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Abstract: Continuous efforts are being made to improve fertilizer efficiency by improving fertilizer
technology, quality, and application rates. Granular organic fertilizers are more difficult to achieve
uniform application because their physical-mechanical properties differ significantly from mineral
fertilizers. The properties of granular organic fertilizers can best be determined experimentally.
However, these studies are often quite complex. Modern engineering modeling software makes it
possible to model the properties of granular fertilizers and their dispersion. This study deals with the
theoretical and experimental verification of the physical-mechanical properties of organic bone meal
granular fertilizer. For the verification of selected properties of bone meal granules, the following
studies were carried out on the granules: determination of poured bulk density, static and dynamic
angles of repose, static and dynamic friction coefficients of granule surface, etc. The results showed
that for modeling fertilizer properties, it is sufficient to carry out a static compression test to determine
the modulus of elasticity and a friction test between granules and the contacting surface to determine
the static and dynamic friction coefficients. The remaining properties of the granules can be modeled
and calibrated with the DEM software Altair EDEM 2023.
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1. Introduction

Recently, there has been growing concern about the consequences of soil fertilizer use.
The high use of chemical fertilizers and poor fertilizer application rates deplete resources
and pollute the environment, often leading to an excess of hazardous compounds in crops
and harming human health [1-4]. Granular organic fertilizers are increasingly used in
agriculture due to their lower environmental impact [5,6].

Improvements in fertilizer-spreading technology can lead to the more efficient and
rational use of fertilizer, increase fertilizer application rates, enhance food security, and
promote sustainable agricultural development [7,8].

In Europe, most organic granular fertilizers are spread using centrifugal disk spreaders.
These spreaders are popular due to their low cost and high accuracy. However, the
performance of these spreaders and the quality of the fertilizer application are highly
dependent on the physical-mechanical properties of the emitted particles [9,10]. Therefore,
in the development of fertilizer-spreading technologies, it is essential to investigate the
properties of fertilizer in relation to the design of the spreading apparatus, the spreading
rates, and the machine set-up [11].

Fulton [12] argues that it is essential to understand the properties of fertilizer particles,
such as size, shape, density, and surface roughness. Yule [13] also argues that particle size
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variation for spreading accuracy is particularly important. Kweon et al. and Zhou et al.
suggest that the quality of fertilizer spreading highly depends on factors such as the friction
coefficients, Poisson’s ratio, particle shape, and density of the spreading particles [9,10]. Thus,
the physical-mechanical properties have a significant influence on particle dispersion in
soil [13]. Knowing the physical properties of specific fertilizers allows for the accurate iden-
tification and calibration of spreaders. Proper machinery setting is essential for achieving a
uniform spreading pattern and optimizing crop growth and yield.

For more accurate, faster, and cheaper fertilizer-spreading research, researchers propose
the use of modeling based on the discrete element method (DEM) [10,11,14-17]. Itis a
promising and convenient method to record the dynamic behavior of agricultural materials in
the operation of agricultural machinery from both the macro and micro perspectives [17-21].

The researchers modeled the flow of cylindrical particles driven by the rotating disk of
a centrifugal spreader (300-650 rpm) using the DEM. The DEM simulations showed good
qualitative and significant quantitative agreement with experiments. Errors between the
simulation and experimental results were identified as underestimation of the simulated
particle velocities at the disk edge and underdispersion of the simulated particle velocities
at the disk edge. The researchers argued that it is important to estimate the dynamic
friction coefficient, as well as to determine the cause of the unknown externalities that occur
at higher disk velocities [11]. Yinyan et al. [2] evaluated the performance of a fertilizer
centrifugal spreader in DEM and experimental studies. They reported that a relative error
of 10.66% was obtained concerning the simulation results, thus confirming the accuracy
of the model. Other researchers report that the experimental results were within the error
range of the simulation results, with deviation values of 8.11% and 9.01% for the transverse
and longitudinal fertilizer uniformity coefficients, respectively [22].

Zinkeviciené et al. [23] believe that understanding the physical-mechanical properties
helps optimize spreading efficiency. The simulation results showed that a more uniform
distribution of organic granular fertilizers on the soil surface was obtained due to shorter
granule length, larger diameter, lower density, and higher mass. However, in practice,
many fertilizer properties that are not included in the model affect the fertilizer flow, and
therefore, it is necessary to calibrate the simulation models for each type of fertilizer [24].

The aim of this work is to determine the physical-mechanical properties of organic
cylindrical bone meal granular fertilizers through experimental investigation, verifying the
obtained results with the simulation results from the DEM simulations, and evaluate the
differences in the properties and behavior of spherical granules in comparison to cylindrical
granules to gain comprehensive knowledge and increase fertilizer use efficiency.

2. Materials and Methods

Modeling the behavior of different forms of organic fertilizer granules using the
discrete element method (DEM) is complex and challenging. This modeling requires
knowledge of the geometrical characteristics of the granules, the material properties of
the granules and the test equipment, and the interaction properties between the granules
and the test equipment. The experimental determination of all these properties of the test
granules is quite complex and requires a lot of time and laboratory equipment resources. It
is sufficient to determine a few key properties for the modeling during the tests while the
remaining values are selected and calibrated.

The experimental investigations have led to the determination of the geometrical
characteristics of the cylindrical bone meal granules and the calculation of the material
density of the granules. The modulus of elasticity of the granules is one of the most
important properties required in DEM simulation. Therefore, static compression tests
were carried out on the cylindrical granules to determine the modulus of elasticity of
the granules. In addition, experimental investigations were carried out to determine the
properties of the interaction between the granules and the test equipment, such as the static
and dynamic (or rolling) coefficients of friction between the granules and the surface in
contact with them. The remaining values of the interaction properties of the granules and
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granules relevant for DEM simulation, i.e., not experimentally determined, were taken
from the results of similar studies [8,25-27] and calibrated. It is worth noting that no similar
studies on cylindrical granules could be found here. Experimental investigations were
carried out to determine the values of the dynamic angle of repose of cylindrical bone
meal granules and the height of the granules’ bed, the static angle of repose, and the bulk
density to obtain the smallest possible errors between experimental and simulation results.
Analogous modeling studies on the properties of cylindrical granules were performed to
calibrate the particle property values of the granules required for DEM simulation.

Recently, there has been a growing demand for spherical organic granular fertilizers
in the organic granular fertilizer market due to the more uniform spreading characteristics
of standard centrifugal spreaders and the possibility of incorporating additional substances
and formulations during granulation. In this research, DEM simulation studies were carried
out on spherical bone meal granules, identical to cylindrical bone meal granule material, to
assess the properties and behavior of spherical granular fertilizers. The aim of these studies
was to assess the differences in properties and behavior of spherical granules compared to
cylindrical granules.

The diameter and length of the cylindrical bone meal granules were determined by
measuring 100 randomly selected granules. The measurements were carried out using a
Mitutoyo 500-196-30 electronic caliper (Mitutoyo, Kanagawa, Japan) with a graduation of
0.01 mm. The material density of these granules was calculated from the measured length,
diameter, and weight of the granules. The weight of the granules was determined using a
Kern EW] electronic laboratory (Kern&Sohn GmbH, Ebingen, Germany) balance with a
division of 0.01 g.

The modulus of elasticity or Young’s modulus of the bone meal granules was deter-
mined using strength tests. Organic bone meal granules’ strength tests were performed
in a 5 kN capacity test machine, Instron 5960 (ITW, Norwood, MA, USA), and the param-
eter registration software system Bluehill (version 3.11.1209). The granules were placed
horizontally and vertically on the center of the circular plate and individually compressed
until breakage was achieved. Granule compressive strength (N) was determined as the
maximum force recorded when compressing the granule at fracture. The limiting force
(load, N) and extension (deformation, mm) were recorded at that moment. This test was
performed by compressing the granule with a 7.92 mm die at a speed of 20 mm-min~!.
Such a load is considered semi-static since the effect of inertia is insignificant. Tests were
repeated ten times for each sample of bone meal granules in horizontal and vertical di-
rections. The Instron Bluehill compression application module contains all the necessary
set-up parameters, and Young’s modulus, MPa, has been calculated.

MS Office Excel 2007 was used to analyze the experimental results statistically. During
all data processing, using the appropriate number of repetitions, average values, and mean
values with the 95% confidence interval of the mean and the least significant difference
LSDgs were calculated using a t-test at a probability p < 0.05 [28].

Calibration studies on the properties of cylindrical and spherical granules were con-
ducted using equipment made of high-density polyethylene (HDPE). The main properties
of this material [29] are presented in Table 1.

Table 1. Material properties of the equipment.

Properties Parameter
Material density, kg m~3 950.00
Young’s modulus, MPa 600.00
Poisson’s ratio 0.45

During all tests, the equipment material was in contact with the granules, resulting in
the determination of the static and dynamic coefficients of friction between the granules
and this polymer. These tests were carried out using the horizontal peel, tear, and friction
tester FPT-H1, part of which is shown in Figure 1a.
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(a) (b)

Figure 1. Determination of static and dynamic coefficients of friction between the granules and

the surface of the equipment; (a) view of a part of the friction coefficient determination apparatus:
1—the sub-surface of the material contacting the granules, 2—the tensile test specimen with the
granules attached, 3—the weight bearing the granules, and 4—the force-measurement cell; (b) image
of granules.

The bone meal granules were glued to a 63.5 x 63.5 mm foamed lightweight polymer
plate during the studies. The surface of the glued granules in contact with the test surface
was ground to obtain a larger and flatter contact surface. Visually, the granule material
covered approximately 75% of the total contact area. During the studies, the specimen was
clamped with a mass weight of 200 &+ 2 g and moved at a speed of 150 mm/min. The test
lasted 54 s, during which the displacement of the specimen was approximately 135 mm. The
test resulted in load-displacement relationships for the specimen to be stretched, and the
static and dynamic coefficients of friction of the contacting surfaces were calculated using
the specialized Emperor software 1.18 of the apparatus. According to the test methodology,
the static coefficient of friction was measured during the first two seconds of the test; the
dynamic coefficient of friction was recorded during the remainder of the test.

The above studies have identified the properties of the granules that have the greatest
impact on their behavior during experiments and modeling as follows: the material density,
the modulus of elasticity of the material, and the static and dynamic coefficients of friction
between the granules and the contacting surface. To verify the properties of the selected
cylindrical and spherical granules, three experimental studies were carried out to determine
the dynamic angle of repose and the height of the granules’ bed, the static angle of repose,
and the bulk density of the poured granules.

The dynamic angle of repose and the height of the granules’ bed were determined
using a rotating drum with an internal diameter of 103.39 mm, a drum depth of 75.00 mm,
and a volume of 0.63 L. During the tests, the drum was filled with 167.12 g of granules,
i.e., approximately 36.42% of its total volume was filled with granules. The drum rotated
clockwise at a speed of 1.88 rad s~! for a rotation time of 90 s. The front wall of the drum
was transparent, and the dynamic angle of repose and the height of the granules’ bed from
the bottom of the drum were measured from the footage. These measured parameters are
shown in Figure 2a below.

The angle of natural repose of the granules was determined using a bottom ring with
a height of 18.00 mm and a ring inner diameter of 103.39 mm. During the tests, a pile
of granules was formed in the ring when the granules were poured freely from the top
and the angle of repose of the pile was measured. The pellets were formed by pouring
the pellets from a container with a diameter of 130 mm, i.e., larger than the ring at the
bottom. The container was 150 mm above the ring, and 700 g of pellets were poured in
order to form a realistic pile, i.e., more pellets were poured than were needed to fill the
ring and form the pile. These edgewise scattered pellets are not shown in the experimental
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and simulation results. The angle was measured with a protractor with a pitch of 1°. The
parameters measured in this study are shown in Figure 2b below.

(a) (b)

Figure 2. Determination of the dynamic granule angle of repose, the height of granules” bed and the

static angle of repose; (a) determination of the dynamic angle of repose and the maximum height
of the granules’ bed: 1—the direction of rotation of the drum, 2—the height of the granules’ bed,
and 3—the dynamic granule angle of repose; (b) determination of the static granule angle of repose:
4—the static angle of repose.

The bulk density of the poured granules was determined using a cylindrical vessel
with an internal diameter of 103.39 mm, a height of 170.00 mm, and a volume of 1.43 L. The
bulk density of the poured granules was calculated by measuring their mass. The setting
drum of the dynamic angle of repose, the setting ring of the natural angle of repose, and
the bulk density vessel were made from the same 3.00 mm thick HDPE plastic with the
properties shown in Table 1.

In all the modeling results, the different color of the particles indicates the different
volumes of the granules. The particles with the smallest volume are shown in blue, the
particles with the largest volume are in red, and the particles with the medium volume are
in green. The experimental studies consisted of at least 5 trials each. The test pieces were
kept for about 24 h before the tests at an ambient temperature of about 20 °C and about
50% humidity. The confidence interval for the values obtained was calculated at o« = 0.05.

The modeling studies on the properties of cylindrical and spherical granules were
carried out using the DEM software Altair EDEM 2024. The 3D computer models of the
experimental equipment used for the DEM simulations were created using SolidWorks
2024 EDU.

3. Results
3.1. Granule Geometry

The diameter of the cylindrical bone meal granules used in the experimental studies
was 4.17 &+ 0.01 mm. As the confidence interval for the diameter is only 0.01 mm, this is
a sufficiently constant value, and this diameter was fixed in the subsequent simulation
studies. A histogram of the length distribution of the cylindrical granules is shown in
Figure 3a. As can be seen from this histogram, the distribution of the granule lengths is
almost symmetric; the kurtosis of the data was —0.16, and the skewness was 0.32. The
minimum value was 3.00 mm, the maximum value was 10.27 mm, and the range was
7.27 mm. The dispersion of the granule lengths is large, and therefore, seven particle
models with different shapes and parameters were used in the DEM simulation studies.
The average particle model length, shape, and proportion of different particle models were
used from this histogram.
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Figure 3. Histograms of the distribution of the length and diameter of the granules used in the
experimental and simulation studies; (a) distribution of the length of the cylindrical granules used in
the experiment and the simulation; (b) distribution of the diameter of the spherical particle models
used in the simulation.

The diameter of the spherical bone meal granules used only in simulation studies
was 3.97 £ 0.07 mm. The histogram of the diameter distribution of the spherical beads is
shown in Figure 3b. As can be seen from these data, the distribution of the diameter of the
granules was symmetrical and close to the Normal Law. The kurtosis of the data was 0.27,
and the skewness was 0.15. The minimum value was 2.94 mm, the maximum value was
4.94 mm, and the range was 2.00 mm. These data were used to generate spherical fertilizer
particle models.

3.2. Granule Strength Properties

Granule strength ensures that fertilizer will arrive at its destination as intended and
can be used without breaking down into finer particles. The strength test curves of bone
meal granules, on purpose, show the character of the force variation in the strength test
for granules, as shown in Figure 4. The mentioned granules deformed at a maximum com-
pression force of more than 40 N. When analyzing the deformation curves, it was observed
that the maximum crushing force in the horizontal direction was from 30.91 to 43.42 N,
with deformation ranging from 0.14 mm to 0.23 mm until the granules are completely
disintegrated. When analyzing the deformation curves, it was observed that the maximum
crushing force in the vertical direction was from 18.10 to 40.76 N, with deformation ranging
from 0.43 mm to 0.66 mm until the granules were completely disintegrated. In the vertical
direction, the granules did not disintegrate immediately due to their elasticity properties.
It can be observed that the fertilizer granules have significant differences in compressive
strength, but the compressive failure characteristics are similar. In the early stage of loading,
the relationship between the compression force and deformation of the fertilizer grain
is almost linear, indicating that the fertilizer granules are elastic in this stage. When the
compressive force on the fertilizer granules reaches a peak value, cracks will appear on
the fertilizer granules. They would rapidly develop and connect, which would cause the
splitting of the granules, resulting in a rapid reduction in compression force.
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Figure 4. Compressive force-deformation curve of fertilizer granules. Curves of granule strength test
(a) in horizontal direction; (b) in vertical direction.

The experimental results presented in Figure 5 show the average strength of the bone
meal granules, with a semi-static stability of 36.76 £ 2.81 N in the horizontal direction
and 29.81 £ 4.09 N in the vertical direction. There is a significant difference between the
forces acting on the granules in horizontal and vertical directions; the granules withstood
significantly lower forces under vertical load.

45
40 36.76 [.SDys=4.61 N

29.81

Horizontal Vertical

Figure 5. Comparison of the compressive strength in horizontal and vertical directions of organic
bone meal granular fertilizers. Error bars represent the 95% confidence interval of the mean. A f-test
was used for statistical analysis.

During the experiments, Young’s modulus, MPa, was also determined, which was
used later for the simulation. The Instron Bluehill compression application contains various
set-up parameters and there was calculated Young’s modulus. Using Bluehill software

(version 3.11.1209), the average Young’s modulus was determined to be 28.82 & 4.65 in the
vertical direction (Table 2).
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Table 2. Geometry and material properties of cylindrical granules.

Properties Parameter
Granule diameter, mm 417 +£0.01
Granule length, mm 6.07 = 0.31
Minimum length, mm 3.00
Maximum length, mm 10.27
Material density, kg m3 1208.98 + 17.50
Granules’ poured bulk density, kg m—3 728.68 1= 36.43
Young’s modulus, MPa 28.82 4+ 4.65
Poisson’s ratio 0.25*

* Data were obtained from sources [26] and calibrated.

3.3. Granules’ Interaction Properties

The frictional load-displacement relationship for horizontal tension of cylindrical bone
meal granules is shown in Figure 6a. This shows the average curve for all experimental
results. According to the study methodology, the static coefficient of friction between
the two contacting surfaces was recorded during the first 2 s, and here, it can be seen
that the nature of the dependence is close to a straight line. From about 2 s onwards, the
dynamic coefficient of friction between the contacting surfaces has been recorded, where
the friction load values fluctuate. However, the variation is in a range of relatively small
values. The adjacent Figure 6b shows the values of the static and dynamic coefficients of
friction calculated by the software, together with their scatter.

0.40
/ Dynamic CoF
0.35
o
2 030 Static CoF
(&}
g B particles-
[ .
o equipment
= 025 awpm
g Dynamic CoF
§ 0.20 equipment
==
0.15
20 40 60 80 100 120
Displacement, mm
0.10
(@) (b)

Figure 6. Experimental results of friction load and static and dynamic coefficients of friction of
cylindrical granules; (a) friction load-displacement relationship; (b) values of the static and dynamic
coefficients of friction between the granules and the equipment surface.

This shows that the dispersion of static coefficients of friction data is significantly larger
than that of the dynamic coefficients of friction. This could be due to the heterogeneous
nature of the bone granule material, which is composed of particles of different sizes and
frictional properties. The different properties of these constituent particles and other surface
properties have influenced the wide dispersion in these data.

The properties of the cylindrical bone meal granules determined from the experimental
studies are presented in Table 2.

The Poisson’s ratio of the material in this table has not been determined in the experi-
ments, but its value has been calibrated during the DEM simulation.
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3.4. Granule Property Calibration

The accepted properties of the cylindrical granules, which were not experimentally
determined, were calibrated. The shape of the particles used in the DEM simulation, as
well as their images, geometric properties, and percentage compositions are presented
in Table 3.

Table 3. Geometry, shape, and fraction of modeling fertilizer particles.

Shape Length, mm Diameter, mm Proportion, %
Single-sphere ‘ ] 3.52 3.52 11.00
Bep W

4.56 15.00

Dual-sphere “ 5.60 28.00
6.64 417 23.00

. 7.67 : 13.00
Straight Four Sphere \/ 8.71 6.00
9.75 4.00

As can be seen from this table, the smallest particles, which accounted for 11.00% of
the total volume, were in the form of a single sphere, while the rest were in the form of dual
or four straight-lined spheres. The behavior of granules and other bulk materials of similar
geometry is quite accurately modeled by DEM using particles of this exact shape [26,30].
The simulation uses the Hertz-Mindlin model for the interaction of granules with each
other and with granules on contacting surfaces, in which the particles do not stick to each
other and to the equipment surface.

Table 4 below shows the properties of the interactions between the granules. Some
of these properties were obtained from experimental studies, while others were adopted
and calibrated.

Table 4. Interaction properties of particles and equipment.

Interaction Particle-Particle Particle-Equipment
Coefficient of restitution 0.60 (Range: 0.5~0.7; step 0.10) 0.45 (Range: 0.35~0.55; step 0.10)
Coefficient of static friction 0.35 (Range: 0.25~0.45; step 0.10) 0.28 - 0.04 *
Coefficient of dynamic friction 0.10 (Range: 0.05~0.25; step 0.10) 0.16 £ 0.005 *

* Values from the experiments.

In the DEM simulation studies of the properties of the granular particles, the assumed
properties were varied by step within a specified interval. First, a calibration study of the
static and dynamic coefficients of friction between the granules was carried out. This was
performed primarily because these properties (in addition to those already determined from
experiments) have the greatest influence on the behavior of the granules (e.g., transport,
storage, and spreading by centrifugal fertilizer spreaders). To calibrate these properties, the
first and most comprehensive study method was chosen as follows: the determination of
the dynamic angle of repose and the height of the granules’ bed during the rotation of the
granule-filled drum.

In the simulation studies of the dynamic angle of repose and the height of the granules’
bed, the particle flow was 16.71 g s~!. During the first 10 s, the drum did not rotate as
particles were generated. During this time, 167.12 g of particles were generated, the same
as in the experiment. The particle-filled drum was then rotated for 20 s. The whole test
lasted 30 s. In the first part of the modeling, the static coefficient of friction between the
particles was changed from 0.25 to 0.45. The value of the dynamic coefficient of friction
between the particles was kept constant at 0.10. The modeling and experimental results are
shown in Figure 7a.
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Dynamic CoF particle—particle (fixed): 0.1

Static CoF par-
ticle—particle
(variable)

0.25 0.35 0.45 Experiment

Tumbling state

Dynamic an-

38.92 (-0.51% vs. experi-

38.35 (-1.97% vs. experi-

43.28 (+10.64% vs. ex-

cle (variable)

gle of repose, ° ment) ment) periment) 39.12£1.26
Height of 68.71 (+4.66% vs. experi- | 65.64 (+0.20% vs. experi- | 63.70 (-2.84% vs. experi-
granules’ bed, ’ 0070 V. exXp ’ 70 V8. &Xp ' ORTo V8. &xXp 65.51+1.75
ment) ment) ment)
mm
(a)
Static CoF particle—particle (fixed): 0.35
Dynamic CoF
particle—parti- 0.05 0.10 0.15 Experiment

Tumbling state

Dynamic an-

34.73 (-11.23% vs. ex-

38.35 (-1.97% vs. experi-

40.84 (+4.40% vs. experi-

gle of repose, ° periment) ment) ment) 39.12+1.26
Height of 69.72 (+6.04% vs. experi- | 65.64 (+0.20% vs. experi- | 65.32 (~0.29% vs. experi-

granules’ bed, ’ DEOVS. exp ’ 070 VS eXp : 770 VS EXp 65.51 +1.75
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(b)

Figure 7. Modeling and experimental results of the dynamic angle of repose and the height of the
formed granules’ bed for cylindrical granules; (a) determination of the dynamic angle of repose
and the height of the granules’ bed under a fixed dynamic coefficient of friction (0.10) between the
granules and a variable dynamic coefficient of friction (0.25 = 0.45); (b) determination of the dynamic
angle of repose and the height of the granules’ bed with a variable (0.05 < 0.15) dynamic coefficient
of friction between the granules and a fixed (0.35) static coefficient of friction between the granules.

As can be seen from the DEM simulation results presented here, the results closest
to the experiment in terms of dynamic angle of repose and height of granules’ bed were
obtained when the static coefficient of friction between particles was 0.35. At a lower value
of the static coefficient of friction, it can be assumed that a readily identifiable granule bed
did not form and that the resulting bed height was significantly higher. At higher values
of the static coefficient of friction, a visually “longer” granule bed and a granule ridge
started to form in the center of the drum, with a significantly higher dynamic angle of
repose obtained. From these studies, it can be stated that the lowest difference compared to
the experimental results was obtained when the static coefficient of friction between the
granule particles was 0.35.
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In the next part of the DEM simulation, the static coefficient of friction between the
cylindrical granules was fixed at 0.35. The value of the dynamic coefficient of friction
varied between 0.05 and 0.15. The best agreement was obtained with a value of this friction
coefficient of 0.10. At a lower value, the difference in the dynamic angle of repose was
significant, and it can be concluded that no granule bed was formed. At a higher value of
the dynamic coefficient of friction between the granules, a significantly larger granules’ bed
was formed, and the height of the granules’ bed was significantly higher compared to the
experimental results.

Calibration studies on the properties of the granules’ static angle of repose were carried
out in a similar sequence. The DEM simulation of the natural granules’ static angle of
repose resulted in a particle flow of 45.00 g s~! and a simulation time of 23 s. The results of
the experimental and modeling studies are shown in Figure 8 below.

Dynamic CoF particle—particle (fixed): 0.1

Static CoF parti-
cle—particle (vari-
able)

0.25 0.35 0.45 Experiment

Tumbling state

Static angle of re-
pose, °

27.36 (—6.92% vs. experi- | 28.64 (-2.58% vs. experi- | 33.27 (+11.62% vs. exper-

29.40+1.71

ment) ment) iment)

Figure 8. Modeling and experimental results of the static angle of repose for cylindrical granules.
The dynamic coefficient of friction between the granules was fixed (0.10), and the static coefficient of
friction between the granules was variable (0.25 <+ 0.45).

In the first part of this study, the dynamic coefficient of friction between the granules
was kept constant at 0.10, and the static coefficient of friction was varied. The simulation
data with a static coefficient of friction of 0.35 were found to be the closest to the experi-
mental results in terms of the shape of the pile of poured granules and the measured values
of the angles of repose. At a lower value, the static angle of repose decreased significantly,
and at a higher value, the static angle of repose increased. At a fixed value of (0.35) for the
static coefficient of friction, but varying for the dynamic coefficient of friction, no significant
differences were found between the static angles of repose (and therefore, these data are
not presented here).

Similarly, calibration studies on the bulk density properties of cylindrical granules
were carried out. In the DEM simulation of the granule bulk density, the flow of the
generated granules was 94.55 g s~!, and the simulation time was 10 s. By varying the
values of the static and dynamic coefficients of friction between the granules, the difference
between the modeling results and the experimental results was up to 2.50%. The best
agreement between modeling and experimental results was obtained when the static
coefficient of friction between the granules was 0.35, and the dynamic coefficient of friction
was 0.10. At these values, the mass of the granules obtained in the modeling was 1.04 kg,
which was —0.48% less than the experimental mass. The bulk density of the modeled
granules was 727.00 kg m~3, which was 0.23% less than the experimental result. An almost
perfect agreement of results was obtained in these studies.

At these values of the coefficient of friction, analogous calibration studies were carried
out on the properties of the granules by varying the values of the coefficient of restitution
between the granules and between the granules and the contact surface (as shown in
Table 4) and there were no significant differences between the values of the coefficients. The
best agreement between modeling and experimental results was obtained with a value of
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0.60 for the intergranular coefficient of restitution and 0.45 for the coefficient of restitution
between the granules and the surface. Due to the negligible effect of these coefficients on
the calibrated granule properties, the modeling results are not presented here.

To determine the behavior of spherical granules that were granulated from the same
raw material and to compare their properties with cylindrical granules, modeling studies
were carried out on the properties of spherical granules. The results of these studies were
compared with the experimental results of cylindrical granules. The results of the studies
are presented in Figure 9 below.

Particle/granule | Sphere shape (simula- Cylinder shape (experi- Sphere shape (simula- Cylinder shape (experi-
shape tion) ment) tion) ment)
Tumbling state
Dynamic/static | = 6714 519 v ex- 28.62 (-2.64% vs. experi-
angle of repose, o7 LR VS € 39.12£1.26 02 (70T VS expe 29.40+1.71
o periment) ment)
Helg,ht of gran- 66.37 (+1:29 % VS. ex- 6551 +1.75
ules’ bed, mm periment)
@) (b)

Figure 9. Modeling and experimental results for the determination of dynamic and static angles of
repose and the height of the granules’ bed for single-sphere and cylindrical granules; (a) determination
of the dynamic angle of repose of the spherical and cylindrical granules and of the granules’ bed that
is formed; (b) determination of the static angle of repose of spherical and cylindrical granules.

Modeling studies showed that the dynamic angle of repose of the cylindrical granules
was about 4.51% higher than the dynamic angle of repose of the cylindrical granules found
in the experiment. The height of the granules’ bed was found to be marginally higher, and
the static angle of repose of the spherical granules was found to be marginally lower than
that of the cylindrical granules. The bulk density of the spherical granules was about 1.20%
lower than the cylindrical granules. As can be seen from these results, the behavior of
cylindrical granules is close to that of cylindrical granules. At higher drum speeds and
when the granules are subjected to high centrifugal forces in disk fertilizer spreaders, the
behavior of the spherical granules is likely to be quite different from that of the cylindrical
granules due to their shape. To determine this, experimental field and DEM simulation
studies of the spreading of these granular organic fertilizers are needed.

This is important for an entire range of studies on the behavior and performance of
bulk materials, e.g., spreading using centrifugal spreaders, granule separation, transport,
and other questions.

4. Conclusions

It can be argued that after the experimental and DEM simulation studies on bone meal
granules, it is sufficient to perform two experimental studies on (1) static compression to
determine the modulus of elasticity of the granules and (2) friction between the granules and
the contact surface of the equipment to determine the static and dynamic friction coefficients.
Subsequently, three experimental and DEM simulation studies on the properties of the
granules are sufficient; (3) the dynamic angle of repose and height of the granules’ bed,
(4) static angle of repose, and (5) poured bulk density are sufficient to test and confirm the
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remaining properties of the granule material and the interaction between the granules that
have not been experimentally determined.

The spherical granules of the bone meal used in the simulation studies were found
to have a diameter of 3.97 & 0.07 mm; the diameter of the granules varied from 2.94 to
4.95 mm, with a distribution of granules close to the normal distribution.

The static compression tests on the bone meal granules showed that the static com-
pression strength of the horizontally positioned granules was 29.81 N, and the calculated
modulus of elasticity of the bone meal granules was 28.82 & 5.29 MPa.

The static and dynamic coefficients of friction between the granules and the contacting
surface were determined to be 0.28 for the static coefficient and 0.16 for the dynamic
coefficient. Due to the heterogeneity of the material of the bone meal granules, a significant
scatter in the values of the static coefficient of friction was found when compared to the
scatter in the values of the dynamic coefficient of friction. These fertilizer properties were
verified in DEM granule modeling studies. Experimental and DEM simulation studies for
the evaluation of the dynamic angle of repose and the height of the granules’ bed formed
showed that the best visual agreement with the obtained values was achieved when the
static coefficient of friction between granules was zero. Experimental and DEM simulation
studies of the static angle of repose and the bulk density of the poured granules also fully
confirmed these values of the interaction coefficients between the granules.

Experimental and simulation studies for the evaluation of the dynamic angle of repose,
the granule pitch, the static angle of repose of the granules, and the bulk density of the
granules showed that the coefficient of restitution between the granules was 0.60 and that
the coefficient of restitution between the granules and the material of the study equipment
was 0.45.

The diameter of the spherical granules used in the DEM simulation studies was
3.97 &+ 0.07 mm, and their diameter distribution was close to the normal distribution.

It was found that spherical granules from the same raw material and with similar
physical properties showed identical behavior compared to cylindrical granules. In ad-
dition, the dynamic angle of repose of the spherical granules was about +4.51%, and the
height of the granules’ bed was about +1.29% higher compared to the cylindrical ones. It
was also found that the static angle of repose of spherical bone meal granules was about
—2.64% lower than that of cylindrical granules.

Due to their shape, spherical granules’ behavior in centrifugal spreaders can be as-
sumed to be completely different from that of cylindrical granules. However, experimental
and field studies on the spreading of these granular organic fertilizers are needed to
determine this.
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