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ABSTRACT

In order to improve the adaptability of the fertilizer point-applied device to the working speed, the key
components of the high-speed fertilizer point-applied device were designed and simulated by numerical
calculation in this study. The effects of working speed, discharging height and discharging mass on the
distribution length of fertilizer particles were analyzed by a one-factor test, and a suitable range of factors was
determined. The Box-Behnken test was conducted to investigate the interaction effect of the three factors on
the distribution length of fertilizer particles, and the quadratic regression was fitted to the test results to establish
the regression equations of working speed, discharging height and discharging mass on the distribution length
of fertilizer particles, and the optimal combinations of the parameters of working speed, discharging height and
discharging mass were obtained by solving the equations. Finally, the reliability and authenticity of the
simulation analysis were verified by bench test.
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INTRODUCTION

As most crops inter-root soil accounts for a low proportion of the total volume of farmland soil, the
nutrients absorbed by the crop root system only come from the limited soil around the root system (Zhang et
al., 2020; Gu et al., 2023), root zone fertilization can effectively improve the fertilizer utilization rate (Jiang et
al., 2018), compared with the conventional strip fertilization to reduce costs and increase efficiency is obvious
(Adu-Gyamfi et al., 2019). However, there are few research reports related to root zone fertilization machinery,
and the lack of corresponding machinery and equipment restricts the promotion and application of root zone
fertilization agronomy (Ding et al., 2018; Li et al., 2019; Dimkpa et al., 2020).

As the core working part to realize the point application of fertilizer in the root zone, the performance of
the fertilizer point-applied device directly affects the precision of fertilizer application and the utilization rate of
fertilizer efficiency. By controlling the opening and closing of the flap, Zhang et al., (2018), intermittently
distributed a continuous stream of fertilizer particles into the soil layer at a depth of 7-23 cm directly below the
seeds. Liu et al., (2018; 2021), used the spaced fertilizer cavity to take fertilizer in precise quantity, with positive
pressure airflow to carry the fertilizer particles to be thrown out quickly, so as to realize the fertilization of the
root zone hole application. Wu et al., (2018), used a rocker to control the opening and closing of a duckbill
valve to achieve fertilizer burrowing. Du et al., (2023; 2022), used the Geneva intermittent mechanism to realize
the root zone cavitation of fertilizer granules, which can effectively improve the fertilizer utilization and crop
yield. Dang et al., (2022), proposes a novel optimization scheme for controlling fertilization rates in bivariate
fertilizer applicators, utilizing EDEM for parameter acquisition and optimization algorithms for improved
accuracy and adjustment time.
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Zhang et al., (2020), use the DEM to solve the problem of fertilizer application in orchards, especially
the problem of low uniformity. By proposing and simulating three fertilizer guiding mechanisms and analyzing
the physical parameters, it was determined that the optimal radius of curvature of the mechanism is 600 mm,
which can significantly improve the uniformity of fertilizer application by 49.02%. Feng et al., (2021), presented
a deep fertilizer application mechanism with deformed gears and a corresponding test rig, where factors such
as planetary carrier, spray hole size and pump pressure were optimized to meet the agronomic requirements.
Hu et al., (2020), introduced a lightweight organic fertilizer distributor, which ensures the accuracy and
uniformity of fertilizer application and reflects the stability and reliability of the control system by establishing a
mechanical model and a mathematical model of fertilizer output.

Although experts and scholars have researched various principles and forms of point-applied fertilizer
devices (Hu et al., 2017), generally the effect of fertilizer particles into points at high-speed operation is poor.
Based on the high-speed centrifugal principle, a new type of fertilizer point-applied device is designed, which
can effectively increase the working speed and improve the formation effect of fertilizer particle spot application.
Taking the fertilizer point-applied device as a specific analysis object, the effects of working speed, discharge
height and discharge mass on the distribution performance of fertilizer particles were explored by DEM
simulation, and the interaction effects of each factor were obtained by Box-Behnken. This paper will provide
equipment and technical reference for the development of efficient fertilizer application technology.

STRUCTURE AND KEY PARAMETERS

At present, fertilizers are generally applied synchronously at the time of planting, mainly relying on corn
fertilizer planter for mechanized operation, the fertilizer system is its key component (shown in Figure 1),
consisting of fertilizer box, fertilizer supply device, fertilizer supply pipe, fertilizer point-applied device, brushless
motor, coupling, stepping motor and other components.

4
5
Fig. 1 — Fertilizer application system schematic

1. Fertilizer box; 2. Fertilizer supply device; 3. Fertilizer supply pipe;
4. Fertilizer point-applied device 5. Brushless motor 6. Coupling 7. Stepping motors

The main component of fertilizer point-applied device is shown in Fig. 2, which consists of screws,
fertilizer feed tube, fertilizer discharge wheel, rubber push plate, fertilizer discharge tube, fertilizer discharger
shell, nuts and bearings. Fertilizer discharge wheel rotates counterclockwise, and the fertilizer feed pipe
continuously flows into the fertilizer particles stream. Fertilizer particles move counterclockwise under the joint
action of the rubber push plate and the shell. When the fertilizer particles pass through the fertilizer discharge
tube, they are thrown out at high speed by centrifugal force. With each revolution of the fertilizer discharge
wheel, a heap of fertilizer granules is discharged.

MATERIALS AND METHODS
Simulation model construction

In this paper, the Stanley compound fertilizer (N-P205-K20 15-15-15) produced by Stanley Agricultural
Group Co., Ltd. was selected as the research object. The average triaxial dimensions of the fertilizer particles
were about 3.83 mmx3.62 mmx3.45 mm, which were randomly selected from 100 samples of fertilizer particles
and measured with digital calipers (accuracy 0.01 mm).
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The equivalent diameter and sphericity were 3.63 and 0.95, respectively. Their angle of repose, bulk
density and water content were 31.6°, 984.6 kg/m? and 0.23%, respectively. Due to the high sphericity of the
fertilizer particles, a single sphere with a diameter of 3.63 mm was used in the DEM simulation to model the
fertilizer particle simulation (Du, 2023).

Fig. 2 — Structure of fertilizer grooved wheel
1. Screws; 2. Fertilizer feed tube; 3. Fertilizer discharge wheel; 4. Rubber push plate;
5. Fertilizer discharge tube; 6. Fertilizer discharger shell; 7. Nuts; 8. Bearings
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Fig. 3 — Schematic diagram of fertilizer particles distribution performance based on simulation
1. Fertilizer particles; 2. Conveyor belts; 3. Geometry bin

Modeling of the fertilizer point-applied device was carried out in the 3D drawing software SolidWorks
2016, which was saved in Step format and then imported into EDEM 2020, as shown in Fig. 3. The constitutive
parameters and contact parameters of the coated fertilizer particles used in the simulation refer to related
literature (Du et al., 2021; Du et al., 2022), and the values are shown in Table 1. The time step of the simulation
in EDEM is 5x10% s, every 0.01 s the data is saved once, and the total simulation time is 6 s.

Table 1
Simulation parameters table
Parameters Fertilizer granules ABS Conveyor belt
Poisson's ratio 0.225 0.394 0.350
True Density (kg/m?3) 2474 1060 1357
Shear modulus (Pa) 1.53x108 8.90x108 7.27x108
Coefficient of restitution 0.625 0.475 0.02
Coefficient of static friction 0.175 0.425 1.25
Coefficient of rolling friction 0.037 0.095 1.24
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Test indicators
In order to study the fertilizer distribution effects of the fertilizer point-applied device, as shown in Fig. 3,
set the fertilizer point-applied device stationary relative to the conveyor belt, add the Conveyor Translation
movement for the conveyor belt in EDEM, and the fertilizer particles discharged from the fertilizer point-applied
device fall onto the conveyor belt and then will move to the right relative to the fertilizer point-applied device.
Set up the indicators to evaluate the fertilizer distribution effects of the point-applied device: fertilizer particle
distribution length L, which are calculated as follows:
Lei = Xi irst — Xitast (1)
Ly is the distribution length of fertilizer particles in the i-th hole, mm. X s is the x-direction displacement of
the particles of the i-th hole fertilizer particles that first fall on the transmission belt, mm. X; ..« is the x-direction

displacement of the last particle in the i-th hole fertilizer particle that falls on the transmission belt, mm.

The calculation method of the average particle distribution length of fertilizer is as follows:

n

Z Lfi (1)

Lf — i=1
n

where Lyis the average particle distribution length of fertilizer, mm; # is the number of fertilizer holes.

RESULTS
Working speed

When fertilizer discharging height and fertilizer discharging mass were 75 mm and 6.0 g, respectively,
the operating speeds were set to 3.6, 5.4, 7.2, 9.0 and 7.2 km/h, the variation of the distribution length of the
fertilizer particles with the working speeds was obtained as shown in Figure 4.
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Fig. 4 — Variation of the performance of the fertilizer particles distribution with the working speed
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From the box line plot, it can be seen that the median of the fertilizer particle distribution length increases
gradually with the increase in operating speed, indicating that the fertilizer particle distribution length increases
with the increase in operating speed. When the working speed is less than 7.2 km/h, the distance between the
upper and lower boxes of the box plot is shorter, indicating that the distribution length of fertilizer particles is
more concentrated, the coefficient of variation is smaller, and the working performance is more stable; on the
contrary, when the working speed is greater than 7.2 km/h, the distribution length of fertilizer particles is more
dispersed, which indicates that the performance of the fertilizer point-applied device is not particularly stable
in high-speed operation.

Fertilizer discharging height

When working speed and fertilizer discharging mass were 7.2 km/h and 6.0 g, respectively, the fertilizer
discharging height were set to 25, 50, 75, 100 and 125 mm, the variation of the distribution length of the
fertilizer particles with the fertilizer discharging height was obtained as shown in Figure 5.
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Fig. 5 — Variation of the performance of the fertilizer particles with the fertilizer discharging height

From the box line plot, it can be seen that the median of the fertilizer particle distribution length increases
gradually with the increase in the fertilizer discharging height, indicating that the fertilizer particle distribution
length increases with the increase in the fertilizer discharging height. When the fertilizer discharging height is
less than 75 mm, the distance between the upper and lower boxes of the box plot is shorter, indicating that the
distribution length of fertilizer particles is more concentrated, the coefficient of variation is smaller, and the
working performance is more stable; on the contrary, when the discharging height is greater than 75 mm, the
distribution length of fertilizer particles is more dispersed, which indicates that when the discharge height is
larger, the performance of the point fertilizer application device is not particularly stable.

Fertilizer discharging mass

When working speed and fertilizer discharging height were 7.2 km/h and 75 mm, respectively, the
fertilizer discharging mass were set to 3.0, 4.5, 6.0, 7.5 and 9.0 g, the variation of the distribution length of the
fertilizer particles with the fertilizer discharging mass was obtained as shown in Figure 6.
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Fig. 6 — Variation of the performance of the fertilizer particles with the fertilizer discharging mass

From the box line plot, it can be seen that the median of the fertilizer particle distribution length increases
gradually with the increase in the fertilizer discharging mass, indicating that the fertilizer particle distribution
length increases with the increase in the fertilizer discharging mass. When the fertilizer discharging mass is
less than 6.0 g, the distance between the upper and lower boxes of the box plot is shorter, indicating that the
distribution length of fertilizer particles is more concentrated, the coefficient of variation is smaller, and the
working performance is more stable; in contrast, the distribution length of the fertilizer particles was more
dispersed when the mass of fertilizer discharged was greater than 6.0 g, suggesting that the performance of
the fertilizer point-applied device was not particularly stable at larger masses of fertilizer discharged.
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Interactions among the factors

The above analyses focused on considering the effect of a single factor on the target. In order to further
analyze the pattern of the interaction between factors on the target results, a Box-Behnken test was designed
with the working speed, fertilizer discharge height and fertilizer discharging mass as test factors, and fertilizer
distribution length as test indicator. The test factors and levels are shown in Table 2. The test protocol and
results using Design-Expert 8.0.6 are shown in Table 3.

Table 2
Test levels and factors
Test level Speed v, Height & Mass m
(m/s) (mm) (9)
+1 10.8 125 9
0 7.2 75 6
-1 3.6 25 3
Table 3
Box-Behnken experiment design and results
Speed v, Height / Mass m Length y
No. (m/s) (mm) (9) (mm)
1 3.6 25 6 49
2 10.8 25 6 1M1
3 3.6 125 6 105
4 10.8 125 6 188
5 3.6 75 3 58
6 10.8 75 3 125
7 3.6 75 9 94
8 10.8 75 9 192
9 7.2 25 3 47
10 7.2 125 3 94
11 7.2 25 9 98
12 7.2 125 9 173
13 7.2 75 6 135
14 7.2 75 6 128
15 7.2 75 6 133
16 7.2 75 6 130
17 7.2 75 6 126

Multiple regression analysis was performed on the test results using Design-Expert 8.0.6 and Table 4
shows the results of the ANOVA of the regression model for the mean fertilizer particle distribution length.

From Table 4, it can be seen that the P-value of the quadratic regression model for the mean particle
distribution length of fertilizer is less than 0.05 and the P-value of the lack of fit is greater than 0.05, which
indicates that the model obtained from the regression is very significant and the regression equation does not
suffer from the problem of unfitness. Therefore, the quadratic regression equation between each factor and
the length of fertilizer particle distribution was obtained as follows:

y=-73.34+5.88v,, +1.09h +16.64m+0.03v, h+0.72v,m

2
+0.05hm—0.11v? —0.006h* —1.30m? @)

The results of ANOVA showed that working speed, discharging height and discharging mass had a
significant effect on the mean fertilizer particle distribution length, and the three factors had a significant effect
on the mean fertilizer particle distribution length in the order of discharging height, working speed and
discharging mass. The interaction terms working speed and fertilizer discharging mass, and fertilizer
discharging height and fertilizer discharging mass had a significant effect on the mean fertilizer particle
distribution length.

839



Vol. 71, No. 3 / 2023

INMATEH - Agricultural Engineering

Table 4
Box-Behnken experiment design and results
Length y (mm)
Source of variance
Sum of square Degree of freedom F-value P-value
Model 29211 9 108.47 <0.0001**
Vin 4458 1 148.99 <0.0001**
h 4563 1 152.50 <0.0001**
m 3400 1 113.64 <0.0001**
Vih 110 1 3.68 0.0964
Viih 240 1 8.03 0.0253*
hm 196 1 6.55 0.0376*
V2 9 1 0.30 0.6034
h? 1038 1 34.69 0.0006**
m? 576 1 19.26 0.0032**
Residual 209 7
Lack of Fit 156 3 3.92 0.1102
Pure Error 53 4
Cor Total 29420 16

Note: P<0.01 (highly significant, **); P<0.05 (significant, ).

In order to analyze the effect of the interaction term on the average particle distribution length of the
fertilizer, a response surface was plotted as shown in Figure 7.
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Fig. 7 — Response surface diagram
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Fig. 7(a) shows the interaction effect of working speed and discharging mass on the distribution length
of fertilizer particles. It can be seen that the distribution length of fertilizer particles increases with increasing
discharging mass and working speed. Fig. 7(b) shows that the distribution length of fertilizer particles increases
with increase in discharging mass and discharging height.

In order to solve the optimal combination of factors within the constraint range, the multi-objective
optimization of fertilizer particle formation performance was carried out using the minimum distribution length
as the evaluation index, and the optimization objective function and constraints are as follows.
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Yimin (Vm’ h, m)
3.6 km/h <v_ <10.8 km/h
5.1.425 mm <h <125 mm
3g<m<9g

After multi-objective optimization of the regression equation using Design-Expert 8.0.6, the fertilizer
distribution length was 114.12 mm for the working speed, discharging height and mass of fertilizer at 4.05 km/h,
89 mm and 8.58 g. Repeating the numerical simulation three times in this condition, the fertilizer distribution
length was 117.61 mm with the relative error of 3.06%, indicating that the regression equation is reliable.

©)

Bench experiment

The key components of the fertilizer point-applied device were injection-molded by Tiertime UP 600 3D
printer (accuracy 0.1 mm, ABS material). The operational performance of the fertilizer point-applied device was
tested on the JPS-12 multifunctional seed metering test rig at the College of Engineering, China Agricultural
University, as shown in Figure 8.

Fig. 8 — Schematic diagram of the fertilizer point-applied device
1. Fertilizer box; 2. Fertilizer supply device; 3. Fertilizer supply pipe; 4. Conveyor belt;
5. Fertilizer point-applied device; 6. Mounting bracket; 7. Stepping motors

In the three bench tests, the average distribution length of fertilizer particles was obtained to be 136 mm.
Compared with the DEM simulation, the relative error was 19.17%. The small relative errors indicate that the
overall accuracy of the established DEM simulation model is high.

CONCLUSIONS

In this study, the design and numerical calculation simulation of the key components of the high-speed
fertilizer point-applied device were carried out. The effects of working speed, discharging height and
discharging mass on the distribution length of fertilizer particles were analyzed by a one-factor test, and a
suitable range of factors was determined. The interaction effect of the three factors on the distribution length
of fertilizer particles was investigated by Box-Behnken test, and a quadratic regression was fitted to the test
results to establish the regression equations of working speed, discharging height and discharging mass on
the distribution length of fertilizer particles, and solved to obtain the smallest distribution length of fertilizer
particles when the operating speed, discharge height and discharge mass were 4.05 km/h, 89 mm and 8.58
g, respectively. Finally, the reliability and authenticity of the simulation analysis were verified by bench test.
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