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Abstract: The purpose of this study was to address the problem of the poor quality of rotary cutting
and soil collection during the process of mechanical ridge building in paddy fields. In order to
improve the soil collection rate and decrease the coefficient of variation of soil collection uniformity,
the present work mainly combined the advanced rotary-cutting and tillage technology and the
rotary-cutting soil collection device, at domestic and international, to study the motion characteristics
and distribution situation of soil particles during rotary-cutting and soil collection operations. The
test of rotary-cutting soil collection device was simulated by using the EDEM2018 Version: 4.0.0, the
accuracy of numerical model was validated by the data of trial test. The results of the single-factor
experiment indicated that the working speed level of the rotary blades was 450 r/min to 550 r/min,
the operating speed level of the rotary blades was 0.6 km/h to 1.0 km/h, and the tilling depth level
of the rotary blades was 180 mm to 200 mm. Moreover, the operating parameter of the rotary-cutting
soil collection device were obtained by a multi-factor test, and it was proved that the rotary-cutting
soil collection device performed better and the soil collection quality was higher, with a soil collection
rate and a coefficient of variation of soil collection uniformity of 87.22% and 6.73%. This study
could provide technical support for the research of rotary tillage devices and improve the level of
mechanized ridge building in paddy fields.

Keywords: paddy field; rotary cutting; discrete element method; soil collection rate; cutting blade

1. Introduction

Rice is one of China’s major grain crops, and the mechanized production of rice
is of great strategic significance for ensuring national food production safety, achieving
agricultural efficiency improvement, and increasing farmers’ income. Mechanized ridge
construction is the key to ensuring water supply for rice growth and an important means
of water storage in paddy fields [1]. Dense and reasonable ridges can prevent soil nutrient
loss and ensure water demand during rice growth. The main problem with mechanized
embankment construction in paddy fields is poor soil collection performance, which is
reflected in the uneven distribution of soil during the soil collection process. A study on
the mechanism of rotary cutting and soil collection in paddy fields is of great significance
for reducing water resource waste and reducing the risk of rice production [2,3].

The soil involved in agricultural engineering is granular, with characteristics between
solid and liquid, and has complex mechanical properties [4-6]. These properties are related
to the movement state, geometric shape, and size of the grains, and have been researched
using both theoretical research and experimental research methods [7-13]. Studying the
interaction between soil and agricultural tillage components can effectively reduce the
energy consumption of agricultural tillage components and maintain good soil tillage
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effects [14-18]. Foreign research on the flow of loose particles has achieved certain results,
and research in this area has gradually begun in China.

Fang et al. [19] established a model for rotary tillage operation based on the discrete
element method and compared the experimental and simulated soil particle motion be-
havior. Marking the position of soil particle movements using a tracer method in soil tank
experiments, and in the corresponding simulation experiment process, particle movement
was observed to obtain a soil movement law to clarify the soil movement mechanism.
Fang et al. [20] modeled soil and rotary tiller cutting with and without straw conditions
using the EDEM2018 Version: 4.0.0 and analyzed the motion process in both cases. Finally,
it was determined that the cutting resistance of soil under the conditions of no straw cover-
age was lower than the soil with straw coverage. Xiong et al. [21] calculated the parameters
of rotary blades suitable for soil cultivation in southern China by measuring the parameters
of soil particles, and established a corresponding three-dimensional model to conduct soil-
cutting simulation experiments. They analyzed the three-dimensional working resistance
and its variation law during the working process of rotary blades. Guo et al. [22] labeled
aluminum blocks and straw by using the tracer method and used the coordinate changes
in aluminum blocks and straw to replace the displacement changes in soil and longitudinal
and transverse straw within the operating width of the machinery, and analyzed and
compared the distribution of the surface soil and straw after tillage with land preparation
machinery. An improved method was proposed by Zhu et al. [23] to address the issue of
the high energy consumption of rotary burying rollers during the tillage of rice fields in the
middle and lower reaches of the Yangtze River region using land preparation equipment.
The deformation and damage characteristics of soil under load were combined to establish
a power consumption prediction model for rotary burying rollers based on the discrete
element method.

In summary, most of the research on cultivation equipment by domestic and foreign
scholars is currently focused on the field of cultivation and land preparation machinery,
such as rotary tillers for dry and paddy fields and crop straw returning machines. The
mechanisms and resistance of soil covering, overturning, and crushing was studied to
improve the quality of soil covering, overturning, and crushing operations, as well as reduce
operational power consumption. The main function of the rotary-cutting soil collection
device of the ridge building machine is to collect, break, and discard soil. The finely cut
soil needs to be throwed to the designated compaction area to provide sufficient soil for
subsequent compaction devices. The ridge building machine studied by the research group
has been widely promoted and used in northeast China. However, the rotary tillage device
still suffer from poor soil collection, which farmers are unable to resolve during operation.
Therefore, it is necessary to explore the motion characteristics of the soil particles after
cutting to improve the soil collection performance of the rotary-cutting soil collection device
and provide good conditions for soil compaction operations subsequently.

In this study, a discrete element simulation model of the interaction between soil parti-
cles and a rotary tillage soil collection device was established using the EDEM simulation
software to optimize the working parameters of the rotary-cutting soil collection device.
The optimal working parameter combination of the rotary-cutting soil collection device
was obtained through the analysis of motion characteristics and distribution status of soil
particles in simulation experiments, and the accuracy of the numerical simulations was
verified through field experiments.

2. Materials and Methods
2.1. Structure and Working Principle

The rotary-cutting soil collection device designed by the research group mainly con-
sists of a soil-burrowing blade, a soil-throwing blade, a cutting blade, a soil-burrowing
blade holder, a soil-throwing blade holder, a cutting blade holder, a soil-retaining shell
and a rotary tillage cutter shaft (as shown in Figure 1). From the rotary tiller shaft, four
soil-burrowing blades, two soil-throwing blades, and two cutting blades are installed in
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sequence from the inside out. The axis of the rotating blade is divided into three areas
from the inside out: the soil-burrowing area, the soil-throwing area, and the cutting area.
Four soil-burrowing blades are installed in the soil-burrowing area, corresponding to four
soil-burrowing blade holders. The soil-burrowing blades are arranged in a double spiral
arrangement, with a phase angle of 90° between the blade holders. In the soil-throwing
area, two soil-throwing blade holders are installed with four soil-throwing blades, which
are arranged in a double spiral arrangement and have a phase angle of 90° between the
blade holders. Two soil-cutting blade holders are installed with two soil-cutting blades,
with a phase angle of 180° between the blade holders, the rotary tillage cutter shaft and
blades are covered by the soil-retaining shell.

1 2 3 4 9 6 7- 8
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_*‘_

°

°
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Figure 1. The whole structure of rotary cutting and soil collection device. 1. cutting blade
holder; 2. Soil-throwing blade holder; 3. soil-burrowing blade holder; 4. rotary tillage cutter
shaft; 5. soil-retaining shell; 6. soil-throwing blade; 7. cutting blade; 8. soil-burrowing blade;
I. burrowing area; II. throwing area; III. cutting area. The red part indicates the soil-burrowing blades
and burrowing area, the green part indicates soil-throwing blades and throwing area, the blue part
indicates cutting blades and cutting area.

During the rotary cutting and soil collection operation, the soil-burrowing blade first
cuts the surface soil and then throws it to the compaction area towards the inclined rear.
When the soil-throwing blade is carrying out a shallow soil-burrowing operation, it will
crush the large pieces of uncrushed soil thrown by the soil-burrowing blade for the second
time, and finally throw the chopped soil to the rear of the slope. It will cooperate with
the soil-retaining shell to gather the soil to the compaction area, and then the compaction
device will compact the soil into ridges.

2.2. Simulation Modeling
2.2.1. Establishment of EDEM Simulation Model

In this study, simulation modelling of the rotary-cutting soil collection device, soil
particles, and soil groove were established to simulate the actual scenes in the field (as
shown in Figure 2). The movement characteristics and trajectories of soil particles during
the process of rotary cutting and soil collection were studied.

(1) Establishment of rotary-cutting soil collection device

The overall structure of the rotary-cutting soil collection device was designed, and the
soil-retaining shell was added to the model due to the drainage effect on the soil during
the rotary cutting and soil collection process. For the sake of observing and analyzing soil
movement patterns at each stage of the rotary cutting and soil collection operation, the
internal structural characteristics of the soil-retaining shell were displayed in filled and
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mesh forms, respectively (as shown in Figure 2a). The material setup of each part of the
rotary-cutting soil collection device was referenced to the experimental requirements. Each
cutter of the cutter rolls shaft and the soil-retaining shell were made of 1566 steel. The
contact mechanics relationships (Table 1) are created by the preprocessing module (creator).
According to the actual operation situation, the rotary-cutting soil collection device was
set as a rotating component, and the soil-retaining cover was a fixed component. In this
study, the Hertz-Mindlin with bonding contact model was used to construct a contact
model between soil particles and geometric models in a virtual experiment. This model
can simultaneously reflect the discontinuity and agglomeration characteristics of soil, and
effectively solve the nonlinear problem of the interaction between agricultural tools and
soil. In addition, in this model, the bonds between soil particles cannot be regenerated after
being loaded and broken, which is consistent with the mechanical behavior characteristics
of soil remaining loose after being broken in paddy fields.

Figure 2. EDEM virtual rotary tillage soil collection process. (a) Rotary tillage soil collection device
model; (b) the soil particle model; (c) trough model; (d) simulation process.

Table 1. Rotary-cutting soil collection device material properties.

Main Components Material Poisson’s Ratio =~ Shear Modulus (Pa)  Density (kg-m—3)
Cutter roll shaft
Soil-burrowing blade
Soil-throwing blade 1566 steel 0.35 7.8 x 1010 7850

Cutting blade
Soil-retaining shell

Based on the parameters measured in the early stage and the relevant literature [24],
the contact parameters between the soil’s discrete element particles and the materials of the
rotary-cutting soil collection components and soil particles were set (as shown in Table 2).

Table 2. Contact parameters of discrete element model of soil and rotary-cutting soil collection device.

Parameters Value
Soilsoil restoration coefficient 0.6
Soil-soil static friction coefficient 0.5
Soil-soil rolling friction coefficient 0.4
So0il-1566 steel recovery coefficient 0.6
Soil-1566 steel static friction coefficient 0.8

Soil-1566 steel rolling friction coefficient 0.05




Agriculture 2024, 14, 38

50f18

(2) Soil particle modeling

The parameters in a pure soil environment were selected for the spring plowing period
and a discrete element model of soil particles was established in a spherical form [24],
the type of soil was loam. In this paper, soil particles were simplified and filled into
8 shapes using the multi-spherical combination method in the EDEM software (as shown
in Figure 2b), and the size of the soil particle models was set between 5 mm and 10 mm.
The parameters of the soil particles used are shown in Table 3.

In the simulation, a soil tank with dimensions of 3000 mm x 1000 mm x 300 mm
was created based on geometric relations. The soil particles in the soil tank were treated
in layers, with 0-100 mm being the cultivation layer and 100-300 mm being the bottom
layer of the soil (as shown in Figure 2c). The critical stresses of the particle bonding
strength in shallow cultivation areas and bottom soil were set to 3 x 10° Pa and 5 x 10° Pa,
respectively. It needs to be ensured that the number of particles in the soil tank meets the
requirements of the rotary-cutting soil collection simulation operation; a soil particle model
was generated with an initial velocity of 2 m/s, a rate of 400,000 particles/s, and a total of
760,000 soil particles.

Table 3. Discrete element model contact parameters of rotary-cutting soil collection device.

Parameters Value
Soil particle density of cultivation layer/(kg-m~3) 1280
Soil Poisson’s ratio of cultivation layer 0.38
Soil shear modulus of cultivation layer/(Pa) 6 x 107
Soil moisture content of cultivation layer /(%) 25.2
Soil bonding radius of cultivation layer/(mm) 5.51
Soil particle density of plow bottom/(kg-m~2) 1500
Soil Poisson’s ratio of plow bottom 0.3
Soil shear modulus of plow bottom/(Pa) 1 x 108
Soil moisture content of plow bottom /(%) 26.8
Soil bonding radius of plow bottom/(mm) 5.56

2.2.2. The Single-Factor Test

In this study, the soil collection performance of the rotary-cutting soil collection device
was investigated using a single-factor test. The operating speed, working speed, and rotary
tillage depth were selected as factors in the test, the soil collection uniformity and soil
collection rate were selected as the indicators of the test.

Under the guidance of agronomic requirements and actual production experience in soil
collection, the levels of each factor were set as follows: working speed from 350 to 550 r/min;
operating speed from 0.4 to 1.2 km/h; and tilling depth from 170 to 210 mm. Single-factor
tests were conducted on three factors: the working speed, operating speed, and tillage
depth. The obtained data were converted into relevant curves and equations using the
Design Expert 11.0.4 software (as shown in Table 4).

Table 4. Factor level coding table of single-factor test.

Experimental Factors

Level Code Working Speed Operating Speed Tilling Depth
x1/(r/min) x2/(km/h) x3/(mm)
1 350 04 170
2 400 0.6 180
3 450 0.8 190
4 500 1.0 200
5 550 1.2 210
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2.2.3. The Multi-Factor Experiment

The laws of the influence of the working speed, operating speed, and tilling depth on
the soil collection uniformity and soil collection rate were investigated in the single-factor
test, and a range of levels for different factors was identified. A three-factor, three-level
orthogonal test was conducted to obtain a better combination of the operating parameters.
The factors level coding table for the multi-factor test is shown in Table 5.

Based on the distribution characteristics of soil particles during the simulation op-
eration process and the actual agricultural requirements of paddy field mechanical soil
collection, the soil collection rate and uniformity were selected as evaluation indicators
for the soil collection performance in order to measure the quality of the soil collection
performance of the rotary-cutting soil collection device.

(1) Soil collection rate

Before the operation of the rotary-cutting soil collection device, a grid of size
1000 mm X 440 mm x 200 mm was established in the soil tank to obtain the total number
of soil particles in the cultivated area. After the device ran smoothly, a grid of size
1000 mm x 500 mm x 500 mm was established in the soil tank to obtain the total number
of soil particles in the soil compaction area. According to the definition of the soil collection
rate, Equation (1) can be obtained:

Q1 = —2 x 100% (1)

where () is the soil collection rate, %; Nj is the total number of soil particles within
the sampling volume, in pieces; and N is the total number of soil particles within the
compacted area within the sampling volume, pieces.

(2) Coefficient of variation of soil collection uniformity

To facilitate measurement, the established grid in the soil compaction area was divided
into an average of 10 parts (the size of each grid was 100 mm x 500 mm x 200 mm) and
the number of soil particles in each grid was extracted. According to the definition of soil
collection uniformity, Equation (2) can be obtained:

(hi—h)?
n—1

h

It

1

8i = ()
where 7 is the number of tests; S; is the standard deviation of the soil particle quantity; and
h is the average number of soil particles.

Five repeated experiments were conducted for each group while keeping the pa-
rameters unchanged, and the average values of the experimental data on soil collection
uniformity and soil collection rate were used as the experimental results for a multi-factor
orthogonal experimental study.

Table 5. Factors level coding table of the multi-factor test.

Experiment Factors

Level Code

Working Speed Operating Speed Tilling Depth
x1/(r/min) xp/(km/h) x3/(mm)
-1 450 0.6 180
0 500 0.8 190

1 550 1.0 200
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3. Results and Discussion
3.1. Simulation Analysis

Based on practical operational requirements, the rotary-cutting soil collection device’s
operating speed was defined as 0.8 km/h, the working speed was defined as 500 r/min, and
the rotary-cutting soil collection device’s tilling depth was defined as 200 mm. Throughout
the operation process, the rotary-cutting soil collection device always maintains a positive
rotation for soil sampling. The total time of the virtual simulation was set to 15 s, with
0-2.1 s being the time for soil particle generation and 2.1-15 s being the time taken for the
rotary-cutting soil collection device to move out of the soil groove. The actual effective
operation time was 12 s. During the simulation experiment, the simulation data were
saved every 0.01 s for subsequent data processing (as shown in Figure 3). When the
virtual simulation experiment was completed, the trial test was conducted under the same
operating parameters.

Figure 3. Simulation results of rotary-cutting soil collection.

The operating state was extracted at a certain moment after the stable operation of the
rotary-cutting soil collection device; the movement process was divided into four regions
according to the position of the soil in the retaining shell and the movement of soil particles
(as shown in Figure 4).

A
e AR
é—.&— g f;‘j{"?‘f
-—?'.r f:f;,'#__f_a, |

Figure 4. Regional distribution of soil particles. I. Scope of soil-cutting blade operation; II. scope of soil-
throwing blade operation; IIL left range of soil-retaining shell; IV. right range of soil-retaining shell.
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In region I, the soil particles were farthest from the effective soil collection area, most
of the soil particles were thrown to the right rear along the direction of the side cutting edge
under the action of the cutting blade; a small portion of soil particles were mainly affected
by the lateral cutting edge, and due to their small initial velocity, their movement direction
was mainly towards the rear, directly impacting the left front of the retaining shell, which
can easily cause soil blockage and affect the soil collection performance. Therefore, in terms
of working parameters, increasing the working speed threw more soil to the inclined rear
and reduced the number of soil particles accumulated in front of the left side of the retaining
shell; with the combined action of the tangent and side cutting edges of the soil-throwing
blade, the main tendency of the soil particles’ movement in region II was to the right
and back. Due to the close distance between the soil-throwing area and the compaction
area, and the wider cutting edge of the soil-throwing blade, it is more conducive to soil
throwing. The soil in this area was basically thrown into the designated compaction area.
Therefore, the more soil particles in this area showed that the soil-throwing performance
of the soil-throwing blade directly affected the throwing motion of the soil particles. In
region III, a large amount of soil particles were concentrated on the left front side of the
retaining shell, with some falling back into the groove. The direction of movement was
basically consistent with the inclination angle of the left side of the retaining shell. As
the rotary-cutting soil collection device moved forward, the soil particles flowed along
the inclination angle of the left front of the retaining cover to the right rear; the soil in
this area mainly converged on the left side of the suppression area. The soil particles in
region IV were basically located above the suppression area, and their movement speed
decreased gradually. Soil particles tended to move upwards, backward, and right. The
upward-moving soil particles rebounded and fell into the suppression area after hitting
the soil-retaining shell, and the soil particles moving in a backward direction also directly
fell into the suppression area. Some soil particles that moved to the right fell outside the
suppression area, resulting in lost soil, this was also one of the reasons for the low soil
collection rate.

The simulation and trial test results showed that the soil collection rates of the rotary-
cutting soil collection component under this working condition were 82.32% and 81.47%,
and the coefficients of variation of soil collection uniformity under this working condition
were 7.27% and 7.93%, respectively. The similar results proved that the establishment of
the simulation model is effective.

3.2. Analysis of Single-Factor Test Results

(1) Influence on each indicator by working speed

At the operating speed of 1.0 km/h and the tilling depth of 200 mm, the single-factor
test was conducted. The working speed of the rotary blades was set at five levels of
350 r/min, 400 r/min, 450 r/min, 500 r/min, and 550 r/min, individually. Five replications
of each group of tests were conducted while keeping the parameters constant, and the
trends in the effect of different working speeds on the soil collection uniformity and soil
collection rate were obtained (as shown in Figure 5).

The maximum soil collection rate and the minimum coefficient of variation of soil
collection uniformity were achieved at a working speed of 550 r/min. With the increase in
working speed, the soil collection rate rose, and the coefficient of variation of soil collection
uniformity fell. The main reason for this situation was that when the working speed of the
rotary blades was low, at 350—400 r/min, the linear speed of the soil sampling and throwing
blades was relatively small, and the soil particles’ kinetic energy was low, resulting in
more soil particles falling into the invalid region and greater soil loss. The left front of the
soil-retaining shell was prone to soil blockage. When the working speed of the rotary blades
was higher than 450 r/min, the soil sampling and throwing blades accelerated the rotation,
increasing the linear speed of soil sampling and throwing, and enhancing the throwing
effect on soil particles. The soil collection rate was above 75%, meeting the requirements of
standard field ridge construction operations.
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Figure 5. The influence of working speed on the soil collection rate and the coefficient of variation of
soil collection uniformity.

For the purpose of building the mathematical relationships of the working speed of
the rotary-cutting soil collection device and the test index of soil collection uniformity and
soil collection rate, the regression equation and coefficient of determination were obtained
after fitting and analyzing the data:

3)

y1= 0.034x,+63.275  R2=0.9589
yy = —0.013x1+15.473 R2= 0.9704

where y; is the soil collection rate, %; y» is the coefficient of variation of soil collection
uniformity, %; and x; is the working speed of the rotary blades, m/s.

From Equation (3), the coefficient of determination of the regression equation of the soil
collection rate and soil collection uniformity were equal to 0.9589 and 0.9704, respectively,
which was within acceptable limits. The impact of the working speed on the soil collection
performance testing indicators was studied through analysis of variance (as shown in Table 6).

Table 6. Analysis of variance of effect of working speed on various indicators.

Performance Indicators Source Square Sum Degrees of Freedom F Value Significance
Regression model 146.94 2 90.59 <0.0001
Soil collection rate Factor xq 14491 1 178.69 <0.0001
Factor x12 2.03 1 2.50 0.1279
Error 13.66 20
Regression model 22.98 2 113.98 <0.0001
Coefficient of variation of Factor x; 22.34 1 221.64 <0.0001
soil collection uniformity Factor x;2 0.64 1 6.32 0.0197
Error 217 20

For the regression model of the soil collection rate and coefficient of variation of soil
collection uniformity, the impact of the working speed on it was very significant. According
to the results of the single-factor test, the working speed level of the rotary blades was
determined to be from 450 r/min to 550 r/min.

(2) Impact on each indicator by operating speed

The rotary-cutting soil collection device was operated at 450 r/min with a tilling
depth of 200 mm, and the operating speed was set at five levels of 0.4 km/h, 0.6 km/h,
0.8 km/h, 1.0 km/h, and 1.2 km/h, individually. Five replications of each group of tests
were conducted while keeping the parameters constant, and the trends in the soil collection
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uniformity and soil collection rate could be obtained at different operating speeds (as
shown in Figure 6).

The maximum soil collection rate and the minimum coefficient of variation of soil
collection uniformity were achieved at an operating speed of 0.4 km/h. With the increase in
operating speed, the soil collection rate fell, and the coefficient of variation of soil collection
uniformity rose. The main reason for this situation was that when the operating speed
of the rotary-cutting soil collection device was low, at 0.4-0.8 km/h, the soil-sampling
operating speed and throwing blades were relatively low, and the soil was repeatedly
cut by various rotary blades, causing some soil particles that should have fallen into the
ineffective area to be thrown into the effective area, resulting in less soil loss. When the
operating speed of the rotary blades was higher than 1.0 km/h, the soil sampling operating
speed and throwing blades were faster, which weakened the throwing effect of soil particles
in the same area, leading to an increase in the number of soil particles falling into ineffective
areas and a decrease in the soil collection rate. The soil collection rate was higher than
83.56% and the coefficient of variation of soil collection uniformity was less than 7.88%,
meeting the requirements of standard field ridge construction operations.

Soil collection rate @ Coefficient of variation

86 4 13
—~sa L l y,=3.522x, +5.918  R2=0.9661 1 125
§ l 3 112 ¢
o 82 e 1 115 2
< <
580 - S 1 U =
e b [
g7 T e 110 5
= . 195 %
S 76 f F 49 @
I SR et ! 1 85 &

72 r i --- y,=-10.584x,+88.246  R2=09881 75 ©

70 1 I 1 1 7

0.2 0.4 0.6 0.8 1 1.2 14

Operating speed (km/h)

Figure 6. The influence of operating speed on the soil collection rate and the coefficient of variation
of soil collection uniformity.

To build the mathematical relationships of the operating speed of the rotary-cutting
soil collection device and the test index of soil collection uniformity and soil collection rate,
the regression equation and coefficient of determination could be obtained after fitting and
analyzing the data:

{yl = —10.584x,+88.246 R*= 0.9881 @

yo= 3.522x; +5.918 R%= 0.9661

where x; is the operating speed of the rotary-cutting soil collection device, km/h.

From Equation (4), the coefficient of determination of the regression equation of the soil
collection rate and soil collection uniformity were equal to 0.9661 and 0.9881, respectively,
which was within acceptable limits. The impact of the operating speed on the soil collection
performance testing indicators was studied through analysis of variance (as shown in Table 7).

For the regression model of soil collection rate and coefficient of variation of soil col-
lection uniformity, the impact of the operating speed on it was very significant. According
to the results of the single-factor test, the operating speed level of the rotary blades was
determined to be from 0.6 km/h to 1.0 km/h.
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Table 7. Analysis of variance of effect of operating speed on various indicators.
Performance Indicators Source Square Sum Degrees of Freedom F Value Significance

Regression model 224.07 2 197.69 <0.0001

Soil collection rat Factor x 224.04 1 395.33 <0.0001

oil collectio e Factor x,2 0.027 1 0.048 0.8286
Error 9.82 20

Regression model 26.67 2 109.94 <0.0001

Coefficient of variation of Factor x, 26.32 1 217.06 <0.0001

soil collection uniformity Factor x2 0.34 1 2.83 0.1425
Error 2.20 20

(8) Impact of tilling depth on each indicator

At a working speed of 450 r/min and an operating speed of 1.0 km/h, the single-factor
test was conducted. The tilling depth was set at five levels of 170 mm, 180 mm, 190 mm, 200
mm, and 210 mm. Five replications of each group of tests were conducted while keeping
the parameters constant, and the trends in the soil collection uniformity and soil collection
rate could be obtained at different tilling depths (as shown in Figure 7).

As the depth of tilling increased, the soil collection rate first increased and then
decreased, and the coefficient of variation of soil collection uniformity first decreased
and then increased. The main reason for this situation was that when the tilling depth
of the rotary-cutting soil collection device was shallow, at 170 mm, the rotary blades
had less contact with the soil, the throwing effect on soil particles was weakened, and
the soil collection rate was reduced. When the tilling depth of the rotary-cutting soil
collection device was 210 mm, the contact surface between the rotary blades and soil was
larger, with many soil particles falling into the trench after soil sampling, resulting in a
decrease in the soil collection rate. The maximum soil collection rate and the minimum
coefficient of variation for soil collection uniformity were observed at a tilling depth of
190 mm. The soil collection rate was above 77.57%, and the coefficient of variation of soil
collection uniformity was less than 9.02%, meeting the requirements of standard field ridge
construction operations.

Soil collection rate  ® Coefficient of variation

82 r - 1
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—~ 81 + 77 ; ) 4 105 =5
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Tilling depth (mm)

Figure 7. The influence of tilling depth on the soil collection rate and the coefficient of variation of
soil collection uniformity.

For building the mathematical model of the tilling depth of the rotary-cutting soil
collection device and the test index of soil collection uniformity and soil collection rate, the
regression equation and coefficient of determination could be obtained after fitting and
analyzing the data:
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(5)

y1 = —0.002x3+2.305x3 — 138.110 R*= 0.9268
y2= 0.003x3 — 1.140x3+117.090 R%2=0.9246

where x3 is the tilling depth of the rotary-cutting soil collection device, mm.

From Equation (5), the coefficient of determination of the regression equation of the
soil collection rate and soil collection uniformity were equal to 0.9268 and 0.9246, respec-
tively, which was within acceptable limits. The impact of the tillage depth on soil collection
performance testing indicators was studied through analysis of variance (as shown in Table 8).

With respect to the soil collection rate and coefficient of variation of soil collection
uniformity, the regression model of tilling depth was extremely important, which showed
that tilling depth was a significant factor affecting soil collection performance. According
to the results of the single-factor test, the range of tilling depth level for rotary blades was
determined to be from 180 mm to 200 mm.

Table 8. Analysis of variance of effect of tillage depth on various indicators.

Performance Indicators Source Square Sum Degrees of Freedom F Value Significance
Regression model 6.36 2 22.26 <0.0001
Soil collection rate Factor x3 4.33 1 30.33 <0.0001
Factor x32 6.33 1 44.33 <0.0001
Error 2.62 20
Regression model 29.06 2 22.18 <0.0001
Coefficient of variation of Factor x3 12.70 1 19.38 <0.0001
soil collection uniformity Factor x32 26.28 1 40.11 <0.0001
Error 12.12 20

3.3. Analysis of Multi-Factor Test Results

In this study, to comprehensively evaluate the indicators of soil collection uniformity
and stability, a three-factor, three-level orthogonal test was conducted to investigate the
optimal operating parameters of the rotary-cutting soil collection device, the regression
model between various factors was optimized and validated, and each experiment was
repeated five times while keeping the parameters unchanged. The experimental results of
the three factors of working speed, operating speed, and tillage depth were analyzed (as
shown in Table 9).

Table 9. Protocol and results of multi-factor test.

Test Factors Performance Indicators
No Coefficient of
: Working Speed  Operating Speed  Tilling Depth  Soil Collection Variation of Soil
x1/(r/min) x2/(km/h) x3/(mm) Rate y1/(%) Collection
Uniformity y,/(%)
1 0 0 -1 80.12 8.21
2 0 0 0 79.23 9.15
3 0 1 0 78.14 8.81
4 -1 1 1 77.36 9.87
5 -1 0 0 78.32 10.02
6 -1 -1 -1 80.48 9.68
7 0 0 0 83.47 8.05
8 -1 1 -1 77.08 10.85
9 0 0 0 82.69 7.92
10 1 0 1 86.52 7.85
11 0 0 1 87.33 7.21
12 -1 -1 1 82.87 8.36
13 1 1 1 81.32 8.87
14 1 -1 1 87.05 7.29
15 1 1 -1 80.54 8.67
16 1 -1 -1 78.65 8.32
17 0 -1 0 81.24 8.06

(1) Analysis of the influence of various factors on the soil collection rate

The experimental data were regressed and analyzed using the Design Expert 11.0.4
software with factorial ANOVA to screen for factors that had a more significant impact (as
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shown in Table 10), and the corresponding response surfaces were obtained (as shown in
Figure 8); the regression equation between the performance index and the coded values of
factors was

y1 = 81.57 + 1.29x1 — 1.59x, + 1.92x3 — 1.56x,% — 1.74x,2 + 2.36x32 + 0.634x1 x5 + 0.829x1 x5 — 1.22x5x3 (6)

Table 10. Analysis of variance of effects of factors affecting soil collection rate.

Source of Variance = Mean Square Degrees of Freedom Square Sum p Value (Significance)
Regression model 150.22 9 16.69 <0.05
Factor x; 15.55 1 15.55 0.0601
Factor x, 25.12 1 25.12 <0.05
Factor x3 38.79 1 38.79 <0.01
Factor x;2 4.96 1 4.96 0.2465
Factor xy? 8.68 1 8.68 0.1382
Factor x32 12.30 1 12.30 0.0866
Factor x1 xp 3.21 1 3.21 0.3426
Factor x1 x3 5.87 1 5.87 0.2111
Factor x; x3 11.83 1 11.83 0.0917
Residual 21.70 7 3.10
Lack of fit 11.52 5 2.30 0.7948
Error 10.19 2 5.09
Sum 171.92 16

When the working speed was kept constant, the soil collection rate of the rotary
blades decreased and then increased as the tilling depth increased; when the tillage depth
remained constant, the soil collection rate of the rotary blades increased and then decreased
as the working speed increased; the soil collection rate of the rotary blades changed within
a larger range when the depth of tillage changed, so the tilling depth was more significantly
affected by the soil collection rate (as shown in Figure 8a). When the working speed
remained unchanged, the soil collection rate of the rotary blades gradually increased and
then decreased as the operating speed increased; when the operating speed remained
unchanged, the soil collection rate of the rotary blades increased and then decreased as
the working speed increased; the soil collection rate of the rotary blades varied greatly
within the range when the operating speed changed, so the effect of operating speed on
the soil collection rate was more obvious (as shown in Figure 8b). When the operating
speed remained constant, the soil collection rate of the rotary blades presented an upward
changing trend as the tilling depth increased; when the tilling depth was determined, the
soil collection rate of the rotary blades increased and then decreased as the operating speed
increased; the soil collection rate of the rotary blades varied over a larger range when the
tilling depth changed. Therefore, the effect of tilling depth on the soil collection rate of the
rotary blades was more important (as shown in Figure 8c). In conclusion, the importance
of the effects on soil collection rate is listed in the following order: tilling depth, operating
speed, and working speed.

(2) Analysis of the impact of various factors on the soil collection uniformity

In order to screen for factors that had a more significant impact, the statistical analysis
software Design Expert 11.0.4 was used to process and analyze the experimental data, and
an analysis of variance of the factors was conducted (as shown in Table 11). The level values
of each factor were used as the dependent variable, and the coefficient of variation of soil
collection uniformity was used as the response function to derive the following regression
mathematical equation:

Yo = 8.32 — 0.697x; + 0.536x, — 0.416x3 + 1.07x120.164x22 — 0.576x32 — 0.094x1 x5 4 0.18x1 %3 + 0.196x2x3 7)
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Figure 8. Response surface of each factor to the soil collection rate. (a) Working speed and tilling
depth; (b) operating speed and working speed; (c) operating speed and tilling depth.

Table 11. Analysis of variance of effects of factors affecting soil collection uniformity.

Source of Variance = Mean Square Degrees of Freedom Square Sum p Value (Significance)

Regression model 14.66 9 1.63 <0.01
Factor x; 4.56 1 4.56 <0.01
Factor x, 2.87 1 2.87 <0.01
Factor x3 1.83 1 1.83 <0.05
Factor x12 2.34 1 2.34 <0.01
Factor x,2 0.077 1 0.077 0.5090
Factor x32 0.73 1 0.73 0.0693
Factor x1 x, 0.070 1 0.070 0.5283
Factor x1 x3 0.28 1 0.28 0.2293
Factor x; x3 0.31 1 0.31 0.2075

Residual 1.12 7 0.16
Lack of fit 0.21 5 0.041 0.9856

Error 0.91 2 0.46

Sum 15.78 16

When the working speed remained constant, the coefficient of variation of soil col-
lection uniformity presented an upward changing trend with increasing operating speed.
When the operating speed remained constant, the coefficient of variation of soil collection
uniformity decreased firstly and then increased as the working speed increased. When the
working speed changed, the coefficient of variation of soil collection uniformity varied over
a larger range, so the coefficient of variation of soil collection uniformity was more signifi-
cantly affected by the working speed (as shown in Figure 9a). When the working speed was
determined, the coefficient of variation of soil collection uniformity firstly increased and
then decreased as the tilling depth increased; when the tilling depth remained unchanged,

the coefficient of variation of soil collection uniformity dropped and then increased with
increasing working speed; the coefficient of variation of soil collection uniformity varied
greatly within the range when the working speed changed; therefore, the effect of working
speed on the coefficient of variation of soil collection uniformity was more obvious (as
shown in Figure 9b). When the operating speed remained constant, the coefficient of
variation of soil collection uniformity showed a gradually decreasing trend as the tilling
depth increased; when the tilling depth was determined, the coefficient of variation of
soil collection uniformity presented an upward changing trend as the operating speed
increased; the coefficient of variation of soil collection uniformity changed within a larger
range when the operating speed changed, so the effect of operating speed on the coefficient
of variation of soil collection uniformity was more significant (as shown in Figure 9c).
In summary, the order of importance of the effect on the coefficient of variation of soil
collection uniformity was as follows: working speed, operating speed, and tilling depth.
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Figure 9. Response surface of each factor to the coefficient of variation of soil collection uniformity.
(a) Operating speed and working speed; (b) tilling depth and working speed; (c) tilling depth and
operating speed.

3.4. Optimization of Multi-Factor Experiment

A parameterized mathematical model was established based on multi-factor exper-
imental research, following the principle of high-quality and efficient operation. The
experimental data were optimized and solved using the data analysis software Design
Expert 11.0.4. The nonlinear programming parameter model is shown in Equation (8):

max y,
min y,
s.t. 450 r/min < x; < 550 r/min
0.6km/h <x, <1.0km/h (8)
180 mm < x3 < 200 mm
0<yi(x1,x2,x3) < 1
0 <ya(xy,x2,x3) < 1

The optimal combination of operating parameters for the device was obtained through
comprehensive analyses; when the operating speed of the device was 0.6 km/h, the working
speed was 515.02 r/min, and the tilling depth was 200 mm, the designed rotary-cutting
soil collection device had better soil collection performance, with a soil collection rate of
87.22% and a coefficient of variation of soil collection uniformity of 6.73%.

4. Verification Test in the Field

Performance testing of the rotary-cutting soil collection device in a paddy field were
conducted in Harbin, Heilongjiang Province, in October 2022. The ambient temperature
was 14 °C, the ambient humidity was 56%, and the wind force was 3—4 levels in the field.
The type of soil selected for the test in the field was loam, with a soil solidity of 101-124 kPa
and a soil moisture content of 25-27%, and the supporting driving machine was a John
Deere 904 tractor. The main measuring instruments included a ruler, a tape measure, and
an electronic scale (with a range of 0-20 kg). According to agronomic requirements in

paddy fields, the testing area was divided into the starting, testing, and stopping areas. The
length of the testing area was set to 30 m, with 5 m for each starting and stopping area (as
shown in Figure 10). During the field testing, the machine’s operating speed, the working
speed, and the tilling depth were set at 0.6 km/h, 515 r/min, and 200 mm, respectively,
and five repeated experiments were conducted under these conditions. The average values
were taken as the final measurement results.

The results of the test in the field indicated that the soil collection rate of the rotary-

cutting soil collection device was 85.37%, and the coefficient of variation of soil collection
uniformity was 7.02%, which corresponded with the simulation test results. The main
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reason for the error is that the moisture content of the field soil is difficult to maintain
consistency with the simulation results.

B ah et

Figure 10. The operational effect of rotary-cutting soil collection device in paddy field.

5. Conclusions

In this study, the operation parameters of the rotary-cutting soil collection device
were optimized. The working reliability and stability of soil collection were verified
through simulation and field tests. In order to analyze the performance of the rotary-
cutting soil collection device, single-factor and multi-factor tests were carried out, with the
following conclusions:

(1) A simulation model of the interaction between the rotary-cutting soil collection
device and the soil particles was established based on the discrete element method. The
simulation and trial test results showed that the soil collection rates were 82.32% and
81.47%, and the coefficients of variation of soil collection uniformity were 7.27% and 7.93%.
The similar results of the tests indicated that the simulation model established was accurate.

(2) A single-factor test was conducted to investigate the effect of various factors on
the performance of soil collection under different levels of conditions. The results showed
that the soil collection rate and the coefficient of variation of soil collection uniformity were
strongly influenced by three factors, and the optimum range of parameters was determined.
The working speed was determined to range from 450 r/min to 550 r/min, the operating
speed was determined to range from 0.6 km/h to 1.0 km/h, and the tilling depth was
determined to range from 180 mm to 200 mm.

(3) The results of the multi-factor test showed that when the operating speed of the
device was 0.6 km/h, the working speed was 515.02 r/min, and the tilling depth was
200 mm, the performance of soil collection in the rotary-cutting soil collection device was
best, with a soil collection rate of 87.22% and a coefficient of variation of soil collection
uniformity of 6.73%. The results of tests in the field showed that the soil collection rate
was 85.37% and the coefficient of variation of soil collection uniformity was 7.02%, which
corresponded with the simulation test.
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