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Abstract: Fertilizer particles have strong hygroscopicity and agglomeration often occurs during their
storage, which leads to a blocked phenomenon during the operation of the external grooved wheel
fertilizer discharger. In this study, the bond model of fertilizer block was constructed based on the
discrete element method (DEM) to further explore the effect of different working parameters of
the spiral grooved wheel on the fertilizer discharge characteristics. According to the Box-Behnken
experimental design principle, a three-factor and three-level simulation experiment was carried
out with the factors of grooved wheel speed, grooved wheel section shape, and spiral rise angle.
The simulation results showed the variation coefficient of fertilizer uniformity was affected, from
important to secondary, mainly by the rotating speed of the grooved wheel, the cross-sectional
shape of the grooved wheel, and the spiral rise angle. The broken rate of fertilizer block bond was
affected, from important to secondary, mainly by the spiral rise angle, the cross-sectional shape of
the grooved wheel, and the rotational speed of the grooved wheel. The optimal combination of
working parameters was obtained by optimizing and analyzing the data; the rotating speed of the
grooved wheel was 21 r/min, the scoop section, and the spiral rise angle was 70°. Under the best
working parameters, the variation coefficient of fertilizer uniformity was 8.56%, and the broken rate
of fertilizer block bond was 97.67%. The validation experiment results showed that the variation
coefficient of fertilizer uniformity was 9.23%, the broken rate of fertilizer block bond was 94.28%, and
the relative data error was less than 10%. The experimental results are close to the simulation results.
The research results can provide a reference for the structural design and parameter optimization of
spiral grooved wheel fertilizer discharger.

Keywords: discrete element method; fertilizer block; fertilization device; bond model

1. Introduction

Chemical fertilizer is high in nutrients and demonstrates a strong water absorption
and easy adhesion [1]. It is widely used in agricultural production and is an important
nutrient source for crop growth and development [2]. According to statistics, in 2021,
China’s agricultural chemical fertilizer production reached 55.43 million tons, and the
application amount exceeded 52.51 million tons. China has become one of the largest
fertilizer production and application countries in the world [3]. The rainfed agriculture
systems in the northwest of China mostly uses solid fertilizer, which has strong water
absorption and is easy to agglomerate in daily storage. When applying fertilizer with an
external grooved wheel fertilizer discharger (EGWFD), it is easy to cause the accumulation
of fertilizer in the storage box and block the fertilizer discharge pipe, which leads to fertilizer
leakage, affecting crop growth [4].

The EGWFD has good stability and uniformity during operation. It can adjust the
amount of fertilizer discharged by changing the rotating speed and working length of
the grooved wheel (GW). Due to its simple structure, high reliability, and low cost, it is
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widely used in field fertilization [5,6]. Relevant scholars have carried out research on the
EGWED. In terms of the structural design of GW, Dun et al. [7] designed a GW-type fertilizer
blending device and optimized the structural parameters to study the layered fertilizer
application technology. Song et al. [8] designed the shape and structural parameters of
the GW and studied the EGWFD device suitable for fertilization using a unmanned aerial
vehicle. Sugirbay et al. [9] designed an outer GW with roller columns regularly distributed
on the surface. This structure has good uniformity and stability in the process of fertilizer
discharge and is also suitable for damp particles. In the study of fertilizer discharge
stability, Zhang et al. [10] built a generalized regression neural network prediction model
of fertilizer discharge amount with the opening of the fertilizer discharge port and the
rotation speed of the screw external GW fertilizer discharger as variables and explored the
influence of different variables on the fertilizer discharge stability. Lv et al. [11] used the
self-developed discrete element method (DEM) software to analyze the fertilizer amount
of the EGWFD. When the working length of the GW remains unchanged, the fertilizer
amount will increase with the increase in the GW speed; When the GW speed is fixed, with
the increase in the working length of the GW, the amount of fertilizer discharged increases
slowly at the beginning and then increases rapidly. Zeng et al. [12] studied the stability of
the EGWEFD in the process of fertilizer filling. In terms of theoretical analysis, Sun et al. [13]
examined how the outer GW structure easily damaged the fertilizer during the process of
fertilizer discharge. They used simulation methods to study the speed and stress changes
of particles in the process of fertilizer discharge. Through simulation, regression model and
experimental analysis, they obtained the best fertilizer operation parameters.

In summary, the above research involves the structural parameters, working parame-
ters, and fertilizer discharging performance of the -discharging device. Most of which are
of straight GW structure, less of spiral structure. In addition, it does not involve the broken
fertilizer performance and fertilizer discharging uniformity of the GW fertilizer discharging
device, and it does not consider the blockage of the fertilizer discharging pipe. Therefore, it
is of practical significance to explore the influence of the structural parameters of the spiral
GW on broken fertilizer performance and uniformity of the fertilizer discharge. In this study,
Urea granules are taken as research objects. Bond model of DEM is established according to
physical characteristics. The mathematical model between different GW structures, broken
fertilizer performance, and fertilizer discharge uniformity is built using a Box-Behnken
experiment scheme. The action rules between different variables and response indicators
are obtained through response surface method analysis. Finally, bench verification experi-
ments are conducted. The research results provide a reference for the structural design and
optimization of the spiral grooved wheel fertilizer discharger (SGWFD).

2. Materials and Methods
2.1. Bond Model of DEM

Since Cundall and Strack proposed the DEM in 1979, it has been widely used in various
industries [14]. This algorithm is a time driven efficient numerical simulation method
based on soft sphere model [15], which can accurately predict the movement behavior of
powder particles and granular materials. The application of DEM has deepened human
understanding of the movement law of bulk materials in agricultural production.

Bond model is often used in the study of material breakage [16]. Figure 1 is a schematic
diagram of bond model of DEM. Two particles bonded at the contact point. The bonding
characteristics are equivalent to a group of springs on the circular section of the particles.
The macro mechanical characteristics are characterized by micro forces and moments at the
contact point. In the simulation, the force, moment, displacement and velocity between
particles are calculated using Newton’s second law. When the bond between particles is
broken, the force and moment will follow Hertz-Mindlin (no slip) contact model [17], and
the bond property between particles will disappear.
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Figure 1. Schematic diagram of bond model. Note: F; j, is the resultant of forces of particle A acting

on particle B; My, Mi, are normal torque and tangential torque, respectively; n;, 7; are normal
and tangential components, respectively; Ly, is the overlap of particle A and particle B; Ry, is the
bond radius.

Without considering the air resistance, the main field force on the particles is gravity.
The motion control equations are as follows [18]:

dv;

m ol = (R +E) + G 1)
dw:

it = Y (R x By =) @)

where v; is the linear velocity of particle i, m/s; w; is the angular velocity of particle i, rad/s;
G; is the gravity of particles, N; I; is the moment of inertia of the particle, kg-m?; Fg is the
normal force between particles, N; Fitj is the tangential force between particles, N; R; is the
distance from the center of mass to the contact point when the tangential force Fitj acting on

the particles, mm; 7j; is the rolling friction torque, N-m.

2.2. SGWFD 3D Model

The SGWED is mainly composed of brush, spiral GW, fertilizer box, fertilizer discharge
tongue, etc., as shown in Figure 2a. During fertilization, the spiral GW is driven by the
motor to rotate. After filling the groove of the GW, the fertilizer particles will be sent to the
fertilizer discharge tongue, and then flow into the fertilizer discharge pipe to complete the
whole fertilizer discharge process. The diameter of the spiral GW in the study is 60 mm, the
axial length is 73 mm, and the spiral lift angle « is the included angle between the tangent
of the helix and the plane perpendicular to the thread axis (Figure 2b).

- 60 -

(a) Fertilizer Apparatus (b) Spiral GW

Figure 2. Structural diagram of spiral GW fertilizer apparatus. 1. Stiff brush; 2. Spiral GW; 3. Fertilizer
box; 4. Fertilizer tongue.
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The amount of fertilizer discharged is very important to crop growth. If too little
fertilizer is applied to a single crop, the crop will not obtain enough nutrients, which will
affect its growth and development; However, excessive fertilization will cause seedling
burning. The fertilizer discharge quantity g of the spiral fertilizer discharger GW rotating
for one cycle can be calculated by the equation as follows:

=iy (0 42) ®)

where d is the outer diameter of spiral GW, mm; L is the effective working length of the
spiral GW, mm; 1 is the fertilizer density, kg/m?; f, is the sectional area of a single spiral
groove, mm?; ¢ is the pitch of spiral groove, mm; ag is the fertilizer filling coefficient in the
spiral groove; A is the driving coefficient of fertilizer outside the groove of the GW.

2.3. Construction of Fertilizer Block Model and Parameters Calibration
2.3.1. Model Construction of Fertilizer Block

Fertilizer is one of the necessary materials for achieving high yield in crops, and the
shapes of different types of fertilizers may vary, but they are generally spherical in shape.
This study selected Urea (Carboamide) fertilizer as the research object, highlighting the
research ideas and methods, and providing reference for the study of other related fertilizer
particles. Urea, as a kind of nitrogen fertilizer, has strong hygroscopic characteristics and
is widely used as base fertilizer or top dressing in agricultural production. In this study,
the Urea fertilizer produced by Ruixing Chemical Co., Ltd. (Taian, China) were selected as
the research object, and a digital vernier caliper (with an accuracy of 0.01 mm) was used
to measure the shape size (length, width, and height) of 500 randomly selected fertilizer
particles in three axes (Figure 3a). According to Equation (3), the equivalent diameter of a
single fertilizer particle could be obtained, and the equivalent diameter of all measured
samples could be summarized into a columnar figure [19], as shown in Figure 3b. It can
be seen from the figure that the determination coefficient R? of the fitting curve is 0.98,
indicating that the equivalent diameter of fertilizer particles has good agreement with the
normal distribution law, and most of the fertilizer particle diameters are concentrated in the
middle area. Therefore, in this study, the shape of fertilizer particles is simplified as sphere,
and the unified diameter of particles are the equivalent diameter. Take the average of the
overall dimensions of all experimented particles, and the length, width, and height are
2.314 mm, 2.172 mm, and 2.121 mm, respectively. It can be concluded that the equivalent
diameter D of fertilizer particles is 2.201 mm according to Equation (4). In addition, the
data are substituted into Equation (5) to obtain the sphericity of fertilizer particles ¢ is
95.12%, indicating that Urea particles have good sphericity, which further proves that it is
feasible to treat fertilizer particles with equal particle size in the study.

D= VLWT (4)

D

¢=7 ©)

where L, W, and T are the length, width, and height of Urea particles, respectively, in mm.
The fertilizer blocks collided with the wall of the fertilizer discharger at the early
stage of breakage and were initially broken into smaller blocks, resulting in a large number
of small blocks during the fertilization process. Therefore, this study mainly considers
the breakage process of small-sized fertilizer blocks while taking into account the time-
consuming simulation calculation. First of all, the 16 mm x 10 mm x 8 mm (length, width,
and height) of cube model was established in SolidWorks (3D CAD software, Concord,
MA, USA). Then, the geometric model was imported into the EDEM software (Engineering
discrete element method, Altair Engineering, Inc., Troy, MI, USA). The falling rain method
was used to fill the cube model with particles with a diameter of 2.201 mm. The filled
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Cube model

(a) Cube model

fertilizer block contained 182 particles in total. The filling process of the fertilizer block
model is shown in Figure 4.

_ & Equivalent diameter frequency
of fertilizer particles
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(b) Distribution diagram of equivalent diameter

(a) Measurement of fertilizer particle diameter > !
of fertilizer particles

Figure 3. Fertilizer particle measurement process and equivalent diameter distribution.

Fertilizer block

./

(b) Generating particles (c) Obtaining fertilizer block model

Fertilizer particles

Figure 4. Filling process of fertilizer block model.

2.3.2. Calibration of Fertilizer Block Bond Model Parameters

At present, there is no unified method for the parameter calibration of bond model [20].
According to the literature, most scholars use the phenomenological simulation method for
parameters calibration [20,21]. If comparison between simulation experiment and physical
experiment of the research process have the same change in apparent characteristics,
and the trend of mechanical characteristic curve is similar, the simulation parameters
are considered capable of describing the physical characteristics of the material. In this
study, according to ASAE 5368.4 DEC2000 (R2008) standard [22], uniaxial compression
method was used to calibrate the parameters of the fertilizer bond model. Bond model
mainly includes 5 parameters, normal stiffness coefficient per unit area, tangential stiffness
coefficient per unit area, critical normal stress, critical tangential stress, and bonding radius;
the combination of these parameters can realize different macroscopic phenomena.

Before the experiment, the shape dimension 16 mm x 10 mm x 8 mm (length, width
and height) was selected for the fertilizer block as experiment material from naturally
stacked fertilizer bags (Figure 5a). Firstly, the TA.XT plus texture analyzer (with force accu-
racy of 0.1 g) was used to conduct uniaxial compression experiment on the fertilizer block.
The acceleration speed of the experiment indenter was 5 mm /min, and the force and time
change data were recorded automatically. Secondly, uniaxial compression simulation was
carried out on the fertilizer block (Figure 5b) with bond model added, and bond parameters
were obtained by observing and comparing the apparent characteristics of fertilizer block
breakage and the force and time change data. The experiment was conducted indoors, with
an ambient temperature of 25 °C and a humidity of 48%. Figure 6 shows the comparison
between simulation and experiment data of fertilizer block under uniaxial compression.
It can be seen from the figure that the trend of simulation curve and experiment curve is
approximately coincident, and the simulation data and experiment data are close at the
same time. Therefore, it can be considered that the bond parameters used in simulation can
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truly simulate the mechanical properties of the fertilizer block. The specific bond model

parameters are shown in Table 1.

(a) Fertilizer block material

Figure 5. Fertilizer block material and bond model.
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Figure 6. Uniaxial compressive force—time relationship of fertilizer block.

Table 1. Bond parameters of fertilizer block.

(b) Fertilizer block bond model

Parameters Value
Normal stiffness per unit area (N/ m?) 3 x 10°
Shear stiffness per unit area (N/ m?) 2 x 108
Critical normal stress/Pa 1 x 10°
Critical shear stress/Pa 8 x 10%
Bonded disk radius/mm 2.5

2.4. Simulation Parameter Setting and Analysis Method
2.4.1. Parameter Setting

The fertilizer discharger and its main components in this study are made of biodegrad-
able polylactic acid (PLA). Through consulting the literature [23,24], the contact mechanical
parameters between Urea fertilizer, PLA material, and the ground are shown in Table 2.
In the simulation, the Poisson’s ratio of fertilizer particles is set to 0.25, and the Poisson’s
ratio of PLA is set to 0.43; The elastic modulus of fertilizer particles is 8.55 x 10”7 Pa, PLA
elastic modulus is 1.3 x 10? Pa; The density of fertilizer particles is 1320 kg/ m3, and the
density of PLA is 1240 kg/m3. The GW speed is set according to the data in the experiment
plan, and the simulation time step is 2 x 10~ s; the total simulation time is 10 s. In order
to improve the simulation speed and reduce the amount of simulation data, the fertilizer

discharger generates a total of 20 fertilizer blocks.

Table 2. Material contact parameters.

Contact Parameters Fertilizer-Fertilizer = Fertilizer-PLA Fertilizer-Ground
Coefficient of restitution 0.11 0.41 0.02
Coefficient of static friction 0.37 0.32 1.25
Coefficient of rolling friction ~ 0.16 0.18 1.24
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2.4.2. Analysis Method

According to the principle of relative motion of objects, the ground motion speed is
set to 0.75 m/s in the simulation, and the fertilizer discharger is fixed. The movement
track of fertilizer during falling is not considered in the simulation, so the vertical height
of the lower end of the fertilizer discharger from the ground is set as 30 mm. The ground
is 400 mm wide and 2 m long. In order to facilitate data analysis after simulation, a data
statistics area is established every 200 mm along the forward direction of the ground.
Figure 7 is the schematic diagram of fertilizer particle data statistics area.

Figure 7. Working process simulation of fertilizer apparatus. 1. Ground; 2. Fertilizer particles; 3. Statistical
areas; 4. Fertilizer block; 5. Spiral GW.

In order to accurately analyze the fertilizer discharge uniformity and fertilizer crushing
effect of the spiral fertilizer discharger under different groove wheel structure parameters,
this study refers to the Technical Specifications for Quality Price of Fertilizer Machinery
(NY/T 1003-2006) [25] and takes the variation coefficient of fertilizer discharge uniformity
and the broken rate of fertilizer block bond as the evaluation index of the fertilizer discharge
performance of the spiral fertilizer discharger.

The variation coefficient of fertilizer discharge uniformity is mainly used to measure
the difference of fertilizer discharge in the range of equal spacing in the forward direction
of the fertilizer discharge device and is one of the indicators evaluating the stability of the
fertilizer discharge device. In the study, it is assumed that there are # statistical regions, in
which the total mass of fertilizer in the ith region is m;, from which the variation coefficient
of fertilizer discharge uniformity can be calculated ¢ [26] using the following equations:

m= % Zmi 6)
—\2
o= % x 100% (8)

where 71 is average mass of fertilizer in each interval, g; m; is the total mass of fertilizer in
the ith area, g; n is the number of statistical areas set, n = 40 in this study; S is the standard
deviation of the total mass of fertilizer particles, g; o is the variation coefficient of fertilizer
discharge uniformity.

The broken rate of fertilizer block bond is an index to evaluate the broken degree of
fertilizer block. When the broken rate of bond is high, it indicates that the fertilizer block
is fully broken; On the contrary, the broken rate of bond is low, it indicates that there are
many unbroken fertilizer blocks in the simulation. Therefore, the broken rate of bond ¢ can

be calculated as follows:
_  M-m

T M

x 100% )
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(a) Circular arc

where M is the total mass of fertilizer block, g; m is the sum of the mass of single fertilizer
particle after broken, g.

2.5. Experiment Scheme

The Box-Behnken experiment design scheme [27-29] can achieve the purpose of data
analysis with less experiment times. In the study, according to the working principle of the
SGWED, the GW speed (X1), GW section shape (X») and spiral rise angle (X3) were selected
as the experiment factors, and the variation coefficient of fertilizer discharge uniformity
(Y1) and the broken rate of fertilizer bond (Y3) were taken as the response indicators, and
the experiment level code was shown in Table 3. Among them, the rotating speed range of
the GW is 15~25 r/min, the sectional shape of the GW is designed into three shapes: arc
shape, scoop shape, and trapezoid shape (Figure 8). The spiral rising angle is 60~70°.

Table 3. Coding of factors.

Factor
Coding X1/(x/min) X, X5/(°)
GW Speed GW Section Shape Spiral Angle
-1 15 Circular arc 60°
0 20 Spoon shape 65°
1 25 Trapezoid 70°
(b) Spoon shape (c) Trapezoid

Figure 8. Spiral GW section shape.

3. Results

Figure 9 shows the simulation results at different times during the operation of the
SGWED. When t = 0.12 s, fertilizer block particles are generated in the calculation domain,
and the falling speed is 0.6 m/s (Figure 9a). When t = 3.15 s, the fertilizer block has
complete contacts with the fertilizer box and spiral GW (Figure 9b) and gradually breaks.
When t = 6.7 s, the fertilizer block is driven by the spiral GW and crushed in a large
area by extrusion. The number of broken bonds in the calculation domain increases
sharply (Figure 9c). When t = 10.0 s, most of the fertilizer blocks are broken, and the
fertilizer particles are discharged from the fertilizer discharge pipe driven by the spiral
GW (Figure 9d). In the study, multi-factor and multi-level simulation experiments will
be carried out by adjusting the working parameters and structural parameters of the GW
according to the experiment scheme.

According to the determined experiment factors, each level is combined to form
17 groups of experiments. The statistical results of experiment data are shown in Table 4
(X1, X5, and X3 are the coded values of experiment factors, and Y; and Y, are the re-
sponse indicators). The experiment results are analyzed via Design Expert 10.0 software
(Minneapolis, MN, USA).
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Figure 9. Broken simulation process of fertilizer blocks.
Table 4. Statistical table of response surface simulation experiment data.
Number Xl X2 X3 Yll% Yz/o/o
1 1 -1 0 9.57 96.47
2 -1 0 -1 11.14 94.48
3 -1 -1 0 12.51 96.82
4 0 1 1 9.45 96.84
5 -1 0 1 13.11 97.54
6 0 0 0 8.34 96.26
7 0 0 0 8.04 96.55
8 -1 1 0 12.90 95.64
9 1 0 -1 9.92 94.31
10 1 1 0 10.79 95.26
11 0 1 -1 9.39 94.24
12 0 0 0 8.10 96.39
13 0 0 0 7.86 96.55
14 1 0 1 9.8 96.46
15 0 0 0 8.18 96.55
16 0 -1 1 9.12 97.96
17 0 -1 -1 8.58 94.64

3.1. Establishment and Experiment of Regression Model

The variance analysis of the regression model (Table 5) was conducted for the variation
coefficient of fertilizer discharge uniformity (Y1) and broken rate of fertilizer bond (Y?),
and the quadratic regression models of Y7 and Y, were obtained as follows:

Y; = 8.10 — 1.20X; + 0.34X5 + 0.31X3 + 2.60X72 + 0.74X52 + 0.29X3% + 0.21X; X5 — 0.52X X3 — 0.12X, X3

Yo = 96.46 — 0.25X; — 0.49X; + 1.39X3 — 0.32X;2 — 0.095X,% — 0.44X32 — 0.0075X; X, — 0.23X; X3 — 0.18X,

(10)

(11)

It can be seen from Table 5 that the quadratic regression model of the variation coef-
ficient of fertilizer discharge uniformity p < 0.0001 indicates that the regression model is
extremely significant; for the misfit item p > 0.05, the misfit is not significant, indicating
that the quadratic regression equation fitted by the model can correctly reflect the relation-
ship between the variation coefficient of fertilizer discharge uniformity Y; and Xj, X, X3,
and the model can well predict the variation coefficient of fertilizer discharge uniformity.
The primary terms X1, X5, and X3 of the model have significant effects; The influence of
secondary terms X;2 and X,? is extremely significant, that of X3? is significant, that of
interactive terms X; X3 is extremely significant, and that of other items is not significant.
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According to the regression coefficient of each factor in the model, the primary and sec-
ondary order of the influence of each factor on the fertilizer discharge variability coefficient
can be obtained as X;, X, and X3, that is, the GW speed, the GW cross-sectional shape, and
the spiral lift angle.

Table 5. Variance analysis of regression equation.

Experiment Sources of Sum of Df Mean Value
Index Variance Squares Square P

Model 47.12 9 5.24 95.97 <0.0001 **

X1 11.47 1 11.47 210.31 <0.0001 **

X 0.95 1 0.95 17.33 0.0042 **

X3 0.75 1 0.75 13.75 0.0076 **
Variation X1Xo 0.17 1 0.17 3.16 0.1188
coefficient of X1X3 1.97 1 1.09 20.02 0.0029 **
fertilizer X X3 0.06 1 0.06 1.06 0.3383
disch X2 28.42 1 28.42 520.99 <0.0001 **

S 2 231 1 231 42.33 0.0003 **

uniformity X22

X3 0.36 1 0.36 6.51 0.0380 *

Residual 0.38 7 0.06

Lack of fit 0.26 3 0.09 2.74 0.1778

Pure error 0.13 4 0.03

Sum total 47.50 16

Model 19.63 9 2.18 58.57 <0.0001 **

X1 0.49 1 0.49 13.16 0.0084 **

Xy 1.91 1 1.91 51.33 0.0002 **

X3 15.48 1 15.48 415.89 <0.0001 **

X1X, 0.000225 1 0.000225 0.006043 0.9402

X1X3 0.21 1 0.21 5.56 0.0505
Broken rate of  XpX3 0.13 1 0.13 3.48 0.1043
fertilizerbond  X;? 0.42 1 0.42 11.40 0.0118 *

X2 0.04 1 0.04 1.02 0.3460

X532 0.83 1 0.83 22.39 0.0021 **

Residual 0.26 7 0.04

Lack of fit 0.19 3 0.06 3.69 0.1198

Pure error 0.07 4 0.02

Sum total 19.89 16

Note: ** shows significant effect (p < 0.01). * shows notable effect (p < 0.05).

At the same time, the quadratic regression model of the broken rate of fertilizer block
is p < 0.0001, which shows that the regression model is very significant; The misfit term
p > 0.05, the misfit is not significant, indicating that the quadratic regression equation fitted
by the model can correctly reflect the relationship between the broken rate of fertilizer block
Y, and Xj, X5, X3, and the regression model can well predict the broken rate of fertilizer
block. The primary items X, X5, and X3 of the model have extremely significant effects,
the secondary item X32 has extremely significant effects, X;? has significant effects, and
the other items are not significant. According to the regression coefficient of each factor in
the model, the primary and secondary order of the influence of each factor on the bond
fracture rate is X3, Xp, Xj, that is, the spiral rise angle, the section shape of the GW, and the
GW speed.

3.2. Analysis of Model Interaction Items

The response surface diagram of the relationship between each factor can be obtained
from Equations (10) and (11). The strength of each interaction factor can be judged according
to the shape of the response surface. The circle indicates that the interaction between the
two factors is not significant, and the ellipse indicates the opposite [30,31].

It can be seen from Figure 10a that when the cross-sectional shape of the GW is a
fixed horizontal value, the variation coefficient of fertilizer discharge uniformity tends to
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decrease first and then increase with the increase in the GW speed. When the GW speed is
21 R/min, the variation coefficient of fertilizer discharge uniformity reaches the minimum
value. When the spiral rise angle is a fixed horizontal value (Figure 10b), the variation
coefficient of fertilizer discharge uniformity decreases first and then increases with the
increase in GW speed, with a significant change range. When the rotating speed of the GW
is a fixed level, the variation coefficient of fertilizer discharge uniformity is little affected by
the increase in the helix angle. It can be seen from the response surface shape and contour
density that the interaction between the cross-sectional shape of the GW and the helix lift
angle has no obvious effect on the variation coefficient of fertilizer discharge uniformity,
which is the same as the result of variance analysis (Figure 10c). When the section shape

of the GW is a fixed horizontal value, the increase in the helix angle has little effect on the
variation coefficient of fertilizer discharge uniformity.
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Figure 10. Effects of part interactive factors on variation coefficient of fertilizer discharge uniformity.

In the analysis of the interaction factors on the bond fracture rate, when the section
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shape of the GW is a fixed horizontal value, with the increase in the GW speed, there is little
effect on the broken rate of fertilizer; The interaction between the GW speed and the GW
section shape has no significant effect on the broken rate of fertilizer, which is consistent
with the variance analysis results (Figure 11a). In Figure 11b, when the spiral rise angle is a
fixed horizontal value, the influence of the GW speed on the broken rate of bond is small;
When the GW speed is fixed at a certain level, the broken rate of bond shows an increasing
trend with the increase in spiral angle, and the change range is obvious. In Figure 11c,
when the section shape of the GW is a circular arc and the spiral rise angle is 70°, the broken
rate of bond reaches the maximum value; When the cross-sectional shape of the GW is a
fixed horizontal value, the broken rate of the bond increases with the increase in the helix
angle, and the change range is obvious. This result is consistent with the analysis result

of the influence of the spiral groove rising angle on the circumferential velocity change of
fertilizer particles.

bond/%

Broken rate of fertilizer bond/%
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Figure 11. Effect of part interactive factors on broken rate of fertilizer bond.
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3.3. Optimization Analysis

According to the above-mentioned experiment results, in order to better improve the
fertilizer discharge performance of the SGWFD, under the constraints of various exper-
iment factors, the minimum variation coefficient of fertilizer discharge uniformity and
the maximum broken rate of fertilizer block bond are taken as optimization indicators,
and a quadratic regression equation between the above performance indicators and var-
ious factors is established to optimize the objectives and determine the best working
parameters [32,33]. Constraints are as follows:

mil‘lYl(Xl, Xz, X3)
masz(Xl,Xz, X3)

~-1<X; <1 (12)
st -1<X, <1

—1<X3<1

The regression Equations (10) and (11) were optimized and the optimal parameters of
the experiment factors were selected. The optimized experiment indexes were obtained
as follows, the variation coefficient of the fertilizer discharge uniformity was 8.56%, the
broken rate of fertilizer block bond was 97.67%, and the optimal combination of working
parameters was as follows, the rotating speed of the GW was 21 R/min, the cross-sectional
shape of the GW was scoop shaped, and the spiral rising angle was 70°.

4. Experiment Verification

The optimal working parameter combination obtained by simulation is experimented
and verified in the Mechanics Laboratory of Gansu Agricultural University. The experiment
equipment is the intelligent fertilizer discharge experimental platform built by the research
group, as shown in Figure 12b. The bench is mainly composed of screw GW fertilizer
discharger, fertilizer box, GW drive motor, GW speed regulator, TCRT500 tracking sensor,
Arduino UNO R3 single chip microcomputer, conveyor belt, PWM governor, conveyor
belt, etc. During the working process of the experiment bench, the forward speed of the
conveyor belt can be detected using a TCRT500 tracking sensor, and then fed back to the
PWM governor to match the speed of the conveyor belt with the speed of the fertilizer
discharger. The fertilizer discharger used in the experiment is a spiral GW with scoop
shaped section and 70° spiral lift angle processed by 3D printing technology (Figure 12a).
The Urea particles used are the same as Section 2.3.1, and the shape is consistent with that
used in the bond model parameter verification experiment. To prevent fertilizer particles
from bouncing after falling on the conveyor belt, a layer of laundry detergent was applied
to the surface of the conveyor belt before the experiment.

Before the experiment, adjust the vertical height between the fertilizer discharge port
and the conveyor belt to 30 mm, and operate the starter for 30 s with the overhead stroke.
After the conveyor belt and fertilizer discharger work stably, adjust the forward speed of
the conveyor belt to 0.75 m/s and the rotation speed of the fertilizer discharger to 21 R/min,
add fertilizer blocks into the fertilizer box, and start timing. The bench experiment is
conducted for 10 s in total. The conveyor belt is 2 m in length and 0.4 m in width. There
are 10 statistical areas with a length of 20 mm. The bench experiment is repeated 3 times,
and the statistical results are taken as the average. The variation coefficient of fertilizer
discharge uniformity and the broken rate of fertilizer block bond are calculated by referring
to Equations (8) and (9), respectively.

Through statistical calculation, the variation coefficient of fertilizer discharge unifor-
mity was 9.23%, and the broken rate of fertilizer block bond was 94.28%. Compared with
the optimal simulation results, the relative data errors are 7.3% and 3.6%, respectively. The
results show that the fertilizer breaking effect and uniformity of the screw GW fertilizer
discharger are better under the best working parameters.
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(a) Spiral GW (b) Fertilizer discharge experiment bench

Figure 12. Bench experiment verification. 1. Conveyor belt; 2. Fertilizer; 3. SGWFD; 4. Fertilizer box;
5. Motor speed regulator of spiral GW; 6. Power motor of conveyor belt.

5. Conclusions

At present, the SGWFD is widely used in various commercial fertilizer applications
and is an important carrier for variable rate fertilization. This study used a combination of
experimental and simulation methods to study the effects of different SGWFD structures
and working parameters on the performance of the variation coefficient of fertilizer dis-
charge uniformity and the broken rate of fertilizer bond. The research results can provide a
reference for the structural design and parameter optimization of the SGWFD. The specific
research conclusions are as follows:

(1) The fertilizer block is constructed based on the bond of the DEM model, and the
bond parameters of the fertilizer block are obtained through uniaxial compression
experiment and simulation calibration. According to the Box-Behnken experiment
design principle, a three-factor three-level response surface simulation experiment was
carried out with the GW rotation speed, the GW cross-sectional shape, and the spiral
lift angle as factors, and the variation coefficient of fertilizer discharge uniformity and
the broken rate of fertilizer block bond as indicators. The quadratic regression model
between each factor and the research index was analyzed. Affecting the variation
coefficient of fertilizer uniformity, from important to secondary, mainly include the
rotating speed of the GW, the sectional shape of the GW and the spiral lift angle.
Affecting the broken rate of fertilizer block bond, from important to secondary, mainly
include the spiral lift angle, the sectional shape of the GW, and the rotational speed of
the GW.

(2) Taking the minimum variation coefficient of the fertilizer discharge uniformity and
the maximum broken rate of the fertilizer block bond as the objectives, the optimal
working parameters of the spiral GW were optimized, the GW speed was 21 r/min,
the GW section shape was spoon-shaped, and the spiral rise angle was 70°. The
variation coefficient of fertilizer discharge uniformity was 8.56%, and the broken rate
of fertilizer block bond was 97.67%.

(3) Build an intelligent fertilizer discharge experiment bench to verify the optimal working
parameter combination obtained by simulation. The variation coefficient of fertilizer
discharge uniformity was 9.23% and the broken rate of fertilizer block bond was
94.28%. Compared with the simulation results, the relative data errors were 7.3% and
3.6%, respectively, which proves that the experiment data are basically consistent with
the simulation data.
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