2 M processes

Article

Simulation and Analysis of the Working Process of Soil
Covering and Compacting of Precision Seeding Units Based on
the Coupling Model of DEM with MBD

Tianyue Xu @7, Ruxin Zhang !, Yang Wang 2, Xinming Jiang !, Weizhi Feng ! and Jingli Wang *

check for
updates

Citation: Xu, T.; Zhang, R.; Wang, Y.;
Jiang, X.; Feng, W.; Wang, J.
Simulation and Analysis of the
Working Process of Soil Covering and
Compacting of Precision Seeding
Units Based on the Coupling Model
of DEM with MBD. Processes 2022, 10,
1103. https://doi.org/10.3390/
pr10061103

Academic Editors: Jun-Ho Huh and
Yeong-Seok Seo

Received: 11 April 2022
Accepted: 30 May 2022
Published: 1 June 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

College of Engineering and Technology, Jilin Agricultural University, Changchun 130000, China;
ellen1116@126.com (T.X.); zhangruxin2018@outlook.com (R.Z.); jiangxinming@jlau.edu.cn (X.]J.);
fengweizhi@jlau.edu.cn (W.E.)

College of Biological and Agricultural Engineering, Jilin University, Changchun 130000, China;
yangw12@mails.jlu.edu.cn

*  Correspondence: wijlwy2004@sina.com; Tel.: +86-13500819883

Abstract: In precision seeding, the final displacements of the seeds are determined as a working
result of the profiling mechanism, opener, seed-metering device, covering apparatus and compacting
machine. For a better understanding of the disturbance of seed displacement during soil covering and
compaction in the actual working process, experiments and simulations have been performed. In this
paper, a type of soybean seeding monomer was taken as the research object, and a soil bin test of soil
covering and compacting was executed. The experimental results showed that the traction velocity
and the open angle of the covering discs had a significant influence on the changes in the horizontal
and vertical displacements of seeds during the soil covering processing. With an increasing traction
velocity, the vertical displacements of seeds increased after soil covering; in contrast, the horizontal
displacements decreased. When the covering apparatus had a larger open angle it had a smaller
disturbance influence on the soil. Therefore, with an increase in the opening angle, the changes in the
vertical and horizontal displacements of seeds showed a decreasing trend. Inversely, in the process of
compacting, the forward velocity had little effect on the three-dimensional displacement change in
the seeds after compacting. The analysis model of the precision seeding unit was established based
on the coupling model of the DEM (discrete element method) with MBDs (multi-body dynamics).
The process of soil covering and compacting was simulated and analyzed. The comparison between
the experimental results and the simulated results showed that the trend was similar, and the two
results were close. Thus, the feasibility and applicability of the coupling method were verified. It also
provided a new method for the design and optimization of covering and compacting components of
a precise seeding monomer.

Keywords: precise seeding unit; DEM-MBD coupling model; covering and compacting

1. Introduction

In precision seeding, the distribution of seeds in the field is expressed by three-
dimensional spatial coordinates composed of precise row spacing, sowing depth and
line spacing. When the precise seeding machine is working, there are contacts between the
working parts (seed-metering device, opener, covering apparatus and compacting machine,
etc.) and particle materials (seeds and soil particles). The final displacements of the seeds
are determined as a working result of the profiling mechanism, opener, seed-metering
device, covering apparatus and compacting machine [1-3].

There is limited experimental research on bouncing and rolling displacement of seeds
after impacting on soil thus far, this is due to the complexity of the covering and com-
pacting process [4-7]. The studies aimed at the influence on seed displacement after soil
covering and compacting are also dependent on tests [8,9]. For example, the compaction
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characteristics of biomimetic press rollers with ridge structures were investigated by Jin
Tong in 2015. The influences of various forms of compaction forces and the forward ve-
locities on compaction performance were studied by experiments [10]. According to the
characteristics of the double-row ridge cultivation technique, the profiling elastic press
roller was designed by Jia H L in 2016. Moreover, field experiments were also conducted to
investigate the effects of press-roller types and forward velocity levels on seedbed prop-
erties and soybean emergence [8]. In 2019, SongtilGiirsoy and ZiibeyirTtirkb studied the
effects of land rolling on soil properties and plant growth in chickpea production. For
tevaluating the potential effects of land rolling on some soil properties and plant growth
parameters in chickpea production, the land roller was tested at different pressures and
used at different times under field conditions [9]. In recent years, with the development of
computer technology, scholars have studied the working process of precision seeding units
by using simulation, such as the finite element method (FEM). An analysis model of the
contact action between soils and a working component could be established by FEM. The
material nonlinear behavior of soil, and the soil movement caused by a component could
be considered. The flowing motion of the seeds and soils in the processes of covering and
compacting were simulated by LS—DYNA software [11]. In 2014, the three-dimensional
finite element models of the traditional and bionic compacting apparatus interactions
with soils were established, and the simulation was executed. The simulated results were
compared with the results of the soil bin test to verify the advantages of bionic compacting
apparatus on reducing soil adhesion and resistance [12]. In 2019, the opening-angle and
inclination-angle quantitative adjustment mechanism design method of the double-disc
soil covering device was studied by Guo Hui. Moreover, conical soil covering—compacting
wheels on the finite element software of ABAQUS under different structural parameters
and loading conditions were also simulated [13]; although, the contact action between soils
and the working component could be analyzed by FEM. However, the soil assembly was
treated as a whole and the motion of a single particle and the influence of particle shape
could not be well analyzed [14].

More and more scholars have used the discrete element method (DEM) to solve the
contact between particle and particle and also particle and component. In this method, the
particle assembly is considered for a certain shape and quality of a collection of particles.
However, it is well known that the working processing of the precision seeder, including
covering and compacting, is a dynamic process with the interaction between tractor traction
and soil resistance. Assuming the horizontal forward velocity is constant v, by ignoring
the variation in velocity, it is still a dynamic problem with the direction perpendicular
to the ground, especially under rough surface conditions. It cannot achieve the complex
movement of a working component, only the translation and rotation provided in the
DEM. Therefore, the above methods cannot solve the performance analysis and design
optimization design for seeding very well. In order to analyze the influence of covering and
compacting on seed displacement, the DEM coupled with the MBD method was adopted.
These relative studies have not been reported.

In this paper, the working processing of soil covering and compacting was simulated
by the coupling method of DEM with MBDs, as seen in Section 3. The interactions between
seed—soil and soil-machine were analyzed, and the accuracy of seeding was also considered
after soil covering and compacting. The results of simulation and the experiment were
compared in Section 4. The feasibility and validity of the coupling method was verified by
comparing the simulated results and experimental results in the soil bin test. Furthermore,
the influence of the working parameters of the covering device and compacting apparatus
on seed spacing was analyzed. This work provided a reference for design and performance
analysis of soil covering and compacting apparatus.
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2. Materials and Methods
2.1. Soil Bin Test

Trail objective: one type of soybean precision seeder was used in the soil bin test,
and the influence of seed displacement in the working processing of soil covering and
compacting was considered. The motion diagram of the seeding mechanism is shown in
Figure 1.

seeding-metering device
compacting
apparatus

covering device
NN NN R R N N N R R RGN N R TR TR

Figure 1. Motion diagram of the seeding mechanism.

Experimental location: the soil bin test was conducted in the agricultural machinery
laboratory of Jilin University in January 2021. The soil type was sandy loam. The particle
size distributions in the soils are listed in Table 1. Moreover, the soil moisture content was
as follows: 0-5 cm was of 8.214%, >5-10 cm was of 11.73% and >10-15 cm was of 14.7%.
The moisture content of the soil was adjusted to 18 & 2% by artificial sprinkling, which was
more suitable for sowing conditions.

Table 1. The particle size distribution in the soils.

Granular Diameter, mm Samplel, g Sample 2, g Sample 3, g Mean, g Proportion, %

0.05-0.1 472 445 4.02 4.40 2.20

0.1-0.2 29.90 29.25 27.69 28.95 14.48

0.2-0.3 11.15 12.22 11.05 11.47 5.74

0.3-0.45 40.30 42.37 40.80 41.16 20.58

0.45-1 49.43 51.82 51.34 50.86 25.43

1-2 28.52 31.44 38.38 32.78 16.39

>2 11.54 7.95 8.39 9.29 4.65

Experimental instruments: an electric frequency conversion four-wheel drive tractor,
as shown in Figure 2a, was used. The soybean precision seeding unit was as shown in
Figure 2a. Soil compactability apparatus and rulers were also adopted.

2.1.1. Soil Covering Test

In order to analysis the influence of covering on soil displacement, the soil bin test
was achieved in the agricultural machinery laboratory of Jilin University. The electric
frequency conversion four-wheel drive tractor and the soybean precision seeding unit
with the covering discs are shown in Figure 2a. The horizontal displacement of soybean
seeds and the vertical displacement of soybean seeds (mm) were considered in the soil
bin test. Moreover, the vertical direction was the forward motion direction of the tractor,
and the horizontal direction was perpendicular to the forward direction. In addition, the
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soil bin tests were performed at a variety of forward velocities (0.75 m/s, 1.11 m/s and
1.47 m/s) and open angles of the covering discs (50°, 60° and 70°). Moreover, the maximum
forward velocity was limited by the length of soil bin, and the distances that was needed
for acceleration and the braking process were also considered. Additionally, the open angle
was the angle between one disc and the forward horizontal line. The target thickness of
thecovering soil was 40 mm.

d 13

Figure 2. Soil bin test for covering. (a) seeding unit with covering discs; (b) artificial construction of
soil furrow; (c) artificial sowing; (d) covering soils with precision seeding unit; (e) uncovering the
seeds by hand.

The specific test process was as follows. Firstly, the soil furrow was built by manual
work and was composed of two soil ridges with a length, width and height of 4000, 150 and
60 mm, respectively, and the lateral distance between the two soil ridges was 50 mm. Hemp
ropes were employed as length and width markers. The soil furrow is shown in Figure 2b.
Artificial sowing was adopted, and the vertical distance between the two adjacent soybean
seeds was 300 mm, as shown in Figure 2c. A total of 13 soybean seeds were needed in each
trial. Each case was repeated 3 times, and the mean value of the 3 experiments was used
as the seed displacement in each case. Subsequently, the marker ropes of the soil furrow
were removed, and the soil covering was then finished by a covering device, as shown
in Figure 2d. Finally, the covering soil above the seed was carefully uncovered by hand
(Figure 2e). The vertical and horizontal displacements of seeds were measured. In addition,
the distance from the hanging beam to the soil surface was 580 mm, and this distance was
calibrated before each test started.

2.1.2. Soil Compacting Test

In order to analysis the influence of compacting on soil displacement, the soil bin test
was achieved in the agricultural machinery laboratory. The soybean precision seeding unit
with the compacting part is shown in Figure 3a. The horizontal displacement of soybean
seeds, the vertical displacement of soybean seeds and the displacement of sowing depth
(mm) were considered in the soil bin test. Moreover, the soil bin tests were achieved at a
variety of forward velocities (0.75 m/s, 1.11 m/s and 1.47 m/s).



Processes 2022, 10, 1103

50f 15

Figure 3. Soil bin test of compacting. (a) Soil sample preparation (soil loosening and testing firmness
before each trial); (b) seeding unit with the compacting component; (c) artificial construction of
soil furrow; (d) recording the positions of the seeds; (e) covering soil not disturbing the seeds;
(f) uncovering the seeds after compacting.

The specific test process was as follows. Firstly, to ensure that the soil conditions
remained unchanged during the trials, it was necessary to loosen the soil before each
test and measure the soil compactability before and after compacting with a soil firmness
measuring instrument, as shown in Figure 3b. Then, the soil furrow was built by manual
work and was composed of two soil ridges with a length, width and height of 4000, 150 and
60 mm, respectively, and the lateral distance between the two soil ridges was 50 mm. Hemp
ropes were employed as length and width markers. The soil furrow is shown in Figure 3c.
Artificial sowing was adopted, and the vertical distance between the two adjacent soybean
seeds was 300 mm. A total of 13 soybean seeds were needed in each trial. The sowing
depth was measured from the peak of the soil ridge to the furrow bottom (Figure 3d).
Artificial covering was adopted, and the target thickness of the covering soil was 40 mm. In
particular, when covering the soils, we tried not to disturb the original location of the seeds
(Figure 3e). Then, the marker ropes of soil furrow were removed, and the soil compacting
was finished by the compacting apparatus. Finally, the covering soil above the seed was
carefully uncovered by hand (Figure 3f). Subsequently, the vertical, horizontal and depth
displacements of the seeds were measured. Each case was repeated 3 times, and the mean
value of the 3 experiments was used as the seed displacement in each case.

2.1.3. Experimental Results Analysis

For the variety of forward velocities (0.75 m/s, 1.11 m/s, 1.47 m/s), the influence of
the soil covering processing on the changes in vertical and horizontal displacements of
seeds is shown in Figure 4. Changes in the forward velocity had a significant influence on
seed displacement during the soil covering processing. With increasing traction velocity,
the vertical displacements of the seeds increased after soil covering, while the horizontal
displacements decreased.
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Figure 4. The influence of the soil covering processing on the changes in seed displacement with
various forward velocities.

For the variety of open angles (50°, 60°, 70°), the influence of the soil covering processing
on the changes in vertical and horizontal displacements of seeds is shown in Figure 5. Changes
in the open angles of the covering discs had a significant influence on seed displacement
during the soil covering processing. With the increase in the open angle of the soil covering
discs, the vertical and horizontal displacements of seeds decreased after soil covering.

5r —o— X vertical displacement
20 —=— Y horizontal displacement
£
£ 15+
g
=
£ 10F
sk
) 1 1 1 i
40 50 60 70 80

the disc angle degree

Figure 5. The influence of the soil covering process on the changes in seed displacement with various
open angles of discs.

The heap soil phenomena, after soil covering with a variety of open angles of the discs,
are shown in Figure 6. The heap soil degree was relieved with increased open angles of
the soil covering discs. This indicated that the larger the opening angle of the soil covering
discs was, the smaller the disturbance to the soil would be. The results were consistent
with those in Figure 5.

For the variety of forward velocities (0.75 m/s, 1.11 m/s, 1.47 m/s), the influence of
the soil compacting processing on the changes in vertical and horizontal displacements of
seeds is shown in Figure 7. The changes in the vertical and horizontal displacements of
seeds after compacting were not obvious with the variety of forward velocities.

For the variety of forward velocities (0.75 m/s, 1.11 m/s, 1.47 m/s), the influence
of the soil compacting processing on the changes in sowing depth of the seeds is shown
in Figure 8. The changes in the sowing depth of the seeds after compacting were not
significant. The sowing depth always fluctuated within the theoretical sowing depth range
from 30 mm to 50 mm.
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a C

Figure 6. Heap soil phenomenon after soil covering with various open angles of the discs. (a) heap
soil phenomenon after soil covering with 50 degree of the discs; (b) heap soil phenomenon after soil
covering with 60 degree of the discs; (c) heap soil phenomenon after soil covering with 70 degree of
the discs.
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Figure 7. The influence of the soil compacting processing on the changes in seed displacement with
various forward velocities.
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Figure 8. The influence of the soil compacting process on the changes in sowing depth with various
forward velocities.
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2.2. Simulation Study
2.2.1. Precision Seeding Unit Modeling

A 3D model of the precision seeding unit is shown in Figure 9. It was stored in the
format of “x_t”. This “x_t” file was then imported with the DEM-MBD coupling interface
licensed software, and the precision seeding unit model was established.

Front beam
I

4 4 'u

Translation 8 T 17 \

2 ;
o 8
Revolute - ANe |

PR A 2y

60 A s

v \

ss + 825, 0 Roller

e ©)
Covering connecting part

~
/ )
Covering disc g

£ Revolute

= o ey N
Py
L]
Y
T - ~

Figure 9. A 3D model of the precision seeding unit with constrains presented.

The material properties of each component in the imported seeding unit model were
defined as “steel”. Moreover, the density of steel, p, was 7850 kg/ m3, the Poisson ratio of
the steel, v, was 0.3, the Young’s modulus, E, was 2.06 x 101! Pa. The constraints were
imposed, and the details are shown in Table 2. Two springs were also imposed, which
were similar to the actual precision seeding unit construction with compensation factor
(curvature factor) K = 1.2129, the stiffness of the spring Kg =16.7 N/mm and spring index
C =7 (where, C = Dy /d, D, is the middle diameter of the spring, and d is the diameter of
the wire). In a general way, C = 4-9; while, K = (4C — 1)/(4C — 4) + 0.615/C; thus, when
C=7,K=12129.

Table 2. Type of imposed constraint in the working process.

No. Connector Object Type of Connectors
Joint_1 Front beam-ground Translation
Joint_2 Front beam-beam Revolute
Joint_3 Beam-—covering connecting part Revolute
Joint_4 Covering connecting part-¢overing disc 1/covering disc 2 Revolute
Joint_5 Beam-roller Revolute

Then, the animate constraint of speed was imposed on “Joint_1", and the function of
the animate constraint was listed as 0.75 m/s, 1.11 m/s and 1.47 m/s.
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2.2.2. Particle Modeling

The precision seeding unit was imported, and the detail parameters of simulation
in EDEM software are listed in Table 3. The density of the soils was determined by the
pycnometer method. The values of shear modulus and Poisson’s ratio of the soils were in
accordance with the literature [15]. The static friction coefficient and the rolling friction
coefficient of soils were obtained by calibration. Moreover, the angle of repose test was
adopted. The particle model of a soybean seed used in the simulation was the 5-sphere
model, as shown in Figure 10. The other simulation parameters were in accordance with
the literature [16].

Table 3. The detailed parameters in the simulation.

Parameters Symbol Soil Steel Soybean Seed
Density (kg/m?) 0 1950 7850 1211
Poisson’s ratio \% 0.25 0.3 04
Shear modulus (Pa) G 2.73 x 10° 7.92 x 1010 1.28 x 108

Restitution coefficient e 0.3 0.5 0.57
Static friction coefficient n 0.5 0.1 0.2
Rolling friction coefficient pr 0.03 0.02 0.01

Figure 10. The 5-sphere model of a soybean seed in the DEM.

Soil particle modeling: the Hertz-Mindlin+JKR model was used to describe cohesion
between soil particles [17-20]. The sizes of the soil particles were larger than the actual ones,
or the computational time was a high cost in the simulation. The multi-spheres method and
particle size amplification were employed as simple and highly efficient methods [21-23].
Moreover, it was observed that the shapes of the actual soil particles were irregular, and
the representative ones were as shown in Figure 11. Representing the shape of a particle
is the key to DEM analysis. The mechanical behavior of granular systems is strongly
influenced by particle shape, which is known as the primary characteristic of granular
materials [24]. Most particles are non-spherical; they can be represented by ellipsoids [25],
super-quadrics [26] and polyhedrons [27,28]. However, the contact detection algorithms for
both ellipsoids and super-quadrics are complicated, which leads to a long computational
time [29]. Currently, many researchers use the multi-sphere (MS) method to build the non-
spherical particle model. In this paper, the soil particle radius was magnified to 10 mm, and
the multi-spheres method was employed for the established soil particle. The soil particle
models with different filling spheres (1-sphere, 3-sphere, 3-sphere models) in the simulation
are shown in Figure 12. In order to simulate the actual soil bin situation, a total number of
1.86 million soil particles were generated in the form of normal volume distribution, and
the number of each multi-sphere model accounted for one-third respectively.
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Figure 11. Representative types of actual soil particles.

a. ls b. 3s C. 3s

Figure 12. The soil particle models with different filling spheres (1-sphere, 3-sphere, 3-sphere models)
in simulation.

The surface energy of soils () was not obtained by experiment, so calibration was
needed. The pilling test of soils was adopted. The value was 0.55 J/m? for the surface
energy of the soils, which was obtained by calibration. To ensure that the numerical
calculation converged and was stable, the time-step in simulation was 1 x 1073 s.

Furthermore, 7 soybean seed factories (boxes) were successively located above the soil
surface that had already been generated, and the coordinates of the centers of mass of the
soybean particle factories are listed in Table 4. Additionally, soil particles were generated
again for establishing soil furrows (the two soil particle factories of the furrows were the
same dimensions, with a length of 2500 mm, width of 100 mm and thickness of 400 mm; the
coordinates of the soil particle factory centers of mass were X2200, Y100, Z20; X2200, Y100,
Z170). The dimensions of the furrows in the simulation were similar to the experimental ones.

Table 4. The coordinates of the centers of mass of the soybean particle factories.

No. X y z No. X y z
1 1200.000 —20.000 125.000 5 2400.000 —20.000 125.000
2 1500.000 —20.000 125.000 6 2700.000 —20.000 125.000
3 1800.000 —20.000 125.000 7 3000.000 —20.000 125.000
4 2100.000 —20.000 125.000

The +X direction is the forward direction of the tractor, which is defined as the vertical direction; the +Z direction
is defined as horizontal direction; the —Y direction is the seeding depth.

The actual coordinates of the soybean seeds generated in the simulation are listed
in Table 5. The coordinates of the actual generated soybean seed particles were subtly
different from the expected ones, from the comparison between Tables 4 and 5. This was
due to the roughness of the soil surface, as well as the rolling and bouncing of the soybean
seeds after being randomly generated from the seed particle factories with a certain height.
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Table 5. The actual coordinates of the centers of mass of the soybean seed particles generated in
the simulation.

No. X y z No. X y z
1 1174.600 —-58.115 129.000 5 2396.789 —57.730 120.190
2 1491.774 —67.713 138.900 6 2683.555 —59.8447 117.000
3 1798.447 —57.730 119.900 7 2988.300 —73.200 123.050
4 2097.109 —69.130 133.290

The link coupling service was then started. To improve the computing efficiency,
the dynamic domain computing method was adopted. The computational time of the
multi-body dynamic software was set to 0.001, and the total coupling simulation time
was 1.5 s for each case. The CPU calculation time cost was nearly 72 h for each coupling
simulation. The EDEM version was DEM Solutions EDEM 2018.

3. Discussion
3.1. Comparison between the Simulated Results and the Experimental Results of the Soil
Covering Test

Screenshots of the soil covering simulation are shown in Figure 13, with a forward
velocity of 1.11 m/s and an open angle of the soil covering discs of 60°. To easily observe
the contact action between discs and soils, the soil particles were given various colors for
the variety of velocities and contact vectors. The changes in soil disturbance according to
the precision seeding units at different times were observed.

d

a +Z plane, t=0.00s €EDEM b ~Y plane, t=0.00s
¢ +Z plane, =0.75s ‘gp d -Yplane, t=0.75s
v

530 ¢ +Z plane, t=1.50s EDEM £ -Y plane, t=150s

Figure 13. Screenshots of the soil covering simulation.

Soil particles obtained larger instantaneous velocities when the contact action between
the discs and the soils occurred. This was due to the forward velocity of the apparatus
and the peripheral speed produced by the rotation of the discs. When the forward velocity
was 0.75 m/s, the maximum velocity of the soil particle was 1.49 m/s. When the forward
velocity was 1.11 m/s, the maximum velocity of the soil particle was 1.84 m/s. When the
forward velocity was 1.47 m/s, the maximum velocity of the soil particle was 1.96 m/s.

The comparisons of the displacements of seeds after soil covering for the variety
of forward velocities between simulations and experiments are shown in Figure 14. The
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simulated results were close to those from the experiments. With increasing traction velocity,
the vertical displacements of seeds increased after soil covering, while the horizontal
displacements decreased. The feasibility of the coupling method was verified.
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Figure 14. Comparisons of displacements of seeds after soil covering for the variety of forward
velocities between simulations and experiments.

The comparisons of displacements of seeds after soil covering for the variety of
open angles of the soil covering discs between simulations and experiments are shown in
Figure 15. The conclusions of simulations were consistent with those of the experiments.
With increasing open angles of soil covering discs, the vertical and horizontal displacements
of seeds decreased after soil covering.

Vertical displacement Horizontal displacement

== simulation result

& experiment result 15k simulation result

=&— experiment result

distance mm

50

open angle of discs  degree

L L L J

50 60 70 80

60 70 80

"

open angle of dises degree
a b

Figure 15. Comparisons of displacements of seeds after soil covering for the variety of open angles of
the soil covering discs between simulations and experiments.

3.2. Comparison between the Simulated Results and the Experimental Results of Soil
Compacting Test

The screenshots of the soil compacting simulation are shown in Figure 16, with the
forward velocity of 1.11 m/s. The display of the precision seeding unit in the +Z direction
was set to mesh. Changes in the soil disturbance were observed according to the precision
seeding unit at different times (t =0.00's, t = 0.75 s, t = 1.50 s). Moreover, the detailed view
of the contact between soils and compacting apparatus is also shown in Figure 16d.
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distance mm

a +Zplane, t=0.00s b +Zplane, t=0.75s

Pt

c +Zplane, t=1.5s d detail view

Figure 16. The screenshots of the soil-compacting simulation.

The comparisons of the displacements of seeds after soil compacting for the variety
of forward velocities between simulations and experiments are shown in Figure 17. The
simulation results were very close to the experiment results. Changes in the vertical and
horizontal displacements of seeds after compacting were not obvious with the variety of
forward velocities. The feasibility of the coupling method is further verified.

Vertical displacement Horizontal displacement
20~ -
20 o~ ‘simulation result 20, = simulation result
sl sk -&— experiment result
13 =&~ experiment result o "
10 g 10F
g
5 g s
0 L J _:-E' 0' A ' J
0.75 1.11 1.47 1.83 e 0.75 L 1.47 1.83
& N
velocity m/s velocity m/s
— 10~ —10-
a b

Figure 17. Comparisons of the displacements of seeds after soil compacting for the variety of forward
velocities between simulations and experiments.

The displacements of seeds after soil compacting for the variety of compacting forces (O N,
600 N, 1200 N) are shown in Figure 18. Changes in the vertical and horizontal displacements
of seeds after compacting were not obvious with the variety of compacting forces.

20

—e— vertical displacement

15 —&— horizontal displacement
E
E 10F
2 st
4
E +

3 1 L 1
0 300 600 9200 1200
=5k compact force N

Figure 18. The displacements of seeds after soil compacting for the variety of compacting forces (0 N,
600 N, 1200 N).
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4. Conclusions

The coupling method of the DEM with MBDs was adopted for simulating the soil
covering and compacting working processes, based on soil bin tests. The contact actions
between seed—soil and soil-working apparatus were analyzed from the micro perspective.
The comparison between the simulated results and the experimental results showed that the
trend was similar and the two results were close. As such, the feasibility and applicability
of the coupling method were verified. The influence of seed displacement during the soil
covering and compacting working processing was also analyzed. It provided a reference
for analysis of precise seeding monomers. The conclusions are as follows:

1. With increasing forward velocity, the vertical displacement of seeds after soil covering
increased, while the horizontal displacement decreased. The changes in the open
angle of the soil covering discs had a significant effect on seed displacement. With
increasing open angles of soil covering discs, the vertical and horizontal displacements
of seeds decreased.

2. With increasing forward velocity, the changes in the vertical and horizontal displace-
ments of seeds after soil compacting appeared non-significant and similar to the
seeding depths of the seeds. The seeding depths for the variety of forward velocities
were always fluctuating in the range from 30 mm to 50 mm within the theoretical
seeding depth.

3. The soil covering and compacting working processing was simulated and analyzed by
the coupling model of the DEM with MBDs. The comparison between the simulated
results and the experimental results showed that the trend was similar and the two
results were close. Thus, the feasibility and applicability of the coupling method were
verified. It provided a new method for the design and optimization of covering and
compacting components in precise seeding monomers.

4.  Further information about the paper is in the following: the other working apparatus
(opener, seeding device, fertilizer drill, etc.) should be analyzed by experiments
and simulations; a more complicated model of the precision seeding unit should be
established by the coupling method of the DEM with MBDs. The organic matters,
such as crop root residues, should be considered when soil modeling.
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