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Abstract: This study centered around the practical problem that there is no machine available for
deep planting with large holes in hilly and mountainous areas of China. According to the principle
of spiral lifting, a conical, double-spiral hole-forming machine was innovatively designed. The
structural design and parameter calculation were completed. By discrete-element-method (DEM)
simulation, the optimal lead and rotation speed of the hole former were obtained, and the hole-
forming mechanisms of soil cutting, soil lifting, soil discharging, soil extruding, and soil returning
were further revealed. The field test results indicated that the prototype had the advantages of
convenient operation and good performance, and the formed holes met the agronomic requirements,
with a qualification rate of 88.5%. In addition, it was found that the soil moisture content has a great
influence on the formation of holes. Under the condition of low moisture content, the residence
time at the bottom of a hole should be appropriately increased to improve the qualification rate of
the holes formed. Our research results provided theoretical guidance and technical support for the
design, optimization, popularization, and application of a hole-forming machine for deep planting
with large holes (DPLH).

Keywords: transplanting; discrete element method; hole-forming machine; design; parameter
optimization

1. Introduction

In the 1990s, the transplantation of seedlings under plastic film was tested in Northeast
and Northwest China for the first time. Compared with the previous planting methods,
the transplanting date was 10-15 days earlier, which achieved the goal of increasing
production and income, so it was popularized throughout the country [1]. Deep planting
with large holes (DPLH) is a type of transplanting technology under film, which not only
has the advantages of shortening the recovery stage and enhancing the survival rate of
transplanting but also can improve the yield and quality of crops in areas with spring
drought and can realize increases in production and income [2]. At present, DPLH has
become the main transplanting method of tobacco, pepper, and other crops in areas with
spring drought and little rain in southwest China [3].

The technique of DPLH was developed earlier, but the development of matching
machines and the theoretical research on transplanting larger holes occurred later. During
the development phase of hole-forming machines, Jiahong and colleagues designed a
compound machine that achieved the task of forming and transplanting holes. The field
test demonstrated that the machine had high working efficiency, and the depth and size of
the formed holes met the agronomic requirements [4]. Fei et al. designed and developed
a small planter in a large hole. Their experimental observations showed that the hole
depth was 141 mm, the hole diameter was 306 mm, and the qualification rate of hole
formation was high [5]. Although the research and development of the above-mentioned
hole-forming machine for DPLH has, to some extent, solved the practical problem that there
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are no appropriate machines available in some areas, its popularization and application
are limited because of its cumbersome and complicated structure. In theoretical research
of transplanting holes and the structural design of a hole-forming machine, Xiang et al.
designed a new rapeseed transplanting machine. They analyzed the motion mechanism of
a pure rolling-type machine to derive motion parametric equations for the hole-forming
machine. MATLAB 2020b was employed to generate theoretical contour lines and outline
drawings of the transplanting hole. CATIA was then utilized for simulation analysis
to obtain the contour curve of the transplanting hole, and fitting as well as simulation
were carried out to verify its structure and motion parameters [6,7]. Kaisu et al. studied
the theory of the soil lifting of auger bits of diggers and deduced the general formula
for calculating the critical speed of the bit. They found that the critical speed of the
drill bit was also related to soil viscosity, which was increased by about 1.2 times for the
digger used in cohesive soil [8]. Wei et al. researched the hole-forming operation mode
of rape transplanting, the structural optimization of the hole former, and the operation
performance of the hole-forming machine. Through this approach, they optimized the
hole-forming mode and the operation parameters of the hole former, improved the hole-
forming operation, and provided technical support for future research on the interaction
between the hole-forming mechanism and the soil [9-11]. Han, C. et al. conducted a
parameter optimization design and experimental study on the hole former of a watermelon
pot seedling planter. Their experimental results indicated that when the diameter of the
small end of the hole former was 60 mm and the theoretical hole-forming depth was
65 mm, the hole shape was conducive to transplanting watermelon seedlings raised on a
compacted substrate [12]. To sum up, researchers have mainly investigated the theory of
hole digging for planting trees, the hole-forming method of soil picking and soil extruding
for transplanting seedlings, and the structural optimization of hole formers. However,
there are few reports regarding the device and theory of hole formation in DPLH.

In this research, a hole-forming machine suitable for hilly and mountainous areas was
designed for DPLH, and the parameters were designed and optimized through theoretical
analysis and discrete-element-method (DEM) simulation, and the hole-forming mechanism
was revealed. Our research results provided theoretical guidance and technical support for
the optimal design of a hole-forming machine for DPLH.

2. Materials and Methods
2.1. DPLH Technique

DPLH belongs to the mode of transplanting under film (Figure 1), which is one of
the transplanting techniques on ridge surfaces. Its technical characteristics are as follows:
first, digging a hole on a ridge, transplanting the seedling into the hole after applying
base fertilizer, then covering the ridge with plastic film, cutting the film in the center
of the hole, and pressing the film and cultivating the soil to expose the seedling [13].
Studies have shown that DPLH effectively raised ground temperature, resisted drought and
conserved moisture, improved lighting conditions, enhanced soil fertility, reduced pests and
diseases, and provided a good growth environment for the early growth of seedlings [14,15].
According to the agronomic requirements, the hole of DPLH was approximately conical,
the hole diameter (D) was 200-250 mm, and the hole depth (Hp) was 150-200 mm.
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Figure 1. Diagram of DPLH. 1. Film, 2. seedling, 3. hole, 4. ridge body:.
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2.2. Design of the Hole-Forming Machine for DPLH

Currently, the traditional method of “manual and hoe” is still widely employed to dig
a large hole for DPLH in the vast hilly and mountainous areas of China, which is labor-
intensive and inefficient, and the consistency of the hole formation is poor, so it struggles to
meet the needs of modern agricultural production. For this reason, based on the landform
and soil condition of hilly and mountainous areas and transplanting requirements, our
research group developed a backpack large-hole-forming machine for DPLH (Figure 2),
which was mostly composed of a gasoline engine, flexible shaft, reducer, hard shaft, spiral
hole former, handle, and protective cover [16,17]. The power provided by the gasoline
engine, 1, is transmitted to the reducer, 6, through the flexible shaft, 3, and then to the spiral
hole former through the hard shaft, 7. In operation, the operator with the engine, 1, on his
back operates the handle, 5, to make a large hole for transplanting by the spiral hole former,
9, in the designated positions.

Figure 2. Structure diagram of the large-hole-forming machine. 1. Gasoline engine, 2. back pad,
3. flexible shaft, 4. clutch control line, 5. handle, 6. reducer, 7. hard shaft, 8. protective cover, 9. spiral
hole former.

2.2.1. Design of the Spiral Hole Former

A hole former is a key part of the large-hole-forming machine, and its structure directly
affects the quality of hole formation. There are two commonly used methods of hole
formation for seedling transplantation: the soil-picking type and soil-extruding type [11].
Considering that the hole diameter is large and the hole depth is deep for DPLH, it struggles
to meet the requirements of large hole formation by soil picking or soil extruding. Therefore,
the hole former was designed as a conical, double-helix structure [18-20] (Figure 3), and
the hole former realized the compound hole-forming mode of extruding soil in the lower
part and discharging soil in the upper part.

Figure 3. Structural diagram of the spiral hole former. 1. Spiral blade, 2. conical core, 3. soil
cutting blade.

Considering the problem of soil returning to the hole in the process of hole formation,
the major diameter of the hole former was calculated according to D = 0.9 Dy [21,22],
where Dy is the median diameter of the hole (225 mm). The major diameter of the hole
former (D) was calculated to be 200 mm, and the minor diameter (d) and the spiral length
(L) were computed to be 100 mm and 150 mm, respectively.
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(1) Determination of helix angle and lead

High transporting efficiency and low power consumption are the main factors that
should be considered in the selection of the helix angle. The selection of the helix angle («)
must satisfy the following formula:

E<a <90’ —¢p1—pB (1)

where & stands for the included angle between the spiral blade and the horizontal ground;
@1 represents the friction angle between the soil and helicoid; B denotes the included angle
between the moving direction of soil particles and the horizontal plane. According to the
design experience, the helix angle («) of an auger bit is generally 10-22° [21]. Based on the
relationship between the elevation angle, lead, and diameter of the auger, the following
equation was established:

a = tan"!(h/7D) ()

where D symbolizes the outer diameter of the spiral, (i.e., the major diameter of the hole
former) in mm; h indicates spiral pitch in mm. Through calculation, the lead range was
estimated to be 110-250 mm.

(2) Determination of feed

The feed per revolution of the hole former was determined according to the soil
transportation situation and power, and the feed (S) was calculated based on the following
formula:

S = nDtan¢ ©)]

We considered the hole to be formed on cultivated soil, and the included angle (&)
between the spiral blade and the horizontal ground was 1°. We also calculated that the
feed (S) was equal to 11 mm.

(3) Primary selection of critical speed of hole former

The rotational speed is an important working parameter of the hole former, which
affects the input power, hole-forming efficiency, and the wear of spiral blades. The critical
rotational speed (1) of the hole former was calculated using the following formula:

n=955F S 4)
1o

where g is the acceleration of gravity; r is the average radius of the spiral (r, = D/2); F, is
a dimensionless similarity criterion, that is, the dimensionless motion equation of spiral drill
bits with different diameters. Under the same working conditions, if « remains unchanged,
ro will remain unchanged. F, was calculated according to the following formula:

(5)

_ tana + tan sin tx—i—(pl
~ tana —tan¢ \| facos(a + @1 + B)

where f, stands for the friction coefficient between soils. Generally, the F;, of an auger
bit is 2.5-4.5 [21], and if it is substituted into Formula (2), the critical speed range of
n = 236—425 rpm will be obtained.

(4) Determination of soil cutting front angle and back angle of the blade

The principle of determining the cutting angle of the blade is that the cutting torque is
small, the axial force is small, and the blade has sufficient strength and life. The schematic
diagram of blade-cutting soil is shown in Figure 4. The hole former rotates and has axial
feed movement simultaneously. Thus, the movement tracks at different radii on the blade
are spirals with different rising angles.
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Figure 4. Schematic diagram of blade-cutting soil.

In the process of soil cutting, the actual soil cutting front angle (6) and back angle (¢)
of the hole former were calculated based on the following formula:

6=208)—& =6y — tanh_l(S/an) (6)

e=r¢9—& =¢o —tanh (S /27r) (7)

where d is the nominal soil cutting front angle of the blade; ¢ is the nominal soil cutting
back angle of the blade; r is the distance from the calculating point to the axis center; and
¢r is the included angle between the moving direction of the calculating point and the
horizontal plane.

The main parameter design of the hole-forming head is shown in Table 1.

Table 1. Hole former key parameters.

Parametric Numerical Value
The major diameter of the hole former/mm 200
The minor diameter of the hole former/mm 100
The spiral length/mm 150
Helix angle/° 10-20

Spiral lead /mm 110-250
Feed rate/mm-r—1 11

Critical speed range/rpm 236-425

2.2.2. Three-Dimensional Model of the Spiral Hole Formers

Based on the above-mentioned spiral lead range and spiral length, and referring
to the structure of the spiral hole-forming bit of a common tree-planting and digging
machine, three hole formers with leads of 150 mm, 200 mm, and 250 mm were designed.
Three-dimensional models of three kinds of the spiral hole formers are shown in Figure 5.

yy¥ ¥

\\-‘P)

»

(a) The 250 mm lead. (b) The 200 mm lead. (c) The 150 mm lead.

Figure 5. Three-dimensional models of spiral hole formers with different leads.

2.2.3. Calculation of Engine Total Power

The total power (N) of the engine is primarily determined by the cutting power (N )
of the blade and the power (N ) of lifting soil particles.
The cutting power (N ) of the blade was computed according to the following formula:

N, = %n[iacosw + Sbsin(dy + ¢1)]ro* ®
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where i represents the number of spiral blades (i = 2); a denotes the blade resistance
coefficient (for soft soil: 2 = 1800-2400 N/m) [21]; ¢ signifies the included angle between
soil resistance acting on the blade edge and the horizontal plane (for soft soil: i = 30°-35°; b
symbolizes the resistance coefficient of soil deformation (for soft soil: b = (1.2-1.7) x 10° Pa);
and ¢; stands for the friction angle between the soil and 65Mn steel (¢ = 15°—40°).

The power of lifting soil particles is related to the flow rate of soil particles per unit of
time, which chiefly includes the power consumed by the increase in the potential energy
and kinetic energy of soil particles and the friction between the soil and helical surface. The
power (Njs) of lifting soil particles was calculated using the following formula:

Ns; = N;j+Nj> + N3 9)

The power (N ;) consumed by increasing the potential energy of soil particles was
computed by the following formula:

N1 = Qgh (10)

The power (N,) consumed by increasing the kinetic energy of soil particles was
calculated using the following formula:

N Qgro (1 + tan? ﬁ)%
27 2f[cot(a+ ¢1) — tan ]

(11)

The friction power (N ;) between the conveying soil particles and the helical surface
was computed based on the following formula:

cotacot(a + 1) + 1

cot(a + ¢1) — tanp (12)

N3 = Qghtan ¢1

The soil particle flow (Q) per unit of time was calculated according to the following
formula:
Q= nr%wk'ytang (13)

where k is the coefficient of soil porosity, generally k = 1.2-1.6; -y is the bulk density of loose
soil, generally y = 1000-1300 kg/m?3.
Therefore, the total engine power (N) is computed by the following formula:

(N: + N,)K
n

N = (14)
where K is the power reserve coefficient, usually K = 1.3-1.5; 7 is the transmission efficiency
of the hole-forming machine, usually # = 0.9-0.95.

2.3. DEM Simulation

DEM is a numerical analysis method commonly used to solve and analyze the motion
law of discrete systems. At present, DEM has become an effective method to simulate
and analyze the interaction between soil-engaging parts of agricultural machinery and
soil, and many scholars have utilized DEM to investigate soil-engaging problems such as
cultivating, planting, and hole formation [23-28]. We optimized the working speed and
lead of the hole former with the help of EDEM 2020 simulation software and explored its
hole-forming mechanism.

The three-dimensional model of the hole former was established using UG NX
8.5 software and saved in IGS file format, and then, it was imported into EDEM 2020
software. A cuboid-shaped soil bin with the size of 600 mm x 600 mm X 250 mm
(length x width x height) was established, and the parameters of the soil particles fac-
tory were set as follows: the size was set to random, the particle model selected a single
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spherical particle with a radius of 3 mm as the benchmark, the radius of randomly gen-
erated particles was set to 0.5-2 times, the position was set to random, the velocity was
set to 3 m/s, the direction was along the negative direction of the Z axis, the factory type
was set to dynamic, and the total number of generated particles was 175,000. The soil
model was divided into five layers, each with a height of 50 mm, and Hertz-Mindlin with
JKR was selected as the contact model between soil particles. The Hertz—Mindlin (no-slip)
model without sliding contact between soil particles and the hole former was selected. The
simulation model is shown in Figure 6.

\f

Figure 6. DEM simulation model.

In the simulation modeling, referring to the calibration test results of our research
group regarding yellow clay soil particles, 65Mn steel, and contact parameters [29], the
DEM simulation parameters were set as shown in Table 2. In the simulation analysis, the
particle generation time was 1 s, both the descending and ascending times of the hole
former were 2 s, and the time step was 0.02 s.

Table 2. Material parameters and contact parameters of DEM simulation.

Parameters Numerical Value
Density of soil particles/kg-m 3 1000
Poisson’s ratio of soil 0.3
Shear modulus of soil/MPa 1
Density of 65Mn steel /kg-m 3 7800
Poisson’s ratio of stainless steel 0.3
Shear modulus of 65Mn steel/MPa 79,000
JKR surface energy of soil-soil / J-m~—2 0.177
Coefficient of restitution of soil-soil 0.510
Static friction coefficient of soil-soil 0.72
Rolling friction coefficient of soil-soil 0.076
Coefficient of restitution of soil-65Mn steel 0.658
Static friction coefficient of soil-65Mn steel 0.938
Rolling friction coefficient of soil-65Mn steel 0.026

2.4. Field Test

To test the working performance of the prototype of the hole-forming machine for
DPLH, a field experiment was carried out in Caohai Science and Technology Park, Weining
County, Bijie City, China, on 5 April 2023. The test equipment included the hole-forming
machine (equipped with an air-cooled gasoline engine with a power of 0.8 kW), level meter,
steel ruler, stopwatch, and pull wire. The experimental plot was rototilled twice and ridged,
the ridge height was 200-250 mm, and the ridge surface width was 300-350 mm.

In order to obtain the particle size and moisture content of the soil in the test site, soil
samples were taken at three locations every 20 m on the test ridge, and the soil moisture
content was 13.8% by the drying method. The tested soil body was screened with a standard
inspection screen to obtain the distribution of particle size and proportion of soil and sand
and gravel, as shown in Table 3.
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Table 3. Standard screening data for soil sieves.

Particle Diameter (mm)

0-0.5
0.5-1
1-2
2-5
>5

Soil Sand and Gravel
Average Mass (g) Average Percentage (%) Average Mass (g) Average Percentage (%)
217.98 20.76 2091 15.32
252.53 24.05 30.32 22.21
192.99 18.38 47.17 34.56
342.41 32.61 30.86 22.61
44.10 42 7.23 53

The field test is shown in Figure 7. Before the test, every 500 mm was marked with
lime. A total of 100 large holes were made continuously in the same plot; the test time was
recorded with a stopwatch; the hole diameter and depth were measured; and finally, the
average value, qualification rate, and the work efficiency were calculated.

(a) Prototype test of hole-forming machine.

(b) Hole parameter measurement.
Figure 7. Images of test process.

3. Results and Discussion
3.1. Parameter Optimization Based on DEM

According to Section 2.2.1, the critical rotation speed in cohesive soil was enhanced by
1.2 times [8]. Thus, the simulation analysis was performed using the following conditions:
the rotation speed of the hole former was set to 450 rpm, 500 rpm, 550 rpm, 600 rpm, and
650 rpm; the lead was 200 mm; and the total simulation time was set to 6 s, in which the
residence periods at the bottom of the hole were 1 s. The number of soil particles lifted by
the hole former and the working resistance are shown as line charts in Figures 8 and 9.

Figure 8 shows that the number of lifted soil particles increased with the increase in
rotation speed at all rotation speeds. Moreover, during the descending and staying periods,
the number of lifted soil particles first increased and then decreased; however, it tended
to be stable in the ascending period. Figure 9 shows that the working resistance of the
hole former increased at the beginning and then decreased during the descending and
ascending periods, with the maximum resistance occurring when the rotation speed was
450 rpm during the descending period and when it was 650 rpm during the ascending
period. The overall working resistance tended to be stable during the residence periods,
and its value was close to zero. Based on the comprehensive consideration of lifting capacity
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and decreasing working resistance, the working speed of the hole former was initially
determined to be 500-600 rpm.

800
—=— Rotation speed 450/ (r/min) —*— Rotation speed 500/ (r/min)
—4— Rotation speed 550/ n) —— Rotation speed 600/ (r/min)

700 7 —— Rotation speed 650/ (rimin>
s bt Bt
£ 600 VANV

I\ ¥
}é / \ "/ ,/'\‘
5004 / [ |
= ‘/ [/ |
= [ 4
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Simulation time/s
Figure 8. Variation in the number of soil particles lifted by the hole former under different rotation

speeds.

—=—Rotation speed 450/(/min)—*— Rotation speed 500/(r/min)
40-| —*—Rotation speed 550/(r/min) —v— Rotation speed 600/(r/min)
—=*—Rotation speed 650/(r/min)

Working resistance/N
<
!

204

304

—404

T T T
1.0 1.5 20 25 30 35 40 45 50 55 6.0
Simulation time/s

Figure 9. Variation in the working resistance in the hole former under different rotation speeds.

Three hole formers with leads of 150 mm, 200 mm, and 250 mm (Figure 5) were
imported into EDEM to simulate the hole-forming process, and the total simulation time
was set to 6.5 s (in which the residence periods at the bottom of the hole were 1.5 s).
The number of lifted soil particles and working resistance are shown as line charts in

Figures 10 and 11.

00 —=—Lead! 50mm —*—Lead 200mm —*—Lead 250mm

g g8 8 g8 g 32
T S S S

Number of lifting soil particles/no.

T T T T T T T T
L0 L5 20 25 30 35 40 45 50 55 60 6.5
Simulation time/s

Figure 10. Variation in the number of soil particles lifted by the hole formers with different leads.

| —— Lead 150mm —e—Lead 200mm —— Lead 250mm

50

100

‘Working resistance/N

~150 -

-200 T T T T T T T
LO L5 20 25 30 35 40 45 50 55 6.0 65
Simulation time/s

Figure 11. Variation in the working resistance of the hole formers with different leads.
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Figure 10 shows that the number of lifted soil particles decreased with the increase in
lead diameter. During the whole hole-forming period, the number of lifted soil particles
increased first and then decreased, and the lifting of soil particles largely occurred in the
residence periods at the bottom of the hole. Figure 11 shows that with the increase in lead
diameter, the fluctuation amplitude of the working resistance decreased. Based on the
consideration of operation stability, the lead of the hole former was finally designed to
be 250 mm, and the residence periods at the bottom of the hole could be appropriately
increased in the actual operation to enhance the lifting capacity of soil particles.

3.2. Analysis of Hole-Forming Mechanism
3.2.1. Theoretical Analysis of Hole-Forming Mechanism

Figure 12 suggests that when the spiral hole former contacted the soil, the lower blade
first cut the central soil, and then, the cut soil was squeezed into granular bodies, which
were thrown onto the ridge surface around the hole under the action of inertial centrifugal
force. With the descending movement of the hole former, the spiral blades also participated
in soil cutting, and the hole diameter was continuously expanded, and the soil cutting
was completed layer by layer (Figure 12a). When the hole former descended to a certain
depth to form a cone-shaped hole, the cut soil particles were driven by the higher rotation
speed of the spiral blade to obtain a larger inertial centrifugal force, and under the action of
this inertial centrifugal force, the soil particles were pushed around against the friction of
the blade and compacted against the hole wall. This resulted in soil accumulation on the
hole wall (Figure 12b). Friction was generated between the hole wall and the soil at the
contact surface AB, and under the action of this friction, the rotational angular velocity of
soil particles lagged behind that of the spiral blade. Driven by the spiral blades, the first
layer of soil particles slid along the spiral surface and slid up along the spiral trajectory.
The second layer of soil particles was driven by the first layer of soil particles to slide and
rise under the action of internal friction. The internal friction between soil particles was
predominantly affected by the rotational inertia centrifugal force and the friction coefficient
between soil particles, and their relationship is a direct one. The closer to the center of the
hole former, the smaller the internal friction between soil particles. When the soil particles
were transported to the top of the blade, they were thrown out of the hole under the action
of inertial centrifugal force. Therefore, the spiral hole-forming machine made a large hole
through the process of cutting soil, lifting soil, and discharging soil. Furthermore, because
the soil was an open and complex natural body, it was difficult to avoid the phenomenon
of soil returning to the hole in the process of hole formation.

I

1: Layer 1 soil particles
2: Layer 2 soil particles
(a) Schematic diagram of soil cutting. (b) Diagram of soil accumulation during lifting.

7

Figure 12. Schematic diagram of hole-forming process.

3.2.2. DEM Analysis of Hole-Forming Mechanism

Figures 13 and 14, respectively, show the soil particle disturbance and streamline
during the process of hole formation. These figures indicate that when t = 1-1.5 s, the
hole former cut the first layer of soil, and some soil particles in the first layer were thrown
around the hole; when t = 1.5-2 s, the hole former cut the second layer, and the soil particles
thrown out principally came from the first layer; when t = 2-2.5 s, the hole former cut the
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t=15s
(buried depth =50 mm)

t=15s
(buried dept =50 mm).

third layer, and the soil particles thrown out mainly originated from the first and second
layers; when t = 2.5-3 s, the hole former cut the fourth layer, and the soil particles thrown
out mostly came from the second and third layers, and the soil particles in the fourth
layer were rarely thrown out. It was observed that in the first, second, and third layers,
holes were primarily formed by discharging soil, and in the fourth layer, holes were chiefly
formed by extruding soil. The simulation results demonstrated that the hole former met
the design requirements of compound hole formation by extruding soil and discharging
soil. Figure 14 shows that the thrown soil particles followed an oblique throwing motion,
and with the increase in buried depth, the thrown soil particles increased and the oblique
throwing angle increased. To shorten the throwing distance of soil particles, reduce dust,
and increase safety, a protective device was added.

t=2s t=25s t=3s
(buried depth = 100 mm) (buried depth =150 mm) (buried depth =50 mm)

Figure 13. Simulation of soil disturbance during hole-forming process.

t=2s t=25s t=3s
(buried depth =100 mm). (buried depth = 150 mm). (buried depth =50 mm).

Figure 14. Streamline diagram of soil particles during hole-forming process.

To study the lifting mechanism of soil particles in the hole-forming process, the
simulated velocity of soil particles was visualized, and the velocity diagram of soil particles
was obtained (Figure 15), in which red color indicates the maximum velocity and blue
color indicates the minimum velocity. Figure 15 suggests that the red soil particles near
the spiral blade had a higher speed at different buried depths and slid up along the spiral
surface. When the soil particles rose toward the hole mouth, they were thrown out of the
hole under the action of inertial centrifugal force. There was a layer of green low-speed
soil particles near the hole wall, which mainly occurred due to the disturbance caused
by the rotation of the spiral blade, which made the soil particles slide down, and this
sliding movement of the soil particles finally led to soil returning to the hole during the
hole-forming process. A schematic diagram of hole formation (Figure 16) shows that the
soil returning predominantly occurred in the topsoil with the greatest disturbance.

In summary, the simulation study of the hole-forming process was consistent with the
theoretical analysis and further revealed the hole-forming mechanism of the spiral hole
former for soil cutting, soil lifting, soil discharging, soil extruding, and soil returning.
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Figure 15. Schematic velocity diagram of soil particles during hole-forming process.

Figure 16. Schematic diagram of hole formation.

3.3. Analysis of Field Test Results

The field test results are presented in Table 4. Comparing the test data in Table 4
with the experimental data of the prototype developed by Liu Guanghui, Hu Changshou,
etc. [30,31], the hole qualification rate of the original prototype was 85% at its height, and the
hole qualification rate of the machine reached 88.5% after the optimization of the simulation
parameters. The optimized parameters of the conical twin-screw hole-former helical guide
of the machine had lower operating resistance and a lower fluctuation in resistance value,
which has the advantages of convenient operation and good working efficiency compared
to the original prototype machine. The holes formation met the agronomic requirements,
and the bottoms of the holes were tapered, which was conducive to water storage, cooling
and moisture conservation, and the prevention of seedling burning. In addition, we found
in the field experiment that the main factors affecting the hole-forming process were soil
moisture, the rotation speed of the spiral hole former, the residence time at the bottom of
the hole, the installation height of the protective cover, and the proficiency of the operator.
The soil moisture content had a great influence on the formation of holes. Under the
premise of suitable soil moisture and full soil moisture, the soil had certain plasticity and
good hole-forming properties. To improve the qualified rate of hole formation under the
condition of low soil moisture content, the residence time at the bottom of holes should be
appropriately increased.
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Table 4. Field test results of the hole-forming machine.

Measuring Parameter Hole Diameter Dy/mm Hole Depth Hy/mm Work Efficiency #/UPH

Maximum 273 214 812
Minimum 212 148 759
Mean 235 167 786
Variable coefficient 4.5% 5.4%
Qualification rate 93.7% 89.5%
Qualification rate of hole 88.5%

4. Conclusions

A conical, double-spiral hole-forming machine was innovatively designed for DPLH,
which can realize the composite hole-making mode of lower extrusion and upper soil
discharge, which ensures that the production of large holes can be completed even under
the condition of poor soil moisture.

Based on DEM simulation analysis, the main structural parameters and working
parameters of the hole-forming machine were optimized. When the rotation speed was
500-600 rpm and the spiral lead was 250 mm, the hole former worked smoothly, and the
residence periods at the bottom of the hole were appropriately increased to enhance the
lifting capacity of soil particles.

And DEM simulation revealed the hole-forming mechanism of the spiral hole former
as follows: the formation of a large soil hole is a process in which a blade cuts the soil, and
the spiral blade transports and discharges the soil. At the same time, a small amount of
soil return is inevitable during the hole-forming process, which has little influence on the
formation of a large hole, and an appropriate amount of soil returning is beneficial to the
later transplantation.

The field test results demonstrated that the prototype was easy to operate, with high
working efficiency and good working performance. The qualification rate of the hole was
88.5%, and the efficiency of holes reached 759-812 UPH. In the field experiment, we found
that the main factors affecting the hole-forming process were soil moisture, the rotation
speed of the hole former, the residence time at the bottom of the hole, the installation height
of the protective cover, and the proficiency of the operator.
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