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Abstract

Given the uneven distribution of fertilizers of traditional orchard furrowing fertilizer spreaders, a spiral
fertilizer mixing device based on furrowing fertilization was designed. The key components of the
fertilizer mixing device were designed by analysing the force and movement of the particles in the
proposed device. With the help of the discrete element software, an orthogonal combination test of
secondary rotation was conducted for the fertilizer mixing device, with the blade angle and rotation
speed of the screw auger as the test factors and Lacey index as the test index. Results shows that, when
the spiral angle of the auger blade is 18° and the rotation speed of the auger is 104 r/min, the Lacey
index of the fertilizer-soil mixture is 0.8 at a furrow soil thickness of 20 cm. When the soil thickness is
40 cm, the Lacey index of the fertilizer-soil mixture is 0.76, and the errors, with predicted values, of the
model are 13.04 % and 9.52 %. The uniformity of the fertilizer-soil mixture of the device meets the
operating requirements of furrowing fertilization and can provide a significant reference for improving
the uniformity of fertilizer-soil mixtures for furrowing fertilization in orchards.
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1. INTRODUCTION

China is currently the largest fruit producer in the world, with its planting area and fruit tree
output ranking first in the world. Fruit planting has become the third largest agricultural planting
industry in the country, after grain and vegetable planting [1]. Orchard fertilization is an
important link for promoting the growth of fruit trees. Reasonable fertilization methods play a
vital role in improving the fertilizer utilization rate, fruit yield, and quality and reducing planting
costs and environmental pollution [2-4]. In traditional furrowing fertilization, fertilizer-soil
mixing, or full-depth mixing, is not implemented in the furrow. In addition, traditional
fertilization methods do not consider the root distribution of fruit trees, which can lead to
fertilizer waste and environmental pollution, to a certain extent, and trigger root burning.

Currently, scholars are focusing mainly on the design of furrowing machines with regard to
orchard furrowing fertilization, in which the dominant fertilization method is trench-bottom
fertilization, or whole-layer mixed fertilization, without considering fruit tree root systems.
Research on fertilizer spreading discs is based mainly on field operations, which are
characterized by an excessively large fertilizer spreading area and operating width. Such discs
may lead to nonuniform fertilizer spreading, low fertilizer utilization rates, and failure to meet
orchard fertilization quality requirements owing to their relatively poor adaptability [5, 6].
Investigations on uniform spreading in small-scale furrowing fertilization and fertilizer-soil
mixing operations specific to the distribution characteristics of fruit tree root systems in the
depth direction, accompanied by problems such as low fertilizer utilization rates and soil-
environmental pollution, are scarce [7]. Hence, design research on fertilizer-soil mixing devices
based on the distribution characteristics of fruit tree root systems may be of considerable
significance to orchard furrowing fertilization.
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2. STATE OF THE ART

Developed countries in Europe and the United States began studying mechanized fertilization
technology at the beginning of the 20" century. In the 1970s, fertilization was basically
mechanized, and the related machinery supporting the fertilization link formed in scale [8].
Fertilizer spreaders designed in developed countries feature with simple structure, wide
working range, and high working efficiency. Yildirim [9] analysed the influence of the number
of blades of the fertilizer spreading disc and volume flow of the fertilizer on the fertilizer
spreading uniformity and provided a reference for determining the number of blades of a
fertilizer spreading disc. Przywara et al. [10] analysed the effect of the fertilizer type, blade
configuration of the fertilizer spreading disc, and rotation speed on the fertilizer spreading
radius and uniformity. Meanwhile, the influence of the structure and working parameters of a
centrifugal fertilizer spreading disc on the spatial distribution characteristics of fertilizers was
clarified, and it was proven that the factors influencing the spatial distribution characteristics of
fertilizers are the rotation speed of the fertilizer spreading disc, feeding position of the fertilizer,
and blade angle. Villette et al. [11] analysed the influence of the fertilizer discharge rate and
rotation speed of the fertilizer spreading disc on the outlet angle and radial mass distribution of
fertilizer. The results showed that as the fertilizer discharge rate increases, the change trend of
the outlet angle depended on the type and rotation speed of the fertilizer spreader, and the
average value of the radial mass distribution decreases as the speed and flow increase.

Research on orchard fertilization machinery has a late start in China, with the relatively
weak development and low mechanization level of such machinery [12, 13], which mostly
adopted the operating mode of mechanical furrowing and artificial assisted fertilization.
Through continuous introduction, digestion, and absorption in recent years, a relatively mature
furrowing fertilization operation system was gradually established. Huang [14] developed a
traction-type fertilizer mixing and backfilling device for orchard furrowing fertilization that
integrated furrowing, fertilizing, fertilizer mixing and backfilling, and realized whole-layer
fertilizer-soil mixing in the furrow. Sun [15] designed a suspended layered fertilizing machine
for orchards that realized layered furrowing fertilization by adjusting the height of the fertilizer
outlet. Zhang [16] developed a suspended fertilizing machine with precise control over
fertilizer-soil mixing for fruit trees that used a soil collector to collect the soil discharged from
furrowing, then mixed the fertilizer with the soil through the auger in a fertile-soil cylinder to
achieve the effect of whole-layer fertilizer-soil mixing. Cai and Zhao [17] analysed the blade
structure of a double-helix conical mixer and studied its influencing law on the particle mixing
effect. Xiao et al. [18] designed a double-helix fertilizing machine for orchards and investigated
the parameters of the spiral blades that affected the tillage resistance.

To sum up, existing research on orchard furrowing fertilization machinery focused mainly
on furrowing, with furrow bottom fertilization, or whole-layer mixed fertilization, as the
dominant fertilization method, and was not specific to fruit tree roots. Meanwhile, research on
fertilizer spreading discs was based mainly on field operations and rarely investigated uniform
fertilizer spreading in the furrowing fertilization of small areas and soil-fertilizer mixed
operating devices based on the distribution characteristics of fruit tree root systems in the depth
direction, accompanied by problems such as low fertilizer utilization rates and soil-
environmental pollution. Therefore, in this study, a spiral soil-fertilizer mixing device is
designed to solve the problem of nonuniform fertilizer spreading and nonspecificity of existing
fertilizer-soil mixing devices to crop root systems and provide a reference for the study of
fertilizer-soil mixing devices.

The rest of this study is organized as follows: in section 3, the key components of the
fertilizer-soil mixing device are designed and modelled to complete the simulation of the
fertilizer mixing process of the proposed device, and in section 4, the fertilizer-soil mixing
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simulation results are analysed, and the theoretical study results are verified. In the final section,
the entire study is summarized, and relevant conclusions are drawn.

3. METHODOLOGY

3.1 Structure and working principle of fertilizer-soil mixing devices

The fertilizer-soil mixing device mainly involves two processes: fertilizer discharging and
fertilizer-soil mixing (Fig. 1). When the device is turned on, the furrowing device performs the
furrowing operation, and the quantitative soil covering device fills the furrow with soil up to a
certain depth. Meanwhile, the fertilizer is spread evenly on the surface of the covered soil in
the fertilizer discharging process, then the fertilizer and soil are stirred and mixed in the
fertilizer-soil mixing process. Finally, the backfilling mechanism performs the soil backfilling
operation to complete the fertilizer mixing process.
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Figure 1: Fertilizer-soil mixing device. Figure 2: Structural parameters.

3.2 Parameter design of key components of fertilizer-soil mixing device

According to the agronomic requirements of orchard furrowing fertilization, the furrowing
depth and width are generally required to be 0.2-0.6 m and 0.3-0.5 m, respectively, and the
densest part of the crop roots should typically be within a depth range of 0.2-0.6 m. Therefore,
the depth required by the fertilizer-soil mixing device is 0.2-0.6 m, that is, the fertilizer-soil
mixing operation requires a minimum soil thickness of around 0.2 m and maximum soil
thickness of around 0.4 m.

Structural parameter design of spiral auger: The screw auger, which is a key component
of the fertilizer-soil mixing device, is composed mainly of a screw shaft and blade (Fig. 2). In
the fertilizer-soil mixing operation, the screw auger rotates to realize the mixing between the
soil and fertilizer particles. The particles move relatively under the action of the supporting
force, friction force, gravity, and centrifugal force to realize the soil-fertilizer mixing. The blade
of the spiral auger can be regarded as a helicoid consisting of numerous spiral lines. The spiral
equation of the edge of the blade is:
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where: g is the polar angle of the spiral line, ¢ is the maximum diameter difference of the spiral
line, P1is the blade lead of the spiral auger, d1 is the shaft diameter of the spiral auger, D1 is the
spiral outer diameter of the spiral auger, and 4 is the blade angle of the spiral auger.

The relationship between the lead and diameter of the spiral auger can be expressed as the
spiral angle, and its relationship with the lead and outer diameter of the spiral auger is as follows:

Pl
A= arctanﬂ—Dl (2)

Among them, the spiral outer diameter D1 is 0.36 m, based on the furrowing width (0.4 m)
of the orchard furrowing fertilization machine. The height of the spiral agitator should be no
less than 0.5 m, according to the soil-fertilizer operating requirements. The other parameters,
such as the spiral shaft diameter di1 and screw pitch Py are determined after the spiral auger is
analysed.

Motion characteristic analysis of fertilizer particles: The movement of the particles on
the blade of the screw auger is affected by not only the shear and squeeze actions of the spiral
auger but also the shearing action between the particles. thus, only one particle is selected for
analysis in this study. The particle is assumed to be a rigid particle, with a mass of m, and the
spiral angle difference at the same radial direction of the spiral auger and interaction between
the air and particles are ignored. A spatial coordinate system is established, with the intersection
of the central axis of the spiral auger and bottom surface of the spiral auger as the origin and
the central axis of the spiral auger as the z-axis. The particle moves along the blade, and the
stress situation at a certain point is shown in Fig. 3, where n is the normal of the spiral auger
blade at the particle position, t is the tangent of the spiral auger blade at the particle position,
and X" is the projection of the x-axis on the XOY plane, where the particle is located. The stress
equation of the fertilizer particles is established, as follows:

F =mic
Fy =mgcosi
F; = umgcosi
G =mg

©)

where c is the maximum diameter difference of the spiral line, 4 is the blade angle of the spiral
auger, wj is the angular velocity of the spiral auger, G is the gravity of the particle, F is the
centrifugal force of the particle at the position, Fn is the supporting force of the particle, Fs is
the friction force of the particle, and u is the friction coefficient between the particle and spiral
auger blade.

Figure 3: The stress of the particles.

The forces of the particle in the X, Y, and Z directions are expressed as follows:
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F = (FN sinA+F, cosﬁ)sin p+F cosp
F.=ma,
F, = (F, sin 2+ F, cos1)cos f—F,sin (4)
F,=ma,
F, =F,cosA-G-F, sin 4
F, =ma,

According to Egs. (3) and (4), the motion equation of the particles in the OXYZ coordinate
system can be obtained.

d?x dx
=A—+B
dzt2 A‘dt !
dy . dy
dt22 _Cla—i_DL (5)
d<z dz
o =E—+T,
dt?  ‘dt *

Through the analysis of Egs. (3) to (5), it is determined that the main factors affecting the
movement of the particle on the spiral auger blade are the spiral angle, angular velocity of the
spiral auger, and friction coefficient between the particle and spiral auger.

Blade angle of spiral augers: When the soil and fertilizer particles are stirred and mixed,
a relative motion is observed not only in the spiral auger but also between the particles. When
the action between the particle and spiral auger is considered, the upper and lower relative
motion of the soil and fertilizer particles under the action of the spiral auger should also be
considered. Hence, the following can be obtained by combining Eq. (4):

F, = mgsin? /1+%,umgsin 2

O<F, (6)
min{F,; Fr }<F, <max{F,,F }

where F;7 is the component force of the soil particles on the z-axis, F;r is the component force
of the fertilizer particles on the z-axis, x is the friction coefficient between the soil particles and
spiral auger.

In this study, the spiral auger is made of steel. Based on the relevant literature, the
parameters are substituted into Eq. (6) to obtain the following:

11.3°<2<21.8° @)

Rotation speed of spiral auger: The rotation speed of the auger has a considerable
influence on the fertilizer-soil mixing operating effect. In the fertilizer-soil mixing process, the
fertilizer particles and soil particles undergo spatial compound motion within the rotating range
of the auger, and the particles move linearly not only along the axis of the auger but also in the
forward direction of the machine. The particle movement is affected by not only the spiral auger
blade but also the interaction between the particles and centrifugal force. To achieve an
improved fertilizer-soil mixing effect and low power consumption in the mixing operation, the
particles should not be tossed out during the mixing, and the critical rotation speed of the spiral
auger should be calculated. According to the above conditions, the following can be derived
through Egs. (3) to (6):

n sﬂ\/sinl—ﬂcosisiné

7c

o0 =arctanu

(8)
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The friction coefficient between the fertilizer particles and steel is 0.4, the friction
coefficient between the soil particles and steel is 0.2, and the range of the spiral angle (1) of the
spiral auger blade is substituted into Eq. (8), and the range of the rotation speed of the spiral
auger is calculated as 31.3-60.9 r/min. To facilitate the simulation test, the rotation speed is
rounded off to 30-61 r/min.

3.3 Fertilizer mixing process simulation of fertilizer-soil mixing device

Parameter setting: The simulation test of the fertilizer-soil mixing device is based on the test
results of the fertilizer discharging process; thus, only the characteristic parameters of the steel
material and static and dynamic friction coefficients and collision recovery coefficients between
the fertilizer particles and steel and those between the soil particles and steel are increased.
Based on the related literature [19, 20], the parameters of the fertilizer-soil mixing process
simulation test are shown in Table I.

Table I: Material characteristic parameters.

Property Parameter Value
Density p (kg/m?) 1638
Soil Elasticity modulus G (Pa) 1.15x107
Poisson’s ratio v 0.30
Density p (kg/m®) 1335
Fertilizer Elasticity modulus G (Pa) 1.00x107
Poisson’s ratio v 0.23
Density p (kg/m? 7850
Steel Elasticity modulus G (Pa) 7.90x1010
Poisson’s ratio 0.30
Static friction coefficient 0.20
Soil-soil Dynamic friction coefficient 0.30
Recovery coefficient 0.15
Static friction coefficient 1.26
Soil-Fertilizer Dynamic friction coefficient 1.20
Recovery coefficient 0.02
Static friction coefficient 0.20
Soil-Steel Dynamic friction coefficient 0.02
Recovery coefficient 0.10
Static friction coefficient 0.34
Fertilizer-Fertilizer | Dynamic friction coefficient 0.16
Recovery coefficient 0.35
Static friction coefficient 0.40
Fertilizer-Steel Dynamic friction coefficient 0.02
Recovery coefficient 0.50

Modelling and mesh division: Based on the above analysis, the maximum and minimum
soil thickness for the fertilizer-soil mixing operation are 0.4 m and 0.2 m, respectively. Hence,
furrow models with a soil thickness of 0.2 m and 0.4 m are established.

In the EDEM (Discrete Element Method) simulation analysis, to shorten the simulation time
and improve the test efficiency, the device model is appropriately simplified after the parts and
components that can have a minor influence on the simulation test results. According to the
actual situation of furrows and agronomic requirements of orchard furrowing fertilization, the
sampling area is subjected to mesh generation. In the soil-bearing area, a statistical area with
12 lines, 8 columns, and 4 rows (soil thickness of 20 cm) and another area with 12 lines, 8
columns, and 8 rows (soil thickness of 40 cm) are arranged. The size of each mesh is 50 mm x
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50 mm x 50 mm, and the forward direction of the device is set to the longitudinal direction. The
mesh generation of the sampling area is displayed in Fig. 4.
|
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Figure 4: Mesh generation.

Operation index of fertilizer-soil mixing device: When the operating effect of the
fertilizer-soil mixing device is evaluated, the fertilizer-soil mixing uniformity should be
analysed quantitatively. Based on the relevant literature [21] and actual situation in this study,
the Lacey index is chosen as the evaluation index for the operating effect of the fertilizer-soil
mixing device. The Lacey index is calculated as follows:

85 -58?
S — Sk
where s{ is the variance in the complete separation system, s? is the actual variance of the
mixture, s; is the variance in the complete mixing system.

9)

4. RESULTS ANALYSIS AND DISCUSSION

4.1 Experimental scheme and data statistics

To further study the influencing laws of the spiral angle of the spiral auger blade, rotation speed
of the spiral auger, and their interaction term and quadratic term on the operating effect of the
fertilizer-soil mixing device, on the basis of the single-factor test, an orthogonal combination
test was conducted to investigate the influence of the spiral auger on the fertilizer-soil mixing
uniformity. The test factors were coded, as seen in Table II.

Table I1: The coding level of factor.

Coding The spiral angle 2 (°) The rotation speed of the spiral auger n (r/min)
-1 13.93 37.75
0 16.55 45.5
1 19.18 53.25

The test scheme and results are shown in Table III.
4.2 Analysis of experimental results

Analysis of variance: The evaluation index, namely, the Lacey index, to study the fertilizer-
soil mixing uniformity was subjected to quadratic regression fitting analysis via Design-Expert.
Based on the analysis, the regression equation of the Lacey index was acquired, followed by
the analysis of variance and significance analysis of its quadratic regression model. The analysis
of variance of the Lacey index at a soil thickness of 20 cm is presented in Table IV.
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Table I11: The test scheme and results.

Serial number 2(°) n (r/min) M (20 cm) M (40 cm)
1 13.93 37.75 0.82 0.76
2 13.93 455 0.86 0.80
3 16.555 45.5 0.94 0.83
4 16.555 45.5 0.93 0.85
5 19.18 37.75 0.79 0.84
6 19.18 53.25 0.83 0.89
7 16.555 45.5 0.93 0.81
8 13.93 53.25 0.76 0.81
9 16.555 45.5 0.93 0.84
10 16.555 53.25 0.84 0.87
11 16.555 45.5 0.93 0.85
12 16.555 37.75 0.87 0.81
13 19.18 455 0.90 0.87

Table 1V: Analysis of variance of mixing uniformity at soil thickness of 20 cm.

Source Quadratic sum | Freedom | Mean square F P
Model 0.043 5 0.0087 172.25 | <<0.0001***
A 0.0029 1 0.0011 57.01 0.0025***
n 0.0004 1 0.0004 8.27 0.0238**
An 0.0025 1 0.0025 49.59 0.0002***
A° 0.0079 1 0.0079 156.51 | <<0.0001***
n’ 0.017 1 0.017 337.17 | <0.0001***
Residual error 0.0004 7 0.00005
Lack-of-fit 0.0003 3 0.00009 4.55 0.0887*
Error 0.00008 4 0.00002
Total 0.044 12

Note: *** indicates that the influence is extremely significant (P < 0.01), ** indicates that
the influence is significant (0.01 < P <0.05), and * indicates that the influence is not
significant (0.05 < P); the same below.

It can be seen in Table IV that the lack-of-fit term satisfied P > 0.05, indicating an
insignificant influence and that the model could correctly reflect the relationship between each
factor and the error and predict the test results. The influence of each factor on the Lacey index
was sorted in descending order as the spiral angle and rotation speed of the spiral auger.

At a soil thickness of 20 cm, the quadratic polynomial regression equation between the
Lacey index M and each factor is shown in Eq. (10).

M =0.93 + 0.013 1 — 0.0083 n + 0.025 /n — 0.053 22 — 0.078 n? (10)

The analysis of variance of the Lacey index at a soil thickness of 20 cm is shown in Table V.
It can be seen in Table V that the lack-of-fit term satisfied P > 0.05, indicating an insignificant
influence and that the model could correctly reflect the relationship between each factor and
the error and predict the test results. The influence of each factor on the Lacey index was sorted
in descending order as the spiral angle / and rotation speed of the spiral auger.
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Table V: Analysis of variance of mixing uniformity at soil thickness of 20 cm.

Source Quadratic sum | Freedom | Mean square F P
Model 0.013 5 0.0027 14.14 | 0.0015***
A 0.0088 1 0.0088 46.69 | 0.0002***
n 0.0043 1 0.0043 22.59 0.0021**
An 0.000 1 0.000 0.00 1.0000*
A2 0.0002 1 0.0002 0.88 0.3793*
n’ 0.00002 1 0.00002 0.11 0.7484*
Residual error 0.0013 7 0.0002
Lack-of-fit 0.0002 3 0.00007 0.24 0.8645*
Error 0.0011 4 0.0003
Total 0.015 12

At a soil thickness of 40 cm, the quadratic polynomial regression equation between the
Lacey index M and each factor is shown in Eq. (11).

M = 0.84 + 0.038 2 + 0.027 n — 0.0078 4% — 0.0028 n? (11)

Response curve analysis: The influence of the interaction between the spiral angle and
rotation speed of the spiral auger on the Lacey index at different soil thicknesses was
determined by processing the test results, and its response surface is shown in Fig. 5.
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Figure 5: Response surface.

As shown in Fig. 5 a, when the spiral angle was fixed and the rotation speed was within
37.75-45.5 r/min, the Lacey index increased as the rotating speed of the spiral auger increased.
Within 45.5-53.25 r/min, the Lacey index showed a declining trend as the rotation speed
increased. At a fixed rotation speed, the Lacey index first increased, then declined as the spiral
angle increased within the test range. As shown in Fig. 5 b, at a fixed spiral angle, the Lacey
index grew as the rotation speed of the spiral auger increased within the value range. When the
rotation speed was fixed, the Lacey index increased as the spiral angle increased within the test
range, basically showing a positive correlation trend.

Soil disturbance analysis: when the Lacey index method was used, to avoid the change in
the variance toward an inaccurate range, if the total number of particles in one unit was smaller
than the average number of particles in the same unit, then the unit was excluded. Hence, the
soil distribution before and after the fertilizer-soil mixing operation cannot be judged
quantitatively by the Lacey index method, and the soil disturbance should be analysed
independently. After the mixing completion of the spiral auger, particle height distribution
nephograms at a soil thickness of 40 cm and 20 cm are displayed in Figs. 6 and 7.
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Figure 6: Particle height distribution nephograms at a soil thickness of 40 cm.

In Fig. 6 a, with the movement of the spiral auger, the particle height in the advancing
direction of the auger presented a corrugated distribution. Owing to the influence of the rotating
direction of the spiral auger, the accumulation area of the particles changed gradually from the
left side to the right side of the advancing direction, the concave area on the left side recovered
gradually, and the height difference between the two sides decreased gradually and tended to
be balanced at the end of the fertilizer-soil mixing operation. In Fig. 6 b, influenced by the spiral
auger, the particles accumulated on the right side of the furrow, presenting a distribution pattern
of low on the left side and high on the right side, mainly because the particles were affected by
the rotation speed and direction of the spiral auger and had a certain initial velocity when
breaking away from the spiral auger. Consequently, the particles accumulated on the right side
of the furrow.
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Figure 7: Particle height distribution nephograms at a soil thickness of 20 cm.

It can be seen in Fig. 7 a that with the movement of the spiral auger, the particle height in
the advancing direction of the spiral auger also presented a corrugated distribution, and as the
spiral auger rotated, the distribution in the particle accumulation area showed nearly no evident
changes, without apparent changes in the height difference on the two sides. As shown in
Fig. 7 b, in the sectional direction of the furrow, the particle height distribution law at a soil
thickness of 20 cm was identical to that at a soil thickness of 40 cm, showing a distribution law
of low on the left side and high on the right side.

Parameter optimization: The established quadratic regression equation was analysed and
optimized via Design-Expert, and the optimal parameter combination was a spiral auger spiral
angle of 18.12° and rotation speed of 47.67 r/min. The Lacey index predicted by the model was
0.92 at a soil thickness of 20 cm and 0.84 at a soil thickness of 40 cm.
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5. CONCLUSION

To address the problem of root burning and low fertilization quality caused by the traditional
orchard furrowing fertilization machines, a fertilizer mixing device was explored by combining
a theoretical design with discrete elements. The following conclusions were drawn:

(1) The main structural parameters of the spiral auger were determined by the theoretical
design, and the force condition of the particles on the spiral auger was analysed. Next, the main
factors that may influence the motion of the particles were determined, a single-factor
simulation test was conducted, and the influencing law of each factor on the fertilizer-soil
mixing uniformity was determined.

(2) Through an analysis of the orthogonal combination test results of the secondary rotation,
it was concluded that the spiral angle of the spiral auger blade and the rotation speed of the
spiral auger exerted an extremely significant influence on the Lacey index at a soil thickness of
20 cm. At a soil thickness of 40 cm, the Lacey index was influenced, at an extremely significant
level, by the spiral angle of the spiral auger blade and rotation speed of the spiral auger.

(3) Through the optimization of the established quadratic regression equation, it was
determined that the optimal parameter combination was a spiral auger spiral angle of 18.12°
and rotation speed of 47.67 r/min. The Lacey index predicted by the model was 0.92 at a soil
thickness of 20 cm and 0.84 cm at a soil thickness of 40 cm.

In this study, a spiral auger was applied to the fertilizer mixing operation of furrowing
fertilization, which can solve the problem of root burning caused by excessive fertilizer use
while enhancing the uniformity of furrow-bottom fertilizer distribution. The study results can
be of considerable significance to the mitigation of environmental pollution and improvement
of orchard yield and fruit quality.
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