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Abstract: Today, China’s orchard area covers 11,874,850 ha. With China’s progress in implementing
the strategy of “quality-based and environmental-friendly agricultural development”, green manure
has been developed as a modernized green soil management method for use in orchard areas. Green
manure shows the highest decomposition rate with a ploughing depth of 150 mm. To efficiently utilize
green manure in orchard areas, a “separated burying device” was designed, which can realize “stalk
falling and soil falling” simultaneously. The device was composed of rotary blades, an iron chain
separation curtain, soil retaining board and compacting machine. The cooperation parameters of
different parts of the proposed device were designed through a discrete element simulation test, and
a cooperative parameter model of the proposed device was constructed. According to the simulation
test, the highest coverage of the prototype (95.16%) was achieved only when the knife roller center of
rotary tillage moved to the point where it had a horizontal distance of 378.76 mm from the root of
the “iron chain separation curtain”, the width of the transverse soil retaining board was 187.78 mm
and the included angle of the soil retaining board 6 was 116.48°. Based on a model verification test,
the burying rate was found to be 94.36%, which differed slightly from the simulation test results.
The burying rate increased by 4.84% upon the application of a “separated burying device”. The
“separated burying device” was able to increase the burying rate of green manure between rows in the
orchard area. It is conducive to the full utilization of green manure resources and lays good sowing
foundations for green manure resowing. The construction of a “separated burying device” and its
cooperative parameter model can provide insight into the research, development and optimization of
relevant machines, such as the stalk returning machine.

Keywords: orchard area; green manure; rotary tillage; earthing; EDEM

1. Introduction

Based on the data of the Natural Bureau of Statistics (China), China’s orchard area
covered 10,681,020 ha. and 11,874,850 ha. in 2010 and 2019, respectively, while demonstrat-
ing a year-on-year growth of 10.05% [1,2]. The UN sustainable development summit in
New York passed the 2030 Agenda, which explicitly defined the significance of sustainable
development [3]. With China’s progress in implementing the strategy of “quality-based
and environmental-friendly agricultural development”, green manure has been developed
as a modernized green soil management method for use in orchard areas [4,5]. Green
manure refers to green plants which are returned to the field directly, applied in places
other than the planting area or fermented together as bio-fertilizers. Planting green manure
can change the physical and chemical properties of soil, increase organic nutrients in the
soil, and improve crop yields and quality [6-9]. South Xinjiang, China is close to the edges
of the Taklimakan Desert, and it belongs to an extremely arid region. Typically, the orchard
area soil is significantly lacking in nutrients. Due to superficial ploughing, the ploughing
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effect of green manure when it is returning to fields is poor, thus resulting in low utilization.
However, deep ploughing could damage the surface roots of fruit trees, thus influencing
their growth. With the rapid development of green manure planting in orchard areas, it is
important to develop a device to improve the effect of green manure returning to the field.

Concerning the major utilization of green manure in orchard areas, it is used to
cover and retain water in summer, while returning it to the field in autumn. In 1994, Tor
Arvid Breland studied the decay of Trifolium repens and Trifolium pretense under different
temperatures, which demonstrated quick decay at 0-20 cm [10]. In 2018, Lv Lixia et al.
demonstrated that green manure crops such as Trifolium repens and ryegrass presented
the highest decay rate for the ploughing depth of 10cm and slow decay for the paved
surface [11]. The green manure returning machine has achieved rapid development, even
though it was introduced late. In 2010, Rinieri Company (Italy) developed the ELX140
obstacle avoidance weeder for orchard areas [12]. Although this machine achieves high
operational efficiency, the green manure utilization under coverage is lower than it is under
burying. In 2012, Norremark et al. developed the inter-plant weeder, which utilized GPS
positioning to recognize obstacles and plan paths. Even though the machine achieved a
good coverage effect after operation, the cost was very high [13]. In 2021, Wu Huichang
et al. also developed a GFY-200 green manure shattering-ploughing composite operation
machine [14]. This machine was first utilized in pre-cutting and then implemented for
the ploughing of rotary tillage, which improved operational efficiency. It is characteristic
of high efficiency and energy-saving machines. However, the ploughing effect was not
satisfactory. In 2020, the telescopic finger-type corn stalk rotary tillage buried machine was
designed and developed by Yang Qinglu et al. [15] The prototype uses telescopic fingers
and eccentric shafts to efficiently turn the crushed corn stalks over. The prototype can
separate the straw and the soil and use the drop to make the straw fall first, and then the
soil, so as to improve the effect of returning straw to the field. Van Wamel BV (Netherlands)
and FENDT (Germany) also developed a green manure shattering-ploughing combined
operation machine. However, the supporting system was higher than 220 kW and required
forward power output. This type of green manure shattering-ploughing machine is large
or mid-sized, costly and has poor matching with the power of micro-tractors in orchard
areas [16-18]. Considering practical line spacing in orchard areas, green manure planting
conditions and the economic level of fruit farmers, large-sized, high-cost green manure
shattering-ploughing machines are not applicable for green manure returning operations.

At present, most Chinese scholars have carried out the overall design of the green
manure returning prototype in the field of green manure returning to the field. At first, the
superficial ploughing of green manure crops with high stalks may influence the burying
effect. Moreover, deep ploughing may influence decay efficiency and can easily damage the
surface roots of fruit trees. To address these problems, a “separated burying device” was
designed, which can realize “stalk falling first, soil falling later, stalks below and soils up”.
A discrete element simulation test of this device was carried out to determine cooperative
relations among different parts. A new device is provided for efficient utilization of orchard
green manure. Moreover, the feasibility and reliability of the design were demonstrated
through a field test verification.

2. Materials and Methods
2.1. Composition and Working Principle of “Separated Burying Device”

The “separated burying device” is composed of rotary tillage cutters, iron chain
separation curtain, soil retaining board and compacting machine (Figure 1a). To obtain
a uniform load of cutter shaft and steady rotation during rotary tillage, all cutters were
arranged in a dual-helix symmetric pattern. The “iron chain separation curtain” was
composed of uniformly distributed iron chains which were fixed relatively through three
locating rods, aiming to prevent dangers caused by interaction with the rotary tillage
cutter during movement. However, iron chains can still sway within a small range to
prevent the blockage caused by green manure stalks which are lifted by high-speed rotating
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cutters. The “iron chain separation curtain” was mainly used to separate the green manure
stalks and soils. The soil retaining board was composed of a transverse plate and an
inclined board. It was mainly used to block soil particles that pass through the “iron chain
separation curtain”.

(a)

Figure 1. Separated burying device. 1. Rotary tillage blade 2. Rotary blade holder 3. Rotary blade
axis 4. Stem model 5. The chain 6. Soil particle model 7. Soil retaining plate 8. To suppress wheel
9. Soil model. (a) Schematic diagram of separation and burial device. (b) Schematic diagram of
principle of “separation and burial Device”.

During operation, green manure stalks were ploughed into the soil partially by the
rotary tillage cutter, while the rest was lifted by the rotary tillage cutter. Once the lifted part
arrived at the “iron chain separation curtain” with soils, the stalks were blocked, and their
trajectories were changed. They fell to the surface along with the “iron chain separation
curtain”. However, soils passed through the “iron chain separation curtain” until they
impacted onto the soil retaining board and then fell to the ground. In this way, the goal
of “stalks falling first and soil falling later” was achieved. The remaining unburied green
manure stalks were further compressed into the surface by the “stalk pressing plate” of the
compacting machine. This ultimately increased the burying rate of stalks. The separation,
ploughing and earthing principles are shown in Figure 1b.

2.2. “Iron Chain Separation Curtain” and Soil Retaining Board

The ‘iron chain separation curtain’ (Figure 2a) in the rotary tillage rear portion com-
prises a uniform configuration hoop and a chain through the three-locating rod, which
is relatively fixed. The chain also helps avoid interference from the rotary cutter in the
process of movement but can still shake within a small range. It is important to prevent the
high-speed rotary tillage sword from throwing up green manure stems, which can adhere
to and cause congestion on the chains. The main function of this device is to separate the
green manure stem and soil thrown by the rotary tiller.

=t
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Figure 2. “Chain separation curtain” and soil retaining board. (a) Schematic diagram of “Chain
separation curtain”. (b) Schematic diagram of soil retaining board.

According to the crushing and returning experiment on orchard green manure, 90.1%
of the crushing lengths lay between 0-100 mm, with the shortest length being 50 mm. To
improve the service life of the chain, it should be ensured that the chain can slide between
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the positioning rod, preventing green fertilizer stalks from passing through the chain;
therefore, the chain diameter is 14 mm, the inner length is 50 mm, and the outer width is
47.6 mm. The interval between the chains is 50 mm. According to the design of the entire
machine, the working width is 1500 mm, and a total of 28 groups of chains are designed.
Each set of chains consists of five iron rings, designed to radian such that the stalks slide
slowly. There are three positioning rods in total, with a diameter of 10 mm. Two of them
pass through the second and fourth iron rings, and one is pressed onto the third and fourth
iron rings.

The soil retaining board (Figure 2b) comprises a horizontal plate and an inclined plate
with the same length as the working width of 1500 mm. The width of the horizontal plate
in the preliminary design is 150 mm and the width of the inclined plate is 300 mm. The
main function of the retaining board is to block the soil particles passing through the ‘iron
chain separation curtain’.

After cutting upturned soils, the rotary tillage cutter lifts soil and green manure stalk.
Macroscopically, the soil can be distinguished as forward and backward lifting soil. The
former falls after impacting onto the shell and then makes a secondary impact with the
rotary tillage cutters, while lifting backwards [19]. Soil lifting performances are the key
factor that influences the burying effect of green manure stalks. By neglecting air friction,
the initial point coordinates of soil particles are found to be “xq, yo”. The speed along the x
and y directions were expressed as v, and v,, respectively, whereas the motion time was
expressed as “t”. The gravitational acceleration (g) was determined to be 9.8 m/s. The
lifting motion of soil particles can be expressed by Equation (1).

X=Xx0+v;-t
{y=yo+ve%g~t2 .

It is obvious from Equation (1) that soil particles make parabola trajectories. The
directional angle (1) along with the speed (v) determines the lifting direction of soil particles.
For ¢ > 71/2, soils are lifted forward, whereas soils are lifted backward for ¢ < 7r/2 (Figure 3).
Therefore, the conditions for the backward lifting of soils can be expressed by Equation (2).

P < arc’canﬁ < 7m/2 (2)

Ve

where 1 denotes the angle along with the soil particle speed (°).

Y

A
Vm
w

Figure 3. Soil lifting trajectory analysis of rotary tillage cutter.

As illustrated in Figure 2, the speed and direction at the lifting of soil particles can be
expressed by Equation (3).
{ v ive; 2_(1 —fin'y) 3)
p=60—-p-180
where v, is the transport velocity of soil particles (m/s). 6 is the rotational (°) angle of
the rotary tillage cutter, B is the angle between the velocity of the soil particles and the
minimum radius (°), and vy is the angle between the tangent line at the end of the front
edge of the rotary tillage cutter and the minimum radius (°).
Based on the analysis of the soil lifting process of the rotary tillage cutter, if the
transverse distance from the rotary tillage cutter to the “iron chain separation curtain”
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is too short, iron chains could easily interact with rotary tillage cutters during swaying.
Moreover, soils and stalks which are lifted by rotary tillage cutters could easily block iron
chains. Moreover, if the distance is too long, it may decrease the stalk-soil separation effect,
while increasing the machine length and influencing the flexibility as well as the balance
of the machines. If the soil retaining board’s transverse plate width is too small, then the
impact time of the soil onto the soil retaining board will be short and the coverage effect
will not be satisfying. If the width is too large, followed by a large machine length, then it
is inappropriate for operation in orchard areas.

2.3. Experiment Method

In order to save costs and time and improve work efficiency, discrete element simula-
tion experiments are used to design the “separation burial device”. Based on the above
analysis of the soil throwing motion of the rotary tiller, design test parameters include the
transverse distance (L1) from the center of the rotary tillage cutter to the root of the “iron
chain separation curtain”, width of the transverse plate of the soil retaining board (L;) and
angle of the soil retaining board (f)L3 (Figure 1b). Considering the soil lifting motion of the
rotary tillage cutter and the whole machine length, the parameter ranges were set at 300
< L; <500 mm, 150 < L, <250 mm and 100° < L3 < 140°. A three-factor and three-level
center combined simulation test was carried out by EDEM software [20]. The codes of the
test factors and levels are listed in Table 1.

Table 1. Factor level coding table.

The Test Factors
Code Value
L; (mm) L, (mm) L; (°)
1 500 250 140
0 400 200 120
-1 300 150 100

2.4. Discrete Element Simulation Test
2.4.1. Setting of Simulation Test Conditions

The “separated burying device” mainly involves rotary tillage cutters, soils and green
manure stalks. In the discrete element tests, parameters such as density, Poisson’s ratio
and shear modulus were determined. Moreover, contact parameters among the above
parameters were determined. In autumn, the green manure crop chosen was oilseed rape
and the rotary tillage cutters were made of 65Mn. According to the field survey, there were
sandy loams in the orchard testing areas and surrounding regions. Parameters of relevant
discrete element models were determined through data review [21-23]. The corresponding
outcomes are presented in Table 2.

2.4.2. Construction of the Simulation Model

The testing bergamot pear garden is situated in south Xinjiang, which is near the
Taklimakan Desert. There are regular-shaped sandy loams in the garden. The soil model
was constructed by using particle elements in EDEM. The particle models were set in two
types. For the convenience of calculation, it usually set larger soil particles in simulation
rather than actual sizes [24]. Therefore, particle size was set as 10mm single spherical
particles (Figure 4a) and stacking clusters of 4 particles [25,26] (Figure 4b). Particle number
is in normal distribution and particles are connected through Hertz-Mindlin with bonding.
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Table 2. Material parameters.

Project Parameter Project Parameter

Soil bin (long > wide x high) 3200 x 1600 x 300 The soil density (kg/m3) 1250

(mm X mm X mm)

Machine forward speed (m/s) 1.2 Soil Poisson’s ratio 0.4
Speed of rotatzl(?:d(}fs;‘otary blade w 13.3 Soil shear modulus (pa) 1 x 100
The density of 65 Mn steel (kg/ m?) 7860 Soil-soil recovery coefficient 0.2

Poisson’s ratio of 65 Mn steel 0.3 Soil-steel recovery coefficient 0.6
65 Mn steel shear modulus (pa) 79 % 1010 Recovery coeff1c1eirrl1trc;fp setem-steel collision 06

Canola stem density (kg/m?) 809 Soil-soil static friction factor 0.4

Poisson’s ratio of canola stem 0.23 Soil-steel static friction coefficient 0.6

Rape stem shear modulus (pa) 4.704 x 107 Stem-steel static friction coefficient of rape 0.23

Recovery coeff1c1e?1t. of rapeseed 0.6 Soil-soil rolling friction factor 0.3
stalk collision

Static friction Coierflﬁr:;? between stems 0.36 Soil-steel rolling friction coefficient 0.05

Rolling friction coefficient between 0.03 Rape stem-steel rolling friction factor 0.1

stems in rape

—7. 02684, 7. 3?%%?, 6. 6333)

- mn
31171 al (7.16383, 7.39336, 6.6333)
T02884,1 -, 32437, 6, 6333)

(5, 5 5

L2, 0045 nm

(-7.02884 , 7.39336. -5.37117)
12.0045 mm

7.16383, 7.39336, -5.37117)

L3. 7177 mn

7.16383, —6.32437, -5.37117)

(b)

Figure 4. Soil particle model. (a) Single spherical particles. (b) Lumpy particles.

To build a relevant stalk discrete element model [24-27], a green manure stalk model
on the soil surface was constructed. Based on the green manure returning test of the
orchard area in summer, the size of the broken green manure stalks was found to be mainly
distributed between 50 mm and 100 mm. In this study, 17 particles with a diameter of 6 mm
and 27 particles with a diameter of 6 mm formed the approximate cylinder-shaped green
manure stalk simulation models consisting of 60 mm and 90 mm in length, respectively
(Figure 5). These two models represented the green manure stalks after breaking and

pavement.
(30.0033, 6.00443, 600238) (45.0223, 6.00875, 6.00123)
W;_ome mm 12.0038 mm

(45.0223, 6.00875, -6.00257)
:12.0089 mm

20017 mn
~29, 9967, -5.99729, 6.00238)

(30.0033, 6.00443, -6.00524)

\12.0017 mm

(30,0033, -5.99729, -6.00524) (45.0223, -6.0001, -6.00257)

—F. 50729, —6.00524) 77T,
(a) (b)

Figure 5. Particle models of green manure stalks. (a) 60mm stem model. (b) 90mm stem model.
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2.4.3. Simulation Test Process

A 3200 mm (Length), 1600 mm (Width) and 300 mm (Height) soil tank model was
plotted by Solidworks. The model was assembled with the simplified key components and
stored in the format of *.igs. The corresponding data were input into EDEM. Meanwhile,
two-particle factories were set to produce the soil model and green manure stalk model.
The size of the particle factory which generates soil was consistent with the soil tank
model. According to soil density and soil tank area, a total of 1200 kg of soil particles
were generated within 0~2 s for the convenience of calculation. After 4s, the soil model
and green manure stalk model were completed (Figure 6a). The rotary tillage depth of the
whole model was 15 cm. The “stalk pressing plate” of the compacting machine entered
into the soil completely. By calculating the transmission ratio, the general advancing speed
was fixed at 1.2 m/s, while the axial rotating speed of the rotary tillage cutters was fixed at
600 r/min. Since the compacting machine cannot rotate automatically, its rotating speed
was calculated to be 327.27 r/min according to the advancing speed and perimeter of the
compacting machine. The operation time of the machine was 4~7 s. For the convenience of
calculation, the time step length was fixed at 20% of Rayleigh and the grid unit size was
fixed at 5 times the minimum particle radius.

(@) (b)

Figure 6. Simulation process of the key components. (a) Soil—stem—*separation and burial device”

model. (b) Simulation process.

3. Results and Analysis
3.1. Discrete Element Simulation Test Results and Optimization

The simulation test scheme and results are shown in Table 3. The burying rate was
expressed by Y, which was obtained from the Geometry Bin module in EDEM. Each test
was repeated three times while measuring the mean value. As represented in Table 3, the
highest burying rate was achieved for the L; = 400 mm, L, = 200 mm and 6 = 120°. This
indicates that the optimal combinations of L1, L, and L3 were nearly 400 mm, 200 mm and
120°.

To determine the optimal combination parameters of L, L, and L3, Box-Behnken
analysis was carried out by the Design-Expert-10 software. Regression analysis of the test
results was performed. The final regression model of response value Y (Equation (4)) and
encoding factors among L, L, and L3 were obtained.

Y = 94.87 — 1.43L; — 0.88L, — 0.29L3 — 0.91L1 L, — 0.032L; L3 + 0.043L,L3 — 2.84L,2 — 1.421,2 — 0.83L32  (4)

Analysis of variance (ANOVA) was also performed for the model (Table 4). The
determination coefficient (R?) was found to be 0.9595, which indicated the high fitting
accuracy of the established regression model expression. The fitting missing term of the
objective function was 0.0928 > 0.05, which was not significant. In other words, the fitting
loss factors did not exist. Moreover, the fitting regression equation could replace real points
in the test analysis. The significant P value of the objective function (Y) was determined to
be 0.0004, which was smaller than 0.01. This shows that this model is extremely significant
and can describe the relationship between the factors and the objective function. From the
size of the F value, it can be seen that the linear terms of the model (L1 and L,), as well as
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the quadratic terms (L1% and L,?), were extremely significant, while L3? and the interaction
term (L, L) were significant. The influence of each factor on the index Y'is: L; > Ly > L3. The
transverse distance (L1) from the center of the rotary tillage cutter to the root of the “iron
chain separation curtain” determines the separation of the thrown green manure stalks
from the soil. The width of the transverse plate of the soil retaining board (L;) determines
the length of soil movement time after separation and the angle of the soil retaining board
(9)L3 affects soil fall time. In terms of the importance of the three factors, the influence of
each factor on the index Y obtained by the variance analysis is reasonable.

Table 3. Simulation test scheme and results.

: Indicators
Tlilsli:lirel:l L1 (mm) L2 (mm) L ©) Y1 (%)
1 -1 -1 0 92.7
2 1 -1 0 91.31
3 -1 1 0 91.72
4 1 1 0 86.7
5 -1 0 -1 92.83
6 1 0 -1 90.36
7 -1 0 1 92.1
8 1 0 1 89.5
9 0 -1 -1 93.2
10 0 1 -1 92.39
11 0 -1 1 92.76
12 0 1 1 92.12
13 0 0 0 94.76
14 0 0 0 95.18
15 0 0 0 94.92
16 0 0 0 95.3
17 0 0 0 94.2

Table 4. Variance of regression model.

Source Sum of Degrees of Mean The F The p
Squares Freedom Square Error Value Value
model 75.92 9 8.44 18.41 0.0004
Ly 16.47 1 16.47 35.94 0.0005
Ly 6.2 1 6.2 13.52 0.0079
L3 0.66 1 0.66 1.44 0.2687
LiLy 3.29 1 3.29 7.19 0.0315
LiL3 0.004225 1 0.004225 0.009219 0.9262
LyLs 0.007225 1 0.007225 0.016 0.9036
Li? 34.01 1 34.01 74.22 <0.0001
L,? 8.52 1 8.52 18.58 0.0035
L3? 2.92 1 292 6.36 0.0397
residual 3.21 7 0.46
Loss of quasi item 2.46 3 0.82 4.41 0.0928
Pure error 0.74 4 0.19
aggregate 79.13 16

The response curve surface of factors to the burying rate is shown in Figure 6. It can
be seen in Figure 7a that the fixed factor (L3) is in the intermediate level (120°). When L; is
at a level, the burying rate (Y) presented an inverted V-shaped variation with the increase
of Ly. When L; is at a level, Y presented the same variation trend with the increase of L;.
Concerning the variation amplitude, L; influenced Y more than L;. It can be seen from
Figure 7b that when L, = 200 mm and L, is at a level, Y also presented an inverted V-shaped
variation with the increase of L3. When L3 is at a level, Y also presented the same variation
trend with the increase of L;. For the variation amplitude, L; influenced Y significantly
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210
L2 (mm) 190 o™ e
150 300

17

(@)

compared with L3. It can be seen from Figure 7c that when L; = 400 mm and L, is at a level,
Y presented an inverted V-shaped variation with the increase of L3. When L3 is at a level, Y
also presented the same variation trend with the increase of L. Concerning the variation
amplitude, L influenced Y more significantly than L;.

Y (%)
Y (%)

= 250

330

- 4.-,-.‘,,-.-.,2]707-.
w0 o W
L2 (mm)

(c)

Figure 7. Index response surface analysis of test factors. (a) Y (L1, Ly, 120), (b) Y (L, 200, L3), (¢) Y
(400/ LZ/ LB)

In order to obtain the best matching parameters of the “separation and burying
device” of the green manure crushing and rotary tiller integrated machine between the
orchard rows, it is necessary to optimize the regression model between the burial rate and
various influencing factors and establish a parametric mathematical model. Its nonlinear
programming mathematical model is shown in Equation (5).

maxY

s.t. 300mm < L; < 500mm
150mm < Ly < 250mm 5)
100° < Lz < 140°
0<Y (Ll,Lz,Lg) <1

The model was optimized through the optimization module of Design-Expert-10,
resulting in the optimal solution. Under the optimal conditions of L; = 378.76 mm,
Ly =187.78 mm and 0 = 116.48°, the burying rate was found to be the best, while reaching
95.16%.

3.2. Field Test Verification

The green manure shattering-rotary tillage integrated machine in the orchard area is
mainly composed of three-point suspension devices, gear case, gear drive systems at two
sides, shattering device, rotary tillage device and separated burying device (consisting of
“iron chain separation curtain” behind the frame, soil retaining board and earthing roller).
The simplified schematic of the whole machine is shown in Figure 8.

During operation, the output power of the tractor’s rear shaft is transmitted to the gear
case and its direction is changed by the bevel gear. This output power is transmitted to the
gear drive systems at two sides to drive the operation of the shattering device and rotary
tillage device. The shattering device cut fresh green manure into pieces. The rotary tillage
device mixes the cutting stalks with soils and then buries them together. Meanwhile, green
manure that is not cut into satisfactory pieces is cut for the second time. The rotary tillage
cutters lift soils and stalks together during rotation. Due to interception by the “iron chain
separation curtain”, most stalks fall to the ground, while soils pass through the “iron chain
separation curtain” and fall to the ground until they impact onto the soil retaining board,
thus covering the green manure stalks. Subsequently, surface green manure stalks are
compressed into soils through the zigzag-shaped “stalk pressing plate” on the compacting
wheel, which can effectively improve the ploughing effect and increase the burying rate of
green manure. The schematic diagram of the green manure returning operation in pear
orchard is shown in Figure 9.
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23 22 21 2019 18 17 16 15

1 2 3 1 5 6 7 89 10 11

Figure 8. Simplified schematic of green manure shattering-rotary tillage integrated machine between
rows in the orchard area. 1. Grass cutter blade; 2. Grass cutter holder; 3. Left side baffle; 4. Gearbox;
5. Left side bezel; 6. Rotary blade; 7. Bearing end cover; 8. Locating hole; 9. Positioning holes;
10. Connection plate of suppression wheel; 11. Suppress wheel; 12. Chain separation curtain
positioning rod; 13. Soil retaining plate; 14. The chain; 15. Chain fastening rings; 16. Retaining board
positioning pin; 17. The baffle; 18. Left drive shaft; 19. Transmission cover; 20. The transmission;
21. Right drive shaft; 22. Right side baffle plate; 23. Suspension.

Pear tree Pear tree

Burial site of green manure ; 150mm
‘\}\ .. Root position on pear tree surface ’ A 150mm

Soil J
/// /t\ \ Deep root of pear tree location / / /F‘\‘ \ 300mm

Figure 9. Green manure returning diagram in the pear garden.

3.2.1. Test Conditions

A field test was carried out in the Bergamot Pear Demonstration Base in 12th Group,
Alear City, Xinjiang Uygur Autonomous Region (40°28' N, 81°26’ E) on 23 October 2021.
The study area covered 500 mu and the soil type was sandy loam. Before the test, soil
moisture content and soil density between rows as well as the moisture content in oilseed
rape stalk were measured at 10 random points and mean values were taken. At depths of
5 cm, 10 cm and 15 cm, the soil moisture contents were measured to be 10.35%, 12.76% and
13.12%, respectively. The soil densities were measured to be at 152.5 Kpa, 166.3 Kpa and
182.9 Kpa, respectively, whereas the average moisture content in oilseed rape stalk was at
72.46%.

The test included a Luzhong 604 tractor, ZN-C20002 electronic balance with an accu-
racy of 0.01g, TYD-2 digital display soil hardness tester, DHS-10A fast moisture testing
machine, UT373 digital non-contact tachometer, original geotome, 50 m tape measure, 4.5 m
flexible ruler, 30 cm steel ruler, chronometer and shovels.

3.2.2. Test Method

The ordinary rotary tillage machine without a “separated burying device” was used
as the control group, while the machine with a “separated burying device” (round-off
parameters) was used as the test group. The field verification test was carried out once
the operation speed reached 3.6 km/h. The test was conducted according to the national
standards of Operation Quality for Stalk Shattering and Returning Machine NY/T500-2015,
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Operation Quality for Rotary Tillage Machine NY/T499-2013, etc. The field test is shown in
Figure 10. The elliptical position in the figure is the non-buried green fertilizer stem.

Poplar isolation belt

T Pear tree

. . Green manure rape
Operation equipments

After the operation

Figure 10. Field test. (a) Control group field trial; (b) “separated burying device” Group Field Test.

Five test points were chosen at an equal interval in the operation region of the machine
while having 1 m? scope of each point. Green manure above the surface and 15cm below the
surface were screened by a sieve. If the coverage length of green manure crops was shorter
than 2/3 of the total length, it was determined as no coverage. Samples were collected in
a sealed bag, weighed and recorded. To decrease errors, samples were weighted thrice,
and the mean value was considered. With reference to the Operation Quality of Furrow Plow
NY/I'742-2003, the green manure coverage after operation of the machine was calculated
according to Equations (5)—(7), where mx1, mx, and myx3 were results of three measurements
of green manures above the surface at each point; my1, my; and my3; were results of three
measurements of green manures at 15cm below the surface at each point. Test results are

presented in Table 5.
_ Mmx1+mxy +mx3

Z
1 3 (6)
where Z; is the vegetation and residual mass above the surface (kg).
My + Myz +m
7, = M 31’/2 Y3 @)
where Z; is the vegetation and residual mass at 15 cm below the surface (kg).
Zy
F=_—-—"—-x100 8
VARV ®

where F is the green manure coverage below the surface (%).
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Table 5. Green manure coverage.

Quality of Green Quality of Green
Test Way Measuring Point Manure above the Manure 15 cm below Buried Rate F (%)

Surface Z; (g) the Surface Z; (g)

1 125.46 1090.15 89.68

2 140.17 1275.09 90.09

The control group 3 123.84 968.27 88.66

4 169.31 1256.41 88.12

5 115.25 1176.69 91.08

1 62.38 1205.17 95.08

2 82.15 1138.32 93.27

Experimental group 3 75.46 1155.63 93.87

4 54.71 926.15 94.42

5 63.92 1259.74 95.17

According to the field test, the “separated burying device” did not block during the
whole test process, which shows that the “Chain separation curtain” structural design
is reasonable and reliable. Before designing the “separation burial device”, the average
burial rate of green manure crops was 89.53% when the turning depth was 150mm. After
designing the “separating burying device”, the average burying rate of green manure
crops was 94.36% when the turning depth was 150mm, and the green manure burial rate
increased 4.84%, verifying the feasibility of the “separated buried device”. Compared with
the optimal burial rate of 95.16% in the discrete element simulation test, the error is 0.8%,
far less than 5%, which verifies the scientificity, feasibility and accuracy of the quadratic
polynomial regression model.

4. Discussion

This paper studies methods for improving the effect of orchard green manure burial
and returning to the field. At present, Chinese scholars mainly conduct field experiments by
changing the type of green manure returning to the field. To our knowledge, no proprietary
burial device has been designed to enhance the effectiveness of green manure. Therefore,
the design of a “separating burying device” is innovative and scientific. Yang et al. [16]
designed and developed a telescopic finger-type corn stalk rotary tillage burial machine,
which uses telescopic fingers and an eccentric shaft to separate the straw from the soil,
which can efficiently bury the crushed corn stalks. The similarity to this design is that the
rotary tiller group is used for burial, and the method of separation and burial is adopted.
The difference is that the buried objects are different, and the methods of separation and
burial are different. The specific performance is as follows: in this design, the rotary tiller
of the original machinery is directly used for throwing, and the green fertilizer stalk and
soil are separated through the free shaking “Chain separation curtain”. This can prevent
the clogging of green manure stems, and the effect of separation and burial is better. Due to
the difference in burial depth and material properties, the test results are not comparable.
It can be seen from the field comparison test that the average burial rate of green manure is
89.53% before the design of the “separating burying device”, and the average burial rate of
green manure after the design of the “separating burying device” is 94.36%, an increase
of 4.84%.

Through the analysis of the research status of green manure returning machinery
at home and abroad, it is found that in southern Xinjiang, China, the use of orchard
green manure returning to the field is mainly through theoretical analysis, integrating the
advantages of different structures, and carrying out prototype modification optimization
and field verification. However, this study innovatively designed a “separating burying
device” composed of “Chain separation curtain”, earth retaining plate and suppression
device, which improved the burying effect of green manure crops and was beneficial to
the decomposition and nutrient release and utilization of green manure crops. It created
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good conditions for re-seeding and optimized the quality of seed beds. No structural
design research related to improving the burial rate of green manure has been found, so
the research has a certain novelty.

This study has carried out some innovative structural designs, but there are also some
limitations. The specific contents are as follows:

(1) The designed “separating burying device” needs to be used in conjunction with the
rotary tiller, so the “separating burying device” can only be used in conjunction with
the machine that uses rotary tillage to bury green manure, and is not suitable for other
machines.

(2) The simulation test and field test in this paper are mainly aimed at the fragrant pear
orchard in Alar City, Xinjiang, China. The soil type is sandy loam, and the green
manure crop is only rape. The next step will be to study the structural optimization of
the “separating burying device” under different soil conditions and different types of
green manure, in order to achieve the purpose of reducing drag and consumption,
improving performance and versatility.

5. Conclusions

(1) Completed the overall structural design of the “separated burying device”, which
is mainly composed of “Chain separation curtain”, earth retaining plates and sup-
pressors, achieved the goal of “stalk falling first and soil falling later” during green
manure returning.

(2) A cooperative parameter model of the “separated burying device” was constructed
through a discrete element model and the feasibility of the model was verified. It can
predict the burying rate of green manures. Cooperative parameters of the key compo-
nents were optimized through regression and response surface analysis. The machine
achieved the highest burying rate (95.16%) for Ly = 378.76 mm, L, = 187.78 mm and
6 =116.48°.

(3) Inorder to verify the reliability, scientificity and feasibility of the “separated burying
device”, a field test was carried out. Before designing the “separation burial device”,
the average burial rate of green manure crops was 89.53% when the turning depth was
150 mm. After designing the “separating burying device”, the average burying rate of
green manure crops was 94.36% when the turning depth was 150 mm, and the green
manure burial rate increased 4.84%, verifying the feasibility of the “separated buried
device”. Compared with the optimal burial rate of 95.16% in the discrete element
simulation test, the error is 0.8%, far less than 5%, which verifies the scientificity,
feasibility and accuracy of the quadratic polynomial regression model.
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