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Abstract: To determine the optimal fertilizer discharging performance, a spiral fertilizer applicator
was designed according to orchard agricultural requirements. The influence of different parameter
combinations of the spiral speed, blade diameter, and pitch on the coefficient of variation (CV) of
the fertilizer discharge uniformity was predicted using a neural-network-based model by using the
Box-Behnken design (BBD) test. According to the extracted results, the neural network model has a
good prediction ability, with the determination coefficient of the model and the mean relative error
reaching 0.99 and 2.29%, respectively. The impact of the fertilizer discharge parameter combinations
on the discharging performances was examined from both macroscopic and microscopic perspectives.
During the fertilizer discharge process, the openness formed between the spiral blades and fertilizer
outlet presented periodic changes with the continuous rotation of the spiral blade, thus resulting
in the uneven discharge of the fertilizer particles. In addition, there are interacting force chains
among fertilizer particles, which are not broken in time during the fertilizer discharge procedure, thus
resulting in uneven fertilizer discharge. With comprehensive consideration of the fertilizer discharge
efficiency, the fertilizer discharge effect, and CV of the fertilizer discharge uniformity, the spiral
parameter combination of the fertilizer discharge after neural network optimization are as follows:
rotating speed of 47.6 rpm, blade diameter of 90 mm, pitch of 60 mm, and CV of fertilizer discharge
uniformity of 19.05%. Under this optimal spiral parameter combination, the fertilizer discharge effect
and discharge efficiency were considered to be relatively good. Our work provides references for the
design optimization of the spiral fertilizer applicator and fertilizer discharge parameter combination.

Keywords: neural network; parameter optimization; single-spiral fertilizer applicator; DEM

1. Introduction

Fertilization is regarded as an important factor that increases crop yield and is a signif-
icant means by which to maintain soil nutrients [1,2]. Accurate fertilization is beneficial to
significantly increase crop growth and realize the goal of increasing fertilizer utilization,
to achieve a high quality and yield of crops, and to produce a reasonable distribution
of agricultural resources, among other things. The fertilization accuracy is an important
index in the accurate evaluation of fertilization and a fertilizer applicator is a key piece
of equipment for reasonable fertilization. As a result, improving the performance of the
fertilizer applicator is of significance to the decrease in the fertilization quantity [3].

A spiral fertilizer applicator is a common fertilizer applicator and it has been widely
used due to its simple structure, low cost, stable single-ring throughput, and strong sealing
performances [4-6]. However, it has flow pulsation and leads to fertilizer waste. Hence,
various studies in the literature on the fertilizer discharging performances of traditional
single-spiral fertilizer applicators have been carried out in recent years. More specifically,
Mondal and Ghosh [7] studied the influence of spiral speed on the stability and uniformity
of the spiral outlet mass-flow rate and carried out simulations and bench tests. Minglani
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et al. [8] conducted simulations on filling rates under different spiral speeds. Zhang
et al. [9] improved the mass flow uniformity at the outlet by using different pitches. Zhong
et al. [10] performed simulations and bench tests on the influence of blade diameters
on fertilizer discharge uniformity. Therefore, from the above research and analysis, it
can be found that the rotating speed, pitch, and blade diameter are the key influencing
factors to improve the performance of single-spiral fertilizer applicators. With the rapid
development of modern dynamics, numerical methods, and computer technology, the
Discrete Element Method (DEM) has become an important technical means in the field
of agricultural engineering, and has been widely used to improve the performance of a
single screw fertilizer drainer [11-13]. Dun et al. [14] optimized the fertilizer applicator
design using the Box-Behnken (BBD) design by using the EDEM simulation software. The
Box-Behnken (BBD) design is a common method used in surface optimization approaches
and it is characterized by the execution of few tests, low cost, and acceptable results [15].
Artificial Neural Networks (ANN), a representative of machine learning algorithms, have
the potential to determine the complex relationship between input and output, as well
as high prediction accuracy and strong learning ability, and can reasonably predict and
model complex system according to the obtained results to draw conclusions [16,17]. Based
on the construction of a fertilizer discharge quantity prediction model by using a neural
network, Zhang et al. [18] investigated the influencing laws of the rotating speed of the
fertilizer discharge axis on the fertilizer discharging performances by using the EDEM
simulation technology. Although the above-mentioned works mainly focus on single-spiral
fertilizer discharge performance, in the optimization of fertilizer discharge performance,
the existing optimization accuracy is not high, and the impact of the spiral parameter
combination on the fertilizer discharging performance has been scarcely reported. Along
these lines, in this work, the BBD in response to the surface optimization approaches and
ANN were combined to accurately predict the fertilizer discharge parameter combination
by decreasing data size as much as possible. Moreover, the fertilizer discharge mechanism
was systematically explored using EDEM simulation technology.

In this work, a single-spiral fertilizer applicator was designed. The influence of the
different parameter combinations of spiral speed, blade diameter, and pitch on the CV
of fertilizer discharge uniformity was thoroughly investigated through the BBD design
experiment with discrete element simulation software. A neural network model was
chosen for the training procedure and the spiral parameter combination was optimized to
obtain the optimal fertilizer discharge effect. Moreover, the underlying fertilizer discharge
mechanism was explored. The acquired research results provide references and theoretical
reference values for the design of the spiral fertilizer applicator design and optimization of
the fertilizer discharge parameter combination.

2. Structural Design and Working Principle of the Fertilizer Applicator

The employed spiral fertilizer applicator is mainly composed of a fertilizer tank,
driving motor, coupler, fertilizer inlet, spiral, spiral shell, and fertilizer outlet (Figure 1).
According to the orchard agricultural requirements, the parameters of the spiral fertilizer
applicator are determined in Table 1. According to Equation (1), the highest rotating speed
of the spiral fertilizer applicator was 88.54 rpm.

A
Mpax < ﬁ M
where 71,4y is the critical rotating speed (rpm), A denotes the comprehensive coefficient of
materials, while it possesses the value of 28 [19], and D is the outer diameter of the spiral
(100 mm).
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Figure 1. Structural diagram of the spiral fertilizer applicator. 1. Fertilizer tank 2. Driving motor 3.
Coupler 4. Fertilizer inlet 5. Spiral 6. Spiral shell 7. Fertilizer outlet.

Table 1. Main parameters of the spiral fertilizer applicator.

Outer Diameter of Spiral

Inner diameter of spiral 30 mm

Depth of thread 35 mm
Average length of thread 218.92 mm

Average thickness of thread 2 mm

Fertilizer outlet 80 x 60 mm
Inlet 80 x 60 mm

Length of spiral 640 mm

Space between the spiral shell and blade 54 mm

When this fertilizer applicator works, the driving motor drives the spiral axis to rotate
through the coupler under the control of the controller. In the fertilizer tank, fertilizer
particles fill in spiral spaces continuously through the fertilizer inlet under the action of
gravity. Since the fertilizer particles in a spiral bear frictional resistance with the spiral shell
and their own gravity, they are moved forward along the spiral under the action of the
rotating spiral blade until they fall into the groove through the fertilizer outlet. This is the
whole process of fertilizer discharge.

3. Experimental Design Method
3.1. The Setting of the Simulation Parameters and Construction of the Simulation Platform

As an effective numerical simulation calculation method, the discrete element method
has been widely applied in agricultural machinery [20]. Hence, we selected the EDEM2021
software for simulating the working process of the spiral fertilizer application. If there is no
adhesion among fertilizer particles during the service of the spiral fertilizer applicator, the
Hertz-Mindlin (noslip) contact model is used. With references to the relevant works in the
literature [21,22], the contact parameters between the fertilizer particles and the fertilizer
applicator are determined in Table 2.

Table 2. Setting of the simulation parameters.

Attribute Parameter Value
Poisson ratio 0.25
Fertils Shear modulus (Pa) 2.8 x 107
eriizer Density (kg/m?) 1320
Diameter (mm) 3.6
Poisson ratio 0.43
PLA material Shear modulus (Pa) 1.3 x 10°

Density (kg/m?) 1240
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Table 2. Cont.

Attribute Parameter Value
Restitution coefficient 0.11
Fertilizer- fertilizer Coefficient of static friction 0.3
Coefficient of rolling friction 0.1
Restitution coefficient 0.41
Fertilizer-PLA material Coefficient of static friction 0.32
Coefficient of rolling friction 0.18

The spiral fertilizer applicator was plotted 1:1 by using the SolidWorks three-dimensional
software, stored in the format of .stl, and then input into EDEM2021. During the simulation,
the virtual particle factory generated 6 kg particles at a speed of 3 kg/s and all the particles
fell into the fertilizer tank. When all particles fell, the spiral fertilizer applicator began to
rotate (Figure 2).

d

Figure 2. Simulation test. 1. Particle factory; 2. fertilizer tank; 3. fertilizer inlet; 4. spiral shell; 5.
spiral; 6. fertilizer outlet; 7. Collection tank.

3.2. Test Design

According to previously reported works in the literature, we decided to optimize the
rotating speed, blade diameter, and pitch under the premise that agricultural requirements
are met [10]. The BBD test saves continuous tests and involves fewer test combinations
than the other test design methods under the same factor levels. The BBD test design was
applied in the simulation test and the factor level codes are listed in Table 3.

Table 3. Experimental factor levels.

Level Rotating Speed (rpm) Blade Diameter (mm) Pitch (mm)
-1 30 90 60
0 40 95 70
1 50 100 80

For accurate evaluation of the fertilizer discharge stability and uniformity of the
applicator, with reference to the test method regulated in NY/T 1003-2006, the CV of
the fertilizer discharge uniformity was chosen as the index, whereas the particle mass in
the collection tank was used after fertilizer discharge was stabilized [23]. The average
fertilizer discharge mass, standard deviation, and CV of fertilizer discharge uniformity
were calculated with Equations (2)—(4).

6
i Z=M g 55 ) @)
6 L
S W(i:m,s...e) 3)

CV = 2 x 100% @)

S
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where 71 is the mean mass of statistical fertilizer particles after stabilization of the fertilizer
discharge (g), m; refers to the fertilizer particle mass in the interval of time i (g), S denotes
the standard deviation per unit interval (g), and CV stands for the CV of fertilizer discharge
uniformity per unit interval (%).

3.3. Data Processing

The simulation test data were extracted and Excel was used for data processing. The
neural network platform in JMP Pro 14.0 software was also used. The standard least square
method is advantageous for quick convergence and high accuracy [24]. Hence, it was
applied here for optimal analysis.

4. Results and Analysis
4.1. Construction of the Prediction Model

The design principle, design, and results of the BBD test are listed in Table 4. The
fitting model in the JMP Pro 14.0 software and the standard least square method was
applied for fitting, thus enabling the easy calculation of the unknown data and realizing
the minimum quadratic sum of the error between these and the practical data.

Table 4. Test design and results.

Testing No.  Spiral Speed (rpm)  Blade Diameter (mm) Pitch (mm) CV (%)
1 1 0 1 24.10
2 -1 0 -1 39.16
3 0 1 1 23.61
4 0 1 -1 25.44
5 -1 1 0 38.86
6 -1 0 1 32.00
7 -1 -1 0 33.61
8 0 0 0 24.77
9 0 -1 -1 24.64
10 1 1 0 23.41
11 1 0 -1 22.72
12 0 0 0 24.32
13 1 -1 0 21.42
14 0 -1 1 22.84
15 0 0 0 24.21

After several stages of neural network training, a three-layer neural network with a
structure of 3 x 4 x 1 was adopted. It included three input neurons representing speed,
blade diameter and pitch, four hidden layer neurons; and one output neuron, representing
the uniformity coefficient of variation (CV). The value of each parameter was set, the
number of hidden nodes was four, the verification method was “K-fold” cross-verification,
fold number was five, and the reproducibility random seed was ten. The activation function
is the S-shaped TanH function, the learning rate is 0.1, the model is five, the fitting option is
the transformation covariable, the penalty method is the square, and the process number is
five. As can be seen from Figure 3, the p < 0.05 model was significant, the root-mean-square
error (RMSE) of fertilizer discharge parameters to the CV of the fertilizer uniformity-
prediction value was 0.0111, the determination coefficient was 0.99, and the residual errors
of the prediction value are mainly within £0.005. In a word, this prediction model exhibited
a good prediction ability.
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Figure 3. Relation map between the of the fertilizer discharge uniformity based on the fertilizer
discharge parameters.

4.2. Optimization and Analysis of the Prediction Model

A three-dimensional surface diagram was plotted by using the surface descriptor
in JMP Pro 14.0. The acquired results are shown in Figure 4. As can be observed from
Figure 4a, when the pitch was fixed at 70 mm, the CV of fertilizer discharge uniformity
decreased first and then increased with the continuous increase in the rotating speed. When
the speed was 30 rpm, the CV of the fertilizer discharge uniformity approached the value
of 0.4. With the increase in the blade diameter, the CV of the fertilizer discharge uniformity
changed slightly. As can be ascertained from Figure 4b, when the blade diameter was fixed
at 95 mm, the CV of the fertilizer discharge uniformity decreased with the increase in the
pitch, indicating that the fertilizer discharge effect is good. Figure 4c illustrates that when
the rotating speed was fixed at 40 rpm, the CV of the fertilizer discharge uniformity changed
slightly with the increase in the blade diameter and pitch. To summarize, the rotating speed
exerts the principal affected the fertilizer discharge uniformity, while the blade diameter
and pitch had a relatively smaller influence. When seeking the spiral fertilizer discharge
parameters, the fertilizer discharge uniformity increased with the decrease in the CV of
fertilizer discharge uniformity, indicating the better fertilizer discharge effect. The spiral
fertilizer discharge parameters were optimized by the prediction descriptor in the JMP Pro
14.0 software. The acquired results are shown in Figure 5.
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(a) Rotating speed and blade diameter (c) Pitch and blade diameter

Figure 4. Impact of rotating speed, blade diameter and rotating speed on the CV of the fertilizer
discharge uniformity. Notes: (a) The pitch was fixed at 70 mm; (b) blade diameter fixed at 95 mm;
(c) rotating speed fixed at 40 rpm.
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Figure 5. Prediction depiction diagram of neural network.

As can be seen from Figure 5, the minimum CV of fertilizer discharge uniformity was
achieved when the rotating speed, blade diameter, and pitch were 47.6 rpm, 90 mm, and
60 mm, respectively. The above-mentioned results were obtained based on the prediction
model and they have to be further verified from the perspectives of macroscopic particle
flow and microstructure.

4.3. Verification of the Prediction Model

In order to test the neural network model, the neural network optimization parameter
group and two new factor level combinations (see Table 5) were selected for the experiment.
Three groups of the test data were used as input for verification and the built prediction
model was used to predict the results. The prediction results were compared with the
simulation results (Table 5) to test the accuracy and stability of the prediction model. As
can be seen from Table 5, the relative error between the prediction and simulation results is
small and the built prediction model has good prediction ability. This prediction model can
be also used to predict the fertilizer discharge parameters.

Table 5. Comparison of the neural network model prediction and simulation results.

Parameter CV(%)
. Relative Error
Testing No. Rotating Blade Pitch (mm) Simulation Prediction (%)
Speed (rpm) Diameter (mm) Value Value
1 47.6 90 60 19.05 21.24 2.19
2 47.6 90 70 19.35 21.63 2.28
3 45 90 60 19.15 21.57 2.42

4.4. Mechanism Analysis of the Fertilizer Applicator

Although the spiral fertilizer applicator has a relatively simple structure, the motion
state of the fertilizer particles in the applicator was relatively complicated. In this work,
a qualitative analysis of the fertilizer discharging performances of the spiral fertilizer
applicator was carried out by combining the prediction parameters of the neural network
model and another two groups of simulation parameters of the spiral. The fertilizer
discharging performances were manifested by the transient fertilizer discharge effect and
the contact force of the fertilizer particles. Moreover, a quantitative analysis of the CV of
the transient fertilizer discharge rate and fertilizer filling coefficient was performed.

4.4.1. Macroscopic and Mesoscopic Analyses of the Fertilizer Discharge Process

The periodic fluctuation of the fertilizer discharge quantity is one of the causes for
the poor fertilizer discharge uniformity. The transient fertilizer discharge effect when the
spiral fertilizer applicator is rotating by different phase angles is shown in Figure 6. Group
1 refers to the group of the optimized fertilizer discharge parameters. As can be observed
from Figure 6, the fertilizer discharge quantity of Group 2 at the outlet presents obvious
periodic fluctuation, which is mainly attributed to the continuous rotating of the spiral
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blade and the periodic changes of the opening between the spiral blade and the fertilizer
outlet. Moreover, the transient fertilizer discharge of Group 1 was relatively uniform.

Group 2 *
2
Group 3 *

2.0° b.90° c.180° d.270°

Figure 6. Transient fertilizer discharge effect when spiral fertilizer applicator rotates for different
phase angles. Notes: Numbers 1, 2, and 3 are the numbers of observation groups. Group 1: rotating
speed of 47.6 rpm, blade diameter of 90 mm, pitch of 60 mm (optimal conditions); Group 2: rotating
speed of 30 rpm, blade diameter of 95 mm, pitch of 60 mm; Group 3: rotating speed of 50 rpm, blade
diameter of 100 mm, and pitch of 70 mm.

The contact force of fertilizer particles is the resultant force on fertilizer particles. The
existence of an uneven distribution of the contact forces of fertilizer particles can easily
lead to uneven distribution of the fertilizer filling coefficient and it is one of the causes of
the poor fertilizer discharge uniformity [19]. The contact resultant force of the fertilizer
particles when the simulation test reached stability is shown in Figure 7 (the arrow direction
is the resultant direction; the dark blue contact force is 0 and the red contact force denotes
the peak). The red contact force of Group 2 was distributed below the spiral and at the inlet.
The red contact force of Group 3 was mainly distributed below the spiral and right wall of
the inlet. The red contact force of Groups was distributed relatively uniformly. According
to the comparison of three groups of the spiral parameters, the fertilizer particle stresses of
Group 1 were relatively uniform.

Group 2

Figure 7. Contact forces of the fertilizer particles. Notes: Numbers 1, 2, and 3 are the numbers of
observation groups. Group 1: rotating speed of 47.6 rpm, blade diameter of 90 mm, pitch of 60 mm
(optimal conditions); Group 2: rotating speed of 30 rpm, blade diameter of 95 mm, pitch of 60 mm;
Group 3: rotating speed of 50 rpm, blade diameter of 100 mm, pitch of 70 mm.
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4.4.2. Macroscopic and Mesoscopic Analyses of the Fertilizer Discharging Performances
during the Fertilizer Discharge Process

The periodic fluctuation of the transient fertilizer discharge quantity at the outlet
can influence the fertilizer discharge uniformity. A quantitative analysis of the CV of the
transient fertilizer discharge rate was carried out. As can be seen from Figure 8a, the CV of
the transient fertilizer discharge rate of the Group 1 was the lowest (56.20%), followed by
that of Group 3 (58.31%). The CV of the transient fertilizer discharge rate of Group was
the highest, reaching 69.53%. The transient fertilizer discharge uniformity of Group 1 was
better than for Group 2 and Group 3, respectively.

|(ﬁumup 1] |(_|roup 2[ |(Jmup 3\
rotating speed : 47.6 rpm 30 rpm 50 rpm
blade diameter : 90 mm 95 mm 100 mm 057 -
pitch : 60 mm 60mm 70 mm
""" 1
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Figure 8. Impact of the different spiral fertilizer discharge parameter combinations on fertilizer dis-
charging performances. (a) Impact of the different spiral fertilizer discharge parameter combinations
on the transient fertilizer discharge. (b) Impact of the different spiral fertilizer discharge parameter
combinations on the filling coefficient.

The stability of the fertilizer filling coefficient influences the discharge uniformity. The
fertilizer filling coefficient refers to the filling coefficients of fertilizers in different spiral
sections, which is the volume ratio of the fertilizer particles per unit length and the spiral
spatial volume of the fertilizer discharge at an equal length. As can be ascertained from
Figure 8b, the filling coefficient of Group 2 decreased quickly, while those of Group 1 and
Group 3 decreased slowly. The filling coefficient of Group 1 changed slightly and the
fertilizer discharge was relatively uniform.

To summarize, it can be concluded from the macroscopic structure that the transient
fertilizer discharge rate of Group 1 was relatively uniform. According to the microstructure,
the contact force of fertilized particles in Group 1 is distributed relatively uniformly. From
both the macroscopic and microscopic phenomena, it was demonstrated that the CV of
fertilizer discharge uniformity was relatively small.

4.4.3. Fertilizer Discharge Process Discussion Based on Force Chains

Except for the above-mentioned reasons, there are interacting force chains among
the fertilizer particles, which are one of the influencing factors of the fertilizer discharge
uniformity (Figure 9). The variations of the different phase-angle force chains in different
groups are displayed in Figure 9. As can be seen from Figure 9 (b1,b2,b3) and Figure 9
(c1,c2,c3), the fertilizer particles cannot be discharged in a timely way since they cannot
break the force chain with their own gravity during the fertilizer discharge process, thus
resulting in the uneven fertilizer discharge. Cui et al. [25] pointed out that the force chain
broken by external stresses failed on a large scale when the uniform distribution of force
chains existed. Hence, when the force chains formed by contacts of fertilizer particles can
be distributed uniformly, they can be broken in a timely way upon gravity and fertilizers
can be discharged. Thereby, a uniform fertilizer discharge procedure can be realized.
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Figure 9. Variation of the force chains when spiral fertilizer applicator rotates by different phase
angles. Notes: Numbers 1, 2, and 3 are the numbers of the observation groups. Group 1: rotating
speed of 47.6 rpm, blade diameter of 90 mm, pitch of 60 mm (optimal conditions); Group 2: rotating
speed of 30 rpm, blade diameter of 95 mm, pitch of 60 mm; Group 3: rotating speed of 50 rpm, blade
diameter of 100 mm, pitch of 70 mm.

4.5. Bench Test

A bench test was carried out to verify the reliability of the simulation test by using
the optimal fertilizer discharge parameters (rotating speed of 47.6 rpm, blade diameter of
90 mm, and pitch of 60 mm). The fertilizer particles are poured into the fertilizer tank and
the motor is controlled through the control panel. The mass of fertilizer particles in the
container is weighed, as show in Figure 10. A total of 10 tests were carried out to obtain
statistics on the upper and the lower limits, as depicted by red dotted lines in Figure 11.
The dotted lines represent the upper and lower limits of the multiple tests. If the simulation
data (green solid line) are within the range of the dotted lines, the simulation data agree
with the practical data. As can be seen from Figure 11, the green solid line was always
kept within two green dotted lines, indicating that the simulation test data have a relatively
high reliability.
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Figure 10. Experimental principles.
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Figure 11. Depiction of the verification results.

5. Conclusions

In this work, a spiral fertilizer discharge parameter dataset was built by using the
BBD design. A prediction model was constructed by using the CV of fertilizer discharge
uniformity as the response index and the standard least square method in JMP Pro 14.0. The
parameter combinations were optimized and the fertilizer discharge effects under different
parameter combinations were predicted. Moreover, the fertilizer discharge mechanism was
explored through the EDEM simulation.

(1) The three-factor three-level BBD test of the spiral fertilizer applicator was imple-
mented by choosing the rotating speed, blade diameter, and pitch. An ANN prediction
model that used the CV of the fertilizer discharge uniformity as the index, rotating speed,
blade diameter, and pitch as inputs was constructed. According to the acquired results, the
determination coefficient and MRE of the model were 0.99 and 2.29%, respectively. In a
word, this prediction model exhibited good prediction capability.

(2) The influence of the different fertilizer discharge parameter combinations on
fertilizer discharging performances of the spiral fertilizer applicator was analyzed in this
work. Furthermore, an EDEM simulation model was built and the fertilizer discharge
mechanism was explored. (1) During the fertilizer discharge process, the fertilizer discharge
uniformity was low due to the continuous rotation of the spiral blade and periodic changes
of the opening between the spiral blade and fertilizer outlet. (2) During the fertilizer
discharge, since interacting force chains among fertilizer particles were not broken in a
timely way, poor fertilizer discharge uniformity was obtained.

(3) With comprehensive consideration of the fertilizer discharge efficiency and effect, as
well as the CV of fertilizer discharge uniformity, the spiral parameters after the optimization
by the neural network were as follows: rotating speed of 47.6 rpm, blade diameter of 90 mm,
pitch of 60 mm, and CV of fertilizer discharge uniformity of 19.05%. Under these optimal
parameters, the fertilizer discharge effect and the efficiency were relatively good.
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