0.15 0.7 183 335.6
15 0.25 0.15 0.5 182 241.6
16 0.25 0.15 0.5 185 240.8
17 0.25 0.15 0.5 184 239.2
18 0.25 0.15 0.5 181 238.2
19 0.25 0.15 0.5 182 239.4
20 0.25 0.15 0.5 185 239.6

The following equations with the significant factors were used to predict the response
for the given levels of the factors:

DT = 197.57− 169D + 40.28D2 (7)

CH = 239.61 + 35.55F + 4.93F2 (8)

The equations indicate no interactions between the factors, and the particle-material
rolling friction coefficient (E) has a negligible influence on the DT. First of all, this is an
ideal situation for calibrating the static friction between particles and material because
only one interaction property was significant, and the other interaction properties were



Agriculture 2021, 11, 592 17 of 19

not. However, we have to determine the particle-material rolling friction coefficient (E).
The negligible influence of the rolling friction between the granular fertilizer particles
and various materials has been attributed to the particle shape of the granular fertilizer.
The granular fertilizer’s sphericity exceeded 0.90 in this study. It is assumed that the rolling
friction coefficient may be significant if the sphericity is less than 0.90. Nevertheless, we can
use the parameter obtained from the Design-Expert software because the static friction
coefficient depends on the rolling friction coefficient.

Table 9. ANOVA of the results of the discharge-drop test.

Discharge Time (DT) Collision Height (CH)

Source df Sum of
Squares

Mean
Square F-Value p-Value Sum of

Squares
Mean

Square F-Value p-Value

Model 9 5.01 × 105 55,707.34 16.72 <0.0001 ** 21,009 2334 222.23 <0.0001 **
D 1 4.57 × 105 4.57 × 105 137.17 <0.0001 ** 1.96 1.96 0.1866 0.6749
E 1 72.25 72.25 0.0217 0.8858 6.25 6.25 0.595 0.4583
F 1 4 4 0.0012 0.973 20,221 20,221 1925 <0.0001 **

DE 1 2592 2592 0.778 0.3985 2.42 2.42 0.2304 0.6416
DF 1 32 32 0.0096 0.9239 0.32 0.32 0.0305 0.8649
EF 1 2 2 0.0006 0.9809 2 2 0.1904 0.6719
D2 1 40,802.03 40,802.03 12.25 0.0057 * 15.91 15.91 1.51 0.2466
E2 1 250.92 250.92 0.0753 0.7893 21.3 21.3 2.03 0.1849
F2 1 841.17 841.17 0.2525 0.6262 610.98 611 58.17 <0.0001 **

Residual 10 33,314.86 3331.49 105.04 10.5
Lack of

Fit 5 33,300.03 6660.01 2245 <0.0001 ** 97.68 19.54 13.27 0.0065 *
Pure
Error 5 14.83 2.97 7.36 1.47

Cor Total 19 5.35 × 105 21,114

R2 = 0.9377; Adj R2 = 0.8816; Pred R2 = 0.4942;
Adeq precision = 16.5631; CV = 24.67%.

R2 = 0.995; Adj R2 = 0.99; Pred R2 = 0.96;
Adeq precision = 62.04; CV = 1.34%.

Note: * shows that the item is significant (p < 0.05); ** shows that the item is extremely significant (p < 0.01).

The optimization results of the experiments with the PLA and acrylic materials are
listed in Table 10. The differences between the interaction properties of the materials were
not substantial. It is assumed that the reason was the sphericity of the fertilizers simulated
in the EDEM. If the particle shapes were not spherical, the difference would likely be larger.

Table 10. The optimization results of the experiments.

Material Static Friction
Coefficient (D)

Rolling Friction
Coefficient (E)

Restitution
Coefficient (F)

PLA 0.294 0.099 0.491
Acrylic 0.266 0.08 0.531

4. Conclusions and Prospects

The granular fertilizers’ physical properties were determined using experiments
and EDEM simulations. After validating the shape of the granular fertilizer particles,
the interaction properties were calibrated. The shape of the granular fertilizers simulated
in the DEM were spherical. In this study, two laboratory tests (the sandglass test and the
discharge-drop test) were developed to simplify the calibration strategy of the particle-
particle and particle-material interaction properties of the granular fertilizer particles.
Based on the calibration results, it is possible to simulate the interaction of granular
fertilizers with various devices. The sandglass test responses showed that the AOR and
the H of the pile were suitable to calibrate the particle-particle interaction parameters.
However, we assume that the DT would also be significant if the upper vessel was higher.
A comparison with the discharge-drop test responses showed that the particle-material
restitution coefficients could be calibrated separately from the particle-material static
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and rolling friction coefficients because they did not influence each other. Therefore, the
discharge test or the drop test can be used independently. The discharge test is an ideal
laboratory test to calibrate particle-material static friction property. The discharge-drop
test responses showed that the DT and the CH were suitable responses to calibrate the
particle-particle interaction parameters. Some interaction parameters were insignificant
in this calibration, and the likely reason was that the sphericity of the granular fertilizer
particles exceeded 0.90. Therefore, the particle shape has to be assessed accurately in the
simulation. Nevertheless, the Design-Expert software results can be used to determine the
particle-material rolling friction coefficient in the EDEM because it is dependent on the
particle-material static friction coefficient.
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