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ABSTRACT

Aiming at the poor efficiency in crushing a handful of caking organic fertilizers spraying from the traditional disc
spreader, an improved disc spreader equipped with spike-tooth crushing unit was designed with the
introduction of its structural composition and working principle. Also simulation experiments were carried out
based on the discrete element method according to the solutions made before and after the structural
improvement. Firstly, a granular organic fertilizer model was established based on the EDEM and a caking
organic fertilizer bonding model was built based on the HMB (Hertz-Mindlin with bonding) contact model. Then
two organic fertilizer spreading models corresponding to the solutions were respectively established, based
on which simulation experiments were repeated three times on the spreading process. The analysis on the
particle velocity vector diagram revealed the interaction relationship between organic fertilizers with the toothed
shaft, external wall and disk, verifying the crushing mechanism of crushing unit. By calculating the total number
of the bonds generated and broken in the spreading process in both of the spreading models, the average
broken rate of bonds in the spreading process was separately 58.87% and 98.05% based on each solution,
revealing that the improved solution outperformed the traditional solution in terms of the efficiency in crushing
the caking organic fertilizers. This research will be a reference in designing the critical components or improving
the overall performance of disc spreader.
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INTRODUCTION

As an important part in agricultural production, fertilization provides nutrients necessary for crop growth
to accelerate the growth and development. The commonly used fertilizers include chemical and organic
fertilizers. In recent years, the overuse of fertilizers have led to many problems, such as soil hardening, air and
water source pollution, which have become more and more serious. Hence it is very necessary and pressing
to apply less fertilizer (Ma et al., 2019; Wen et al., 2023). Researches have shown that organic fertilizer can
efficiently improve and increase soil fertility with less environmental pollution, it is a necessity in developing
green agriculture (Sun et al., 2019). Therefore, scientifically reduced application of fertilizer and reasonable
application of organic fertilizers have become an important approach to improve the quality of cultivated land,
increase crop yield and enhance the quality of agricultural products (Du et al., 2020; Jiang et al., 2023; Fang
et al., 2021).
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Due to the strong bonding force, easy caking and poor fluidity between organic fertilizer granules,
organic fertilizer can hardly be spread and this is also one of the main reasons for the low usage of it (Li et al.,
2022). As the premise for the wide application of organic fertilizer is the availability of a spreading device with
excellent crushing performance, even spreading and high efficiency, the study on an efficient spreading device
with good performance is of great significance to accelerate the development of green agriculture.

Currently, according to the different structures, spreaders can be classified into different types,
including hammer-shape, roll-type and centrifugal disc spreaders in domestic and overseas market for the
spreading of organic fertilizers with different physical properties (Xu et al., 2022). Numerous researches have
been made by scholars at home and abroad on the key technologies, such as the structural design of spreader
components and the optimization of working parameters during the spreading of organic fertilizers. By taking
MGS5 organic fertilizer spreader as the research object, Stefan et al. established a regression model covering
the effective working width, effective working quota, rotor speed, conveyor flow, the angle of inclination of the
rotors and density of scattered material after the experiment (Stefan et al., 2019; Céardei et al., 2019).

Aiming at the problem of poor crushing effect during the spreading of organic fertilizers with high
viscosity by traditional spreaders, Lv et al designed a vertical screw spreader with the optimization of structure
and working parameters based on the experimental indexes of spreading uniformity and working width (Lv et
al., 2020). Based on the discrete element method, Zinkevi€iené R et al. built a centrifugal spreading model for
cylindrical granular organic fertilizers to evaluate the lateral uniformity of fertilizers over field (Zinkeviciené et
al.,, 2021). In order to increase the uniformity of lateral spreading by organic fertilizer spreader, Liu et al.
managed to control the shape of jet flow by innovating the components and optimizing the structural
parameters based on the quantitative representation of the shape of jet flow from the spreading device (Liu et
al., 2022). Wu et al. designed a spreading device for organic fertilizer spreader by selecting the number of
spiral lines on the spreader roll, the screw pitch of blade, the blade angle and the rotation speed as the
experimental factors. In the field experiment made based on the variable coefficient of fertilization, which had
also served as an evaluation index, the optimal combination of parameters for the spreader roll was obtained
(Wu et al., 2022).

Generally, due to the excellent crushing performance, crushing roll-type spreader is applicable to the
spreading of barnyard manure that is of high humidity in block structure. With great working width, centrifugal
disc spreader is applicable to the spreading of granular or powdered organic fertilizer due to the poor crushing
effect. When it is used for the spreading of organic fertilizers, among which most of them are powdery or
granular with the mixture of a small number of caking organic fertilizers, the spreading effect will be affected
as the caking fertilizers can hardly be crushed efficiently. In view of this, a centrifugal disc spreader equipped
with crushing unit was designed in this paper after the structural improvement based on the traditional disc
spreader. Also based on the discrete element method, two organic fertilizer spreaders were separately built
before and after the structural improvement. Through numerical simulation, both of the solutions had been
compared in terms of the crushing of caking organic fertilizers during the operation with an aim to provide a
reference to improve the overall performance of spreader.

MATERIALS AND METHODS
Structural composition and principle of disc spreader

In traditional disc spreader, spreading disk serves as the main working component during the operation.
Fertilizers have been conveyed backward to the spreading disk via the chain conveying unit and the high-
speed rotation of spreading disk contributes to the even spreading of fertilizers to the field. It is applicable to
the spreading of powdery or granular fertilizers (Ma et al., 2019).

However for the spreading of a handful of caking organic fertilizers, it doesn’t work efficiently in crushing
them. Therefore a centrifugal disc spreader equipped with crushing unit has been designed after the structural
improvement based on the traditional disc spreader.

As indicated in Figure 1, it mainly consists of traction frame, chain conveying unit, toothed crushing unit,
disc spreading unit and universal drive shaft. It is driven by the tractor, whose conveyor driven shaft drives the
disk to rotate via the universal drive shaft. During the operation, firstly the organic fertilizers in the fertilizer box
will be conveyed to the crushing unit for crushing via the chain conveying unit and then be spread to the field
through the disc spreading unit after the crushing.
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Fig. 1 - Structural composition of disc spreader equipped with crushing unit
1- traction frame; 2- chain conveying unit; 3- toothed crushing unit; 4- disc spreading unit; 5- universal drive shaft

As shown in Figure 2(a) and (b), the spike-tooth crushing unit mainly consists of toothed shaft and
external wall. During the operation, organic fertilizers will be conveyed via the chain conveying unit to the inlet
of the crushing unit, where the organic fertilizers with smaller particle size will drop to the outlet through the
gaps between the spike teeth or between the teeth and the external wall. However, the caking organic fertilizers
with larger particle size won’t pass directly through the gaps and most of them will interact with the spike teeth
and the external wall in the crushing unit with the high-speed rotation of the toothed shaft. They will be broken
up due to the impact, collision and squeezing effect and a handful of organic fertilizers will be crushed when
they collide with the disk at high speed due to the acceleration effect of the toothed shaft.

(a) Schematic diagram of crushing unit (b) toothed shaft
Fig. 2 - Structural composition and principle of toothed crushing unit
1- chain conveying unit; 2- external wall; 3- toothed shaft; 4- disk

Construction of discrete element model
Construction of organic fertilizer model

Based on the EDEM software, granular and caking organic fertilizer models were separately built,
among which the granular model was constituted by various spheroidal particles in a radius of 8 mm, as shown
in Figure 3(a), while the caking fertilizer model that was built based on the HMB (Hertz-Mindlin with bonding)
contact model was constructed through the bonding of several above-mentioned spheroidal particles through
the bonds. The main factors affecting the bonds include the normal stiffness per unit area, shear stiffness per
unit area, critical normal stress, critical shear stress and bonded disk radius (Wang et al., 2010). The bonds
can work under a certain normal force or tangential force, but they will break when the outside force exceeds
the critical stress of bonds and then the block-shaped particles will be broken into some smaller blocky particles
or spheroidal particles. Due to the caking, the organic fertilizers vary in shape and size. Hence in order to
simplify the modeling process, only a type of caking organic fertilizer model was built with the process as below:
Firstly, based on the 3D modeling software, a 3D caking organic fertilizer model was constructed, which was
also introduced into the EDEM to serve as the contour of the organic fertilizer. Then based on the HMB contact
model, the spheroidal particles with a radius of 8 mm made a full profile with the setting of bonding parameter
to generate the bonds. With reference to the literature, the bonded disk radius was generally 1.2~2 times the
radius of particles (Li et al., 2021).
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In this paper, it is set to be 10 mm. In order to verify the efficiency in crushing the organic fertilizers
based on the improved solution to cater for the crushing and spreading of the organic fertilizers with different
bonding forces, the values of the HMB bonding parameters were properly increased based on the existing
researches (Wu, 2016) in terms of the critical normal stress and critical shear stress, as shown in Table 1.

Table 1
Bonding parameters of HMB
Parameters Values
Normal stiffness per unit area 1x108 N/m-
Shear stiffness per unit area 5x107 N/m-3
Critical normal stress 0.55 MPa
Critical shear stress 0.55 MPa
Bonded disk radius 10 mm

Figure 3(b) and (c) showed the caking organic fertilizer bonding model, where every caking model
consisted of 40 spheroidal particles and 100 bonds. Figure 3 (d) showed the distribution of the bonds within
the caking model. Finally, the position of every spheroidal particle within the caking model was exported and
saved as the particle template.

o

(a) granular organic fertilizer model (b) caking organic fertilizer model

»

(c) partial enlarged view of area A in Figure 3 (b) (d) distribution of the bonds within the caking

model
Fig. 3 - Discrete element model of organic fertilizer

Construction of organic fertilizer spreading model

Two organic fertilizer spreading models before and after the structural improvement of spreader were
separately built based on the discrete element method. Through numerical simulation, both of the structural
solutions were compared and analysed in terms of the efficiency in crushing organic fertilizers. But during the
construction of both spreading models, none of them were built with the modelling of conveying unit. The
organic fertilizer spreading model equipped with crushing unit was constructed according to the following
process: Based on the 3D modelling software, the 3D models for the spreading unit and the crushing unit were
built, which then were saved in stp format and exported into the EDEM. After referring to the design manual
(China Academy of Agricultural Mechanization Sciences, 2007), the rotation speed of disk was set to be 540
r/min and 1200 r/min for the toothed shaft. As provided in Table 2 and 3, the intrinsic parameters and the
contact parameters of the materials involved in the spreading model had been set according to the relevant
references (Li et al., 2022; Liu et al., 2022; Wu, 2016) and combining simulation practice.
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Table 2
Material intrinsic parameters
Material Poisson’s ratio Shear modulus/Pa Density/ (kg-m3)
Organic fertilizer 0.315 5.5x106 1.25x10°3
Steel 0.30 7.90x1010 7.90x10°
Soll 0.3 5x107 2.60x10°
Table 3
Material contact parameters
. Restore collision Static friction Rolling friction
Material L - L
coefficient coefficient coefficient
Organic fertilizer -Organic fertilizer 0.01 1.2 1
Organic fertilizer-Steel 0.01 0.5 0.5
Organic fertilizer-Soll 0.01 0.8 0.6

Particle factory was set up at the inlet of the crushing unit to simulate the conveying of the granular
organic fertilizer via the conveying unit. In the particle factory, two particle models separately for granular and
caking organic fertilizers were generated, among which the granular model was generated at the moment of
0.05 s and lasted to the end of the simulation at a generating rate of 3000 s.

The caking fertilizer model was generated as follows. Firstly, 15 spheroidal particles with a radius of
40 mm were generated in the period of 0~0.05 s within the particle factory. After reading the data of the patrticle
templates from the caking fertilizer model via the EDEM API at the moment of 0.052 s, the spheroidal particles
with a radius of 40 mm were replaced by the block-shaped particles. The initial velocity of both particles was
0.1 m/s in the direction of the negative Z-axis. Figure 4(a) showed the organic fertilizer spreading model
equipped with crushing unit, while Figure 4(b) showed the traditional centrifugal disc spreading model
established in the same way.

P ij:{"

(a) organic fertilizer spreading model equipped
with crushing unit

(b) traditional centrifugal disc spreading model

Fig. 4 - Organic fertilizer spreading model

Numerical simulation and post-processing method

Simulation experiments on both spreading models were separately repeated three times with the
simulation duration set to be 1 s, and data had been saved every 0.01 s.

In order to specify the interaction relationship between the organic fertilizer with the toothed shaft, the
external wall and the disk in the improved spreading model, the velocity vector diagram of the granules moving
at different moments was exported to observe the velocity vector direction of the organic fertilizer granules and
the motion trend in the crushing unit to explore the crushing mechanism of the unit. To facilitate the quantitative
analysis on the effect of crushing organic fertilizers in both spreading models during the spreading process,
the total number of the bonds generated at the beginning of the simulation and the number of the bonds broken
at the end of the simulation were calculated and then the average broken rate of the bonds was separately
calculated in each spreading models.

332



Vol. 70, No. 2 / 2023 INMATEH - Agricultural Engineering

RESULTS

After the simulation, the velocity vector diagram of the granules moving at different moments in the
crushing unit was exported in the improved spreading model, as shown in Figure 5, where the direction of
arrow, colour and length separately represented the direction of particle velocity, velocity and kinetic energy.
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Fig. 5 - The velocity vector diagram of the granules

Figure 5(a) showed that at the outlet of the crushing unit, some granules still moved at high speed
towards the disk, indicating the acceleration effect of the toothed shaft on those organic fertilizers that failed
to pass through the gap between the teeth.

As shown in Figure 5(b), some granules collided with the external wall at high speed under the
acceleration effect of the toothed shaft in the crushing unit. Also Figure 5 (c) and (d) showed the impact and
squeezing actions between a handful of granules with the toothed shaft and the external wall. In conclusion,
the high-speed collision, impact and squeezing actions between the organic fertilizer and the relevant
components in the crushing unit had made a contribution to the crushing of caking organic fertilizers. To
observe directly the breakage of the bonds and the crushing process of the block-shaped granules, the
distribution variation diagrams of the bonds and the granules at different moments in the crushing unit were
exported, as shown in Figures 6 and 7.
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Fig. 6 - The distribution variation diagrams of the bonds
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Fig. 7 - The distribution variation diagrams of the granules

Figures 6 and 7 showed that in the initial stage of the simulation, both of the bonds and the block-
shaped granules were relatively intact. But in the period of 0.15~0.18 s, some bonds were broken and the
block-shaped granules were crushed into smaller block-shaped particles or spheroidal particles. In the period
of 0.22~0.25 s, the bonds were further broken up and the particles were separated into more pieces in smaller
granular size.

Figure 8 showed the curves of the changes in the number of the broken bonds over time during the
spreading process in each spreading model.
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Fig. 8 - The curves of the changes in the number of the broken bonds over time
As shown in Figure 8, bonds were broken mainly before 0.25 s in both of the spreading models. Also

in the experiments that had been repeated several times, the improved solution outperformed the traditional
solution regarding the number of the broken bonds.
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To facilitate the quantitative evaluation on both solutions in terms of the crushing of organic fertilizers,
the total number of the bonds generated in the simulation process and the number of broken bonds at the end
of simulation were separately calculated based on each solution to calculate the broken rate of bonds, as
indicated in Table 4.

Table 4
Bonds data
. total number of number of broken the broken rate of average
solution No. bonds/pcs bonds/pcs bonds/% value/%
waditional 1 1487 812 54.61
solution 2 1487 902 60.66 58.87
3 1485 911 61.35
. 1 1485 1452 97.78
mproved |3 1476 1446 97.97 98.05
3 1495 1471 98.39

As shown in Table 4, the average broken rate of bonds was separately 58.87% and 98.05% in both
spreading models, proving that the improved solution outperformed the traditional solution in terms of the
efficiency in crushing caking organic fertilizers.

CONCLUSIONS

(1) Aiming at the poor efficiency in crushing a handful of caking organic fertilizers spraying from the
traditional disc spreader, an improved disc spreader equipped with spike-tooth crushing unit was designed
with the introduction of its structural composition and working principle.

(2) The organic granular fertilizer model was built based on the EDEM software. Also based on the HMB
(Hertz-Mindlin with bonding) contact model, the caking organic fertilizer bonding model and the organic
fertilizer spreading models established before and after the structural improvement had been constructed with
the running of the numerical simulation.

(3) Based on the analysis on the velocity vector diagram of the granules, the interaction relationship
between the organic fertilizers with the toothed shaft, the external wall and the disk as well as the crushing
principle were clearly specified. In order to compare the efficiency in crushing organic fertilizers during the
spreading process based on both solutions, the total number of the bonds generated and broken in each
spreading model was calculated, showing that the average broken rate of the bonds was separately 58.87%
and 98.05% after the calculation made based on each solution. It proved that the improved solution was better
than the traditional solution in terms of the efficiency in crushing caking organic fertilizers.
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