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Abstract: This paper aims to solve the problem of high reseeding rates and mis-seeding rates in the
rice multi-grain hole direct seeding process. A multi grain cluster air suction type rice hill direct
seed metering device was developed, and its seeding mechanism was analyzed. Based on CFD-DEM
coupling simulation and bench tests, this study explored and optimized the performance of the seed
metering device, and carried out the seeding adaptability test. The simulation results were as follows:
when the negative pressure was —5 kPa, the static pressure, dynamic pressure and velocity of the
flow field reached the maximum. When the negative pressure was —4 kPa, the qualification index
was 89.62%, the reseeding index was 4.36%, and the mis-seeding index was 6.02%. The results of the
orthogonal rotation combination test of three factors and five levels showed that when the rotation
speed, negative pressure and the length of stirring brush were 20.70 rpm, —4.0 kPa and 10.50 mm
respectively, the seed metering performance was the best, the qualification index was 90.85%, the
reseeding index was 4.41% and the mis-seeding index was 4.74%. The seed metering device had
strong adaptability to the sowing of different rice varieties, and met the agronomic requirements of
direct seeding and seeding in rice holes.

Keywords: hill direct seeding; design; flow field; simulation; seeding adaptability

1. Introduction

Rice is one of the most important crops, for which production is of great importance
to ensure world food security and economic stability [1-3]. Sowing is the initial stage of
agricultural production and the most basic and critical link, which plays a decisive role
in rice green production [4]. Rice seeds are accurately sown to the field by the precision
hill direct seed metering device according to the required hole spacing, row spacing and
number of hole seeds, without the need for complicated steps such as seedling cultivation
and transplanting in the early stage. The research and development of a precision hill direct
seed metering device is of great significance to promote the green production of rice that
saves time, labor and costs and creates efficiency [5].

At present, seed metering devices are mostly applied to the few-grain strip sowing
of super rice and hybrid rice, and a large number of scholars have conducted in-depth
and extensive research on different seed rowing methods. Prasanna et al. [6] designed
a roller-type rice seeding device and used an artificial neural network to optimize the
structure of the seeder, but the device was only applicable to rice strip sowing and prone
to seed wastage. Tian et al. [7] designed an ejection ear scoop type rice seeder, which
can realize rice direct seeding in hole, but the number of grains per hole was difficult to
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guarantee uniformity. Zhang et al. [8] designed a multi-suction pneumatic rice precision
metering device and added a stirring device on the metering plate, which improved the
metering accuracy and had a good applicability for hybrid rice. The working principle
and seed row pattern of the above study are not applicable to the practical production
application of conventional rice multigrain hill direct seeding. Therefore, there is an urgent
need for a breakthrough in the innovative design of a rice hill direct seed metering device.

With the development of modern mechanics, numerical methods, computer visu-
alization techniques and computational methods, computational fluid dynamics (CFD)
has become an effective tool for simulating fluid flow, characterizing fluid fields and re-
vealing mechanisms for sustainable development of fluid phases [9]. CFD methods have
been successfully applied to various mechanical structures [10-12]. As the most effective
method for studying the fundamental dynamics of particle flow applications, the discrete
element method (DEM) has been widely studied in the field of agricultural engineering,
such as modeling and calibration of field crops [13,14], interaction of tillage components on
soil [15-17], movement of materials in combined harvest threshing and scavenging [18-20]
and grain production and processing [21,22]. Therefore, the quantitative study of fluid flow
and particle motion behavior by CFD-DEM coupling method can become an effective way
to explore the mechanism of pneumatic seed metering and experimental research.

In order to meet the practical needs of multi-grain cavity seeding of rice, a multi-grain
cluster air suction type rice seed metering device was designed, and the seeding mechanism
was deeply analyzed; the influence of flow field distribution on a seed metering plate of
qualification index, reseeding index and mis-seeding index were explored by using CFD-
DEM. The effects of various factors on seed metering performance were analyzed based on
the orthogonal rotation combination test.

2. Materials and Methods
2.1. Overall Structure and Working Principle of the Multi-Grain Cluster Air Suction Type Rice
Hill Direct Seed Metering Device

As shown in Figure 1a, the multi-grain cluster air suction type rice hill direct seed
metering device is mainly composed of a front shell, back shell, negative pressure chamber,
seed metering plate, cleaning brush, stirring brush, transmission shaft and other compo-
nents. Multiple groups of holes are arranged in a concave circumferential pattern and
distributed in an inline pattern on the seed metering plate. Both the cleaning brush and
the stirring brush are made of pig bristles. The cleaning brush is set on the front shell to
avoid missing seeding caused by removing more seeds while clearing seeds flexibly. The
stirring brush is located in the middle of the seed box and seed metering plate, which can
effectively disturb the seeds and change the movement attitude at the same time, and this
arrangement is conducive to the seed adsorption on the seed metering plate. The structural
parameters of key components are shown in Table 1.

Table 1. The structural parameters of key components.

Parameter Value Unit
Diameter of seed metering plate 170 mm
Number of hole groups 6 /
Size of hole (diameter x depth) 12 x 2.6 mm X mm
Suction hole rotation radius/R 55 mm
Diameter of suction hole/d 2 mm

Size of seed inlet (diameter x width) 60 x 40 mm X mm
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Figure 1. Multi-grain cluster air suction type rice hill direct seed metering device: (a) overall Scheme;
(b) working principle. 1. front shell; 2. unloading brush; 3. cleaning brush; 4. stirring brush; 5. seed
metering plate; 6. transmission plate; 7. negative pressure chamber; 8. back shell; 9. transmission
shaft. I. filling area; II. clearing area; III. carrying area; IV. unloading area; V. transitioning area.

As shown in Figure 1b, the seed metering device is divided into five zones according
to different functions and operation order. These different zones are the filling area, clearing
area, carrying area, unloading area and transitioning area. The seed metering plate was
nested on the transmission plate, which was fixed on the transmission shaft and rotated
counterclockwise driven by the transmission shaft. A negative pressure air chamber was
installed between the seed metering plate and the rear shell. In order to simplify the
structure of the seed metering device, the seed box and the front shell were designed as
a whole. During operation, the seed metering plate rotated counterclockwise driven by
the transmission shaft to separate the seeds from the seed box and carry the seeds to the
filling area. Rice seeds enter the seed filling area from the bottom of the seed box. Under
the action of negative pressure and disturbance of the stirring brush, they were adsorbed
in the hole and rotated with the seed metering plate. In the seed clearing area, the seeds
with weak adsorption force were removed by the seed cleaning brush. The seeds with
strong adsorption force continued to rotate with the seed plate and were stably transported
in the carrying area. When the seed tray carried the seeds into the unloading area, the
negative pressure in the unloading area was blocked by the negative pressure cavity wall,
and the seeds lost their role of adsorption. Under the combined action of gravity and
centrifugal force, the seeds left the hole and fell into the seed feeding port, completing a
seed metering operation.

2.2. Analysis on the Seed Metering Mechanism

The seed metering plate is the core working part of the multi-grain cluster air suction
type rice hill direct seed metering device, which can effectively ensure that the hole can
absorb quantitative seeds and move steadily in a uniform order. The analysis of the force
state and motion characteristics of seeds during seed metering can provide a reference for
the optimal design of relevant parameters and the response mechanism of reseeding and
mis-seeding.

At the moment when the rice seed is completely adsorbed in the type hole, its motion
can be regarded as a linear motion with respect to the seed metering plate, and the velocity
direction is arbitrary. As shown in Figure 2a, the absolute acceleration 4, of the seed motion
is composed of the implicated acceleration a,, the relative acceleration a, and the Coriolis
acceleration a..



Agriculture 2022, 12, 1094

40f18

Flat hole

Concave hole

(a) (b)

Figure 2. Analysis of seed mechanism in seed metering process: (a) characteristics of seed movement
during seed filling; (b) force analysis of seeds in the process of carrying seeds with plane and
concave holes.

The following equation can be obtained from the kinematic relationship:

Uy = 09 + ayty
1, = w?R
_ 2L
ar =75 @

a. = 2wv,sin90° = 2w (Uo 4 %)

where v, is the seed relative velocity, m/s; v is instantaneous initial velocity of seeds before
entering the seed filling area, m/s; a, is relative acceleration of seeds, m/ s2; a, is absolute
acceleration of seeds, m/s?; a. is the Coriolis acceleration of seeds, m/s?; t1 is instantaneous
time before seeds are adsorbed, s; L is the vertical movement distance from the beginning of
seed adsorption to the relative speed of 0 (i.e., complete adsorption) with the seed metering
plate, mm.

The absolute acceleration a, of rice seeds can be obtained from Equation (2):

1
2

a; = (agz + ar2 + acz) 2)

Substituting Equation (2) into Equation (1) yields the following equation:

1
2 2) 2
e { ) () el )T .
t t

From Equation (3), we can get: g, increases with the increase of vy. The larger the a,,
the more “active” the motion state of rice seeds is, making the seeds easier to be adsorbed
on the pores. It can reduce the rate of mis-seeding. That means that the stirring brush
makes it easier to for the seed to adsorb on the hole.

In order to compare and analyze the rationality of the concave hole design, the force
analysis of the seed adsorption process was carried out with the plane hole type seed
metering plate as the reference object, as shown in Figure 2b.

For the planar hole type seed metering plate, when the seed metering plate adsorbed
the seeds and moved in a uniform circular motion, the seed balance equation was estab-

lished as follows:
YE=Fs=Fy @)
L Fy = mw?R = Ff — G = mw”R

Pf = ]/‘fPN (5)
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P=_—5F= W (msz + G) ®)
where Fg is the adsorption force of the seeds on the seed metering plate by the seed metering
plate, N; Fy is the support force of the seeds on the seed metering plate by the seed metering
plate, N; Fy is the internal friction force of the seeds on the seed metering plate by the seed
metering plate and the seed population, N; m is the mass of the seeds, g; G is the gravity
force of the seeds, N; w is the rotational speed of the seed metering plate, rad/s; R is the
radius where the suction hole is located, mm; Wy is the sliding friction coefficient; P is the
negative pressure of the seed metering plate without hole, Pa; d is the diameter of the

suction hole, mm.
For the concave hole type seed metering plate, the seed balance equation is as follow:

EFX/:>FS/:FN/ (7)
Y F/ =mw’R = F/+No—G= mw?R
4 4
P R = o (mw2R +G- No) ®)

where Fg' is the adsorption force of the seeds on the seed metering plate by the seed
metering plate, N; Fy/ is the support force of the seeds on the seed metering plate by the
seed metering plate, N; Ff’ is the internal friction force of the seeds on the seed metering
plate by the seed metering plate and the seed population, N; Ny is the support force of the
seeds by the type hole, N; P’ is the negative pressure of the seed metering plate, Pa.

It can be seen from Equations (6) and (8) that the concave in the hole will support
the seed, which can partially offset the friction F; on the seed. This makes it easier for the
relative vacuum degree of the negative pressure air chamber required by the seed metering
plate lower, that is, under the same conditions, to adsorb seeds and reduce the mis-seeding
rate. In the seed carrying area, the mechanical model of seed suction is similar to that in the
seed suction area. The seeds are supported by the side wall of the concave hole or the seeds
in the same hole, which also reduces the vacuum requirements in the negative pressure
area and improves the seed metering accuracy. To sum up, this study chose to set the hole
as the concave type.

2.3. Simulation

During the working process of the air suction seed metering device, the seeds are in
the joint action of compound forces inside the seed discharger. Traditional mechanical
methods can not completely solve the complex flow problem of rice seeds. Therefore, the
CFD-DEM coupling method is used to study and analyze the working process and flow
field characteristics of the seed metering device.

2.3.1. Simulation Model Establishment

Establish the simulation model of “Suijing 18”, which is widely planted in Northeast
China, the main rice producing area in China. The triaxial size of “Suijing 18” seed was
58 mm x 1.8 mm x 1.3 mm, 1000 grain weight of 25.8 g, long grain type. A 3D scanner
(Nanjing Weibu 3D Technology Co., Ltd., Nanjing, China) was used to scan and reverse-
engineer the rice seeds established by the spherical element particle aggregation method,
as shown in Figure 3a.

The simulation model was imported into EDEM, as shown in Figure 3b. The model
was meshed in ICEM and set the global size as 10 mm and the seed metering plate hole
local size as 0.5 mm. The overall quality of the mesh was more than 0.48, as shown in
Figure 3c. Then, the mesh model was imported in msh format for numerical simulation.



Agriculture 2022, 12, 1094

6 of 18

'—w:h.‘._«.,,,_f_.“._,_.,.. |

(b) (©)

Figure 3. Simulation model: (a) rice seed model, I is overall “Suijing 18” seed, II is single “Suijing 18”
seed, I1I is rice seed model established by reverse engineering, IV is discrete element model of rice
seed; (b) model of seed metering device discrete element; (c) seed metering plate mesh model.

2.3.2. Simulation Parameters and Boundary Settings

According to the relevant reference literature [23,24] and the preliminary material
parameter test calibration, the simulation parameters between each material and component
were set as shown in Table 2.

Table 2. Simulation parameter setting.

Materials and Material Poisson’s Shear . 3 S.tat.lc Dy.n amue Restitution
", . Density/(kg/m®) Friction Friction . .
Components Composition Ratio Modulus/Pa . . . . Coefficient
Coefficient Coefficient
rice seed / 0.25 1.81 x 108 1098 0.30 * 0.01* 0.60 *
shell organic glass 0.37 2.5 x 1010 1180 0.44 * 0.01* 0.50 *
seed metering
plate ABS plastic 0.50 1.80 x 108 1176 0.30 % 0.09 * 0.48*
seeding rate
adjusting plate
stirring brush pig bristles 0.40 1.0 x 10% 1150 0.50 * 0.30 * 0.30 *

Note: * shown as the value of the interaction between rice seeds and the material.

All surfaces in contact with the suction hole were defined as INTERFACE and the rest
of the boundaries as WALL. The mesh file was imported into Fluent, the k-¢ turbulence
model and standard model were chosen in the parameter settings. The boundary conditions
were set as pressure inlet and pressure outlet, respectively.

To simulate the actual seeding state, EDEM particle factory was set to generate particles
with zero initial velocity at the rate of 1500 particles/s, with a total amount of 3000 particles.
The total simulation time was 10 s, the fixed time step was 3.9 x 10~ s, and the total time
to produce the particles was 2 s.

CFD-DEM coupling simulation needs to ensure that the rotational speed of the seed
metering plate set in EDEM is the same as the rotational speed of the hole in the matching
fluid region set in Fluent. The time step in EDEM was set to 1.0 x 107> s, and the time step
in Fluent was usually 50~100 times that of EDEM, and 5 x 10~* s was chosen as the time
step in Fluent. A set of data was saved every 0.01 s.

2.3.3. Test Factors and Indicators

The airflow pressure mainly affects the airflow distribution in the seeding tray. In
order to visually analyze the flow field distribution of the seeding tray at different pressures,
a single-factor simulation test was conducted at —3 kPa, —4 kPa and —5 kPa (the speed of
the seeding tray was 22 rpm). The seed metering qualification index, reseeding index and
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mis-seeding index were explored through simulation test. The calculation method of each
index is shown in Equation (9).

Qn = f- % 100%
Ry = 2 % 100% )
n = 2 % 100%

where Q, is the qualification index; n1 is the number of holes with 13-17 rice seeds per
hole; N;, is the number of statistical row holes; Ry, is the reseeding index; 15 is the number
of holes with 17 rice seeds per hole; M,, is the missing index; n3 is the number of holes with
13 rice seeds per hole.

2.4. Bench Test

For verifying the accuracy of the virtual simulation test parameters and to investigate
the effects of various factors on seed row performance, a bench test was conducted in the
seed metering performance laboratory of Northeast Agricultural University in Harbin,
Heilongjiang Province, as shown in Figure 4. “Suijing 18" rice seed was selected as the
test material. The test device was a JPS-12 seed metering device performance test-bench
developed by Heilongjiang Academy of Agricultural Machinery Engineering. The test
design was carried out with reference to “GB/T6973—2005 test methods for single seed
(precision) seed metering device”.

Figure 4. Bench test: (a) test device; (b) test result.

The negative pressure and working rotating speed of the air suction seed metering
device are the most important factors affecting the performance of the seed metering device.
Combined with the key components and overall structure designed in this study, the
three-factor and five-level orthogonal rotational combination test was carried out with the
rotating speed of the seed metering plate, the negative pressure and the stirring brush
length as the test factors, and the qualification index, reseeding index and mis-seeding
index as the test indicators. The effects of various experimental factors on seed metering
performance and the best parameter combination of experimental factors were explored.
The coding table of test factor level is shown in Table 3.

During the test, the seed metering device was fixed on the bench and the seed bed belt
was moved in reverse relative to the seed metering device to simulate the forward motion
of the planter. The oil spray pump sprayed oil on the seed bed belt, and the seeds fell
from the seed discharge port onto the seed bed belt coated with oil layer, and the data was
collected through the camera processing device for real-time detection to achieve accurate
measurement of each seed discharge performance index.
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Table 3. Coding table of test factor level.
Test Factor
Level Code Rotating Speed Negative Pressure Stirring Brush
x1/rpm xp/kPa Length x3/mm
1.682 30.00 —3.00 12.00
1 26.76 —3.41 11.19
0 22.00 —4.00 10.00
-1 17.24 —4.59 8.81
—1.682 14.00 —5.00 8.00

In order to verify the accuracy of the multi-factor optimization test on the metering
performance of the multi-grain cluster air suction type rice hill direct seed metering device,
and to test the suitable sowing range of the metering device for different varieties of rice
seeds, “Suijing 18” and “Longjing 31” (triaxial size of 5.9 mm X 1.9 mm x 1.5 mm, thousand
grain weight of 26.3 g), “Longqing 5” (triaxial size of 6.6 mm x 2.5 mm X 1.5 mm, thou-
sand grain weight of 27.0 g) and “Wuyou 4” (triaxial size of 6.3 mm X 2.3 mm X 1.6 mm,
thousand grain weight of 26.8 g) were selected for the test, and the qualification index,
reseeding index and mis-seeding index were used as test indexes for the validation test.
The experimental factors were the best combination of working parameters obtained from
the orthogonal rotation combination test of three factors and five levels. Each group of tests
was repeated five times, then averaged the results.

3. Results and Discussion
3.1. Simulation Results

The simulation analysis of the flow field of the seed metering plate is shown in Figure 5.
When the negative pressure was —3 kPa, the static pressure reached its maximum value
at the pressure outlet, which meant the surface force of the airflow on the pressure outlet
reached the maximum. With the pressure outlet as the center, the static pressure value
gradually decreased outward radiation. Dynamic pressure referred to the pressure that
drove the gas movement, that was, the maximum dynamic pressure at the pressure outlet
was 2500 Pa. In the area outside the pressure outlet, the dynamic pressure decreased
rapidly, indicating that the kinetic energy of the gas flow was mainly concentrated near
the pressure outlet. The air velocity reached a maximum of 65 m/s at the pressure outlet,
and due to the negative pressure, the airflow mainly entered the air hole from the area near
the pressure outlet, and formed a circular decreasing airflow gradient around the air hole,
whereas the airflow vortex was formed near the air hole due to the large change in the
velocity difference of the airflow. At the intersection of the airflow direction change, the
airflow velocity reached a minimum value of 5m/s.

When the negative pressure was —4 kPa, the static pressure reached maximum value at
the pressure outlet, and its maximum static pressure value was greater than the maximum
static pressure value when the negative pressure was —3 kPa. With the pressure outlet as
the center, the static pressure value gradually decreased outward. The dynamic pressure
reached the maximum value of 4000 Pa at the pressure outlet. In the area outside the
pressure outlet, the dynamic pressure value decreased rapidly, indicating that the kinetic
energy of the airflow was mainly concentrated near the pressure outlet. The velocity of
airflow reached the maximum value of 80 m/s at the pressure outlet. Due to the negative
pressure, the airflow mainly entered the air hole from the area near the pressure outlet
region and formed a circular decreasing airflow gradient around the air hole, whereas
the airflow vortex was formed near the air hole due to the large change in the velocity
difference of the airflow. At the intersection of the airflow direction change, the airflow
velocity reached a minimum value of 10 m/s.
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Figure 5. Simulation analysis of the flow field of the seed metering plate: (a—c) show the static

20BN 40|
120)

pressure, dynamic pressure and velocity of the flow field when the negative pressure is —3 kPa;
(d—f) show the static pressure, dynamic pressure and velocity of the flow field when the negative
pressure is —4 kPa; (g—i) show the static pressure, dynamic pressure and velocity of the flow field
when the negative pressure is —5 kPa respectively.

When the negative pressure was —5 kPa, the static pressure reached the maximum
value at the pressure outlet. With the pressure outlet as the center, the static pressure
value gradually decreased outward. Dynamic pressure at the pressure outlet reached the
maximum value of 5 kPa; in the area outside the pressure outlet, the dynamic pressure value
decreased rapidly, indicating that the kinetic energy of the airflow was mainly concentrated
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near the pressure outlet. Due to the negative pressure, the airflow mainly entered the
air hole from the area near the pressure outlet and formed a circular decreasing airflow
gradient around the air hole, whereas the airflow vortex was formed in the vicinity of the
air hole due to the large change in the velocity difference of the airflow. At the intersection
of the airflow direction change, the airflow velocity reached a minimum value of 10 m/s.

Through comparative analysis, it can be concluded that as the negative pressure
increased, the static pressure, dynamic pressure and velocity all gradually increased,
whereas the velocity of the airflow around the pressure outlet (air hole) also gradually
increased, and the “additional effect” of this circular airflow adjacent to each other was
beneficial to the effective adsorption of seeds. To further investigate the effect of seed
adsorption by the seed metering plate within the airflow field, the coupled simulation of
the seed metering process and the seed discharge performance are shown in Figure 6.

100

—— qualified index

—— reseeding index
95+ —— miss-seeding index

N

Seed metering index/(%)
[oe] O
O S
T T

Negative pressure/(kPa)
(a) (b)

Figure 6. seed metering performance of CFD-DEM coupling simulation: (a) seed metering process of
CFD-DEM coupling simulation; (b) seed metering results of CFD-DEM coupling simulation.

The qualification index of seed discharge first increased and then decreased, and the
qualification index was the largest at —4 kPa with the increase of negative pressure, and
the average value was 89.62%. The reseeding index decreased and then increased, and
its minimum value was 4.36% at —4 kPa. The mis-seeding index first decreased and then
increased, reached smallest at —4 kPa and its average value was 6.02%. The simulation
results showed that the seed metering performance did not increase gradually with the
increasing of negative pressure. The reason was mainly due to the fact that the higher the
negative pressure, the stronger the air hole adsorption capacity of seeds, resulting in seed
adsorption between air hole and air hole, not a one-to-one relationship between the number
of stomata and the number of seeds. During the rotation of the plate, the seeds between
the air hole were not closely adsorbed, resulting in the seeds falling early. The excessive
adsorption force of the air hole on the seeds led to delayed seed falling; the disturbance of
the seeds’ posture on the air hole during the fall of the seeds between the air hole can also
cause the seeds to fall early or with a lag.

3.2. Bench Test Results

The test protocol and results of the three-factor and five-level orthogonal rotational
combination test are shown in Table 4.
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Table 4. Test protocol and results.

Experiment Factors Performance Indexes
NO. Rotating Negative Pressure Stirring Brush Qualification Index  Reseeding  Mis-Seeding
Speed xy/rpm /kPa Length 1% Indexy2/%  Index ys'/%
x3/mm
1 —1(17.24) —1(—4.59) —1(8.81) 86.45 6.90 6.65
2 1(26.76) -1 -1 85.69 6.41 7.90
3 -1 1(-3.41) -1 86.32 6.66 7.02
4 1 1 -1 84.50 7.30 8.20
5 -1 1 1(11.19) 87.62 6.80 5.58
6 1 -1 1 85.59 8.51 5.90
7 -1 1 1 87.65 6.39 5.96
8 1 1 1 84.77 8.23 7.00
9 —1.628 (14.00) 0 (—4.00) 0 (10.00) 88.00 5.80 6.20
10 1.628 (30.00) 0 0 84.50 7.70 7.80
11 0 (22.00) —1.628 (—5.00) 0 87.60 6.30 6.10
12 0 1.628 (—3.00) 0 88.30 6.15 5.55
13 0 0 —1.628 (8.00) 90.85 5.15 4.00
14 0 0 1.628 (12.00) 90.82 4.98 420
15 0 0 0 91.02 4.05 4.93
16 0 0 0 89.97 4.80 5.23
17 0 0 0 90.56 4.23 521
18 0 0 0 91.25 4.60 4.15
19 0 0 0 90.56 3.94 5.50
20 0 0 0 90.33 4.79 4.88
21 0 0 0 90.25 4.05 5.70
22 0 0 0 91.02 4.60 4.38
23 0 0 0 91.33 4.23 4.44
Design Expert 8.0.6 software (Stat-Ease, Inc., Minneapolis, MN, USA) was applied to
analyze the test results and explore the effects of the three test factors on the qualification
index, reseeding index and mis-seeding index, respectively. The variance analysis table of
test factors is shown in Table 5.
Table 5. Analysis of variance of each factor on the test index.
Test Index Sou.rce of Sum of Offset Degree of F Value Significance
Variance Squares Freedom
Regression model 92.94 9 6.16 i
X1 13.10 1 7.81 **
X2 0.06 1 0.04 **
X3 0.50 1 0.30 *
X1X2 0.46 1 0.46 *
, xX1x3 0.68 1 0.68 N
n X3 0.035 1 0.035 *
x12 57.27 1 57.27 ok
xp2 27.94 1 27.94 ok
x32 2.00 1 2.00 N
Error 1.07 5 0.21

Total 109.72

—_
e}
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Table 5. Cont.

Test Index Sou.rce of Sum of Offset Degree of F Value Significance
Variance Squares Freedom
Regression model 31.20 9 3.47 o
X1 348 1 3.48 o
X2 0.0063 1 0.0063 N
X3 0.41 1 0.41 *
X1X2 0.20 1 0.20 *
, X1x3 145 1 145 *
y2 X3 0.22 1 0.22 N
x12 15.87 1 15.87 ok
xp2 10.75 1 10.75 ot
x32 2.97 1 2.97 ot
Error 0.72 5 0.14
Total 36.01 19
Regression model 21.56 9 2.40 **
X1 3.08 1 3.08 ok
X2 0.11 1 0.11 *
X3 1.83 1 1.83 **
X1X2 0.053 1 0.053 N
, xX1x3 0.14 1 0.14 *
Y3 X3 0.082 1 0.082 N
x12 12.84 1 12.84 ook
xp2 4.03 1 4.03
x3? 0.095 1 0.095 N
Error 1.09 5 0.22
Total 28.91 19
Note: *** is highly significant, ** is significant, * is relatively significant, and N is not significant.

Analysis of variance of each factor on the qualification index: the factor x;2 and
x,? significance level was less than 0.01, indicating that these parameters were highly
significant; the factor x; and x; significance level was less than 0.05, indicating that these
parameters were significant; and thew factor x3, x1x2 and xpx3 significance las evel less
than 0.1, indicating that these parameters were relatively significant.

Analysis of variance of each factor on reseeding index: factors x7, x12 and x,? signifi-
cance levels were less than 0.01, indicating that these parameters were highly significant;
factors x1x3 and x32 significance levels were less than 0.05, indicating that these parameters
were significant; and factors x;x; and x3 significance levels were lIss than 0.1, indicating
that these parameters were relatively significant.

Analysis of variance of each factor on the mis-seeding index: x1, x12 and x,2 signifi-
cance levels were less than 0.01, indicating that these parameters were highly significant;
x3 and x1x3 significance levels were less than 0.05, indicating that these parameters were
significant; and x; significance levels were less than 0.1, indicating that this parameter was
relatively significant.

The regression models of qualification index, reseeding index and mis-seeding index
were very significant, indicating that the fitting effect was good. Taking the qualification
index y1’, reseeding index y,” and y3” mis-seeding index as the response function and the
level value of each factor as the independent variable, the fitted regression equation is
as follows:

y1' = 90.68 — 0.98x; — 0.07x, + 0.19x3 — 1.99x12 — 1.39x5% — 0.24x1x + 0.07x2x3
Yo' = 57.26 — 2.12x1 — 7.48x3 + 0.05x1% + 0.05x,% + 0.32x32 + 0.17x1 x5 + 0.08x7x — 0.04x1x3 (10)

y3' = 7.43 —0.99x; — 0.21x5 + 1.23x3 + 0.04x72 + 0.03x22 + 0.32x32 — 0.02x1 x3

where v’ is the qualification index, %; 1" is the reseeding index, %; y3’ is the mis-seeding
index, %; x; is the rotation speed of seed metering device, rpm; x; is the negative pressure
of seed metering device, kPa; x3 is the length of stirring brush, mm.
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On this basis, Design Expert 8.0.6 software was used to establish the response surface
diagram of the effects of working rotating speed, negative pressure and stirring brush
length on the qualification index, reseeding index and mis-seeding index, as shown in
Figure 7.
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Figure 7. Response surface diagram of influence of various test factors on test indexes: (a—c) denotes
the influence of negative pressure and rotating speed, negative pressure and length of stirring brush,
length of stirring brush and rotating speed on the qualification index respectively; (d—f) denotes the
effects of negative pressure and rotating speed, negative pressure and stirring brush length, stirring
brush length and rotating speed on the reseeding index respectively; (g-i) denotes the effects of
negative pressure and rotating speed, negative pressure and stirring brush length, stirring brush
length and rotating speed on the mis-seeding index.

Figure 7a—c shows that when the rotation speed is fixed, the qualification index
increases slowly with increasing of the length of the stirring brush; it first increased and
then decreased with increasing of negative pressure. When the length of stirring brush is
fixed, the qualification index increases first and then decreases with the increase of rotation
speed and then decreases with the increasing negative pressure. When the negative pressure
is fixed, the qualification index first increases and then decreases with the increasing speed,
and basically remains unchanged with the increasing length of the stirring brush. When
the rotation speed and negative pressure change at the same rate, the qualification index
changes greatly with the rotation speed, so the rotation speed has a more significant
influence on the reseeding index than the negative pressure. When the negative pressure



Agriculture 2022, 12, 1094

14 0f 18

and the length of stirring brush change at the same rate, the qualification index changes
greatly with the negative pressure, so the negative pressure has more significant influence
on the reseeding index than the length of stirring brush. When the rotation speed and the
length of stirring brush change at the same rate, the qualification index changes greatly with
the rotation speed, so the rotation speed has more significant influence on the qualification
index than the length of stirring brush. In conclusion, the order of significant impact
on seed metering qualification index is: rotation speed > negative pressure > length of
stirring brush.

Figure 7d-f shows that when the rotation speed is fixed, the reseeding index increases
with the absolute value of negative pressure and slowly with increasing length of the stirrer
brush. When the negative pressure is fixed, the reseeding index increases slowly with
the increasing of rotation speed, but does not change significantly with the increasing
length of stirring brush. When the length of stirring brush is fixed, the reseeding index
increases rapidly with the absolute value of negative pressure and slowly with increasing
rotation speed. When the rotation speed and negative pressure change at the same rate, the
reseeding index changes greatly with the rotation speed, so the rotation speed has more
significant influence on the reseeding index than the negative pressure. When the negative
pressure and the length of stirring brush change at the same rate, the seeding index changes
greatly with the negative pressure, so the negative pressure has more significant influence
on the seeding index than the length of stirring brush. When the rotation speed and the
length of stirring brush change at the same rate, the reseeding index changes greatly with
the rotation speed, so the rotation speed has more significant influence on the reseeding
index than the length of stirring brush. In conclusion, the order of significant impact on
reseeding index is: rotation speed > negative pressure > length of stirring brush.

Figure 7g—i shows that when the rotation speed is fixed, the mis-seeding index first
decreases and then increases with the absolute value of negative pressure, and then de-
creases with the increasing length of stirring brush. At a certain negative pressure, the
mis-seeding index increases with increasing rotation speed and decreases with increasing
length of stirring brush. When the length of stirring brush is fixed, the mis-seeding index
decreases slowly with the increasing absolute negative pressure and increases rapidly with
the increase of rotation speed. When the rotation speed and negative pressure change
at the same rate, the mis-seeding index changes greatly with the rotation speed, so the
rotation speed has a more significant influence on the mis-seeding index than the nega-
tive pressure. When the negative pressure and the length of stirring brush change at the
same rate, the mis-seeding index changes greatly with the length of stirring brush, so the
length of stirring brush has more significant influence on the mis-seeding index than the
negative pressure. When the rotation speed and the length of stirring brush change at the
same rate, the mis-seeding index changes greatly with the rotation speed, so the rotation
speed has more significant influence on the mis-seeding index than the length of stirring
brush. In conclusion, the order of significant impact on the mis-seeding index is: rotation
speed > length of stirring brush > negative pressure.

To maximize the qualification index and minimize the reseeding index and the mis-
seeding index, the combination of parameters is optimized, and the parameter model of
nonlinear programming is established as shown in Equation (11).

max Yy
min 1p
min y3
s.t. 14.0 r/min < x; < 30.0 r/min
—5kPa < xp < —3kPa
8mm < x3 <12 mm
0<w;<1
0<ys <1

(11)
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According to the significance of each factor affecting the seeding performance index,
the parameter optimization contour map was established with the minimum significant
factor as the fixed value, as shown in Figure 8. When the rotation speed, negative pressure
and mixing brush length were 20.70 rpm, —4.0 kPa and 10.50 mm respectively, the seeding
performance is the best, with aqualification index of 90.85%, reseeding index of 4.41% and
missed index of 4.74%.
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Figure 8. Optimized regional contour map: (a) contour map of the optimized area of negative
pressure and rotation speed for pass index; (b) contour map of the optimized area of negative
pressure and rotation speed for reseed index; (c) contour map of the optimized area of stirring brush
length and rotation speed for missed index.

3.3. Analysis of Sowing Suitability Test Results

The results of a sowing suitability test for four rice varieties are shown in Table 6.
There was no significant difference between “Suijing 18” and “Longjing 31” in the rice seed
qualification index (p < 0.05). The seed qualification index of “Suijing 18” was significantly
higher than that of “Longging 5” and “Wuyou 4” (p < 0.05), but the maximum difference
between the three was only 1.82%. The main reason for this phenomenon is that the overall
sizes of “Longging 5” and “Wuyou 4” are larger than that of “Suijing 18”. During filling, it
was easy to cause the squeezing between grains, which resulted in the insecurity of seed
adsorption. During the process of transportation and seeding, the seed fell off the plate,
resulting in reseeding and missed seeding, which led to the decrease of qualification index.
Comparing the reseeding index and mis-seeding index of “Suijing 18” and “Longqing 5”,
which had the largest size difference, the indexes between the two rice varieties also had
significant differences (p < 0.05), which supported the above analysis conclusion.

Table 6. Mean values (+ standard error) of measuring results of parameters at different rice varieties.

Rice Variety

Parameter . - N
Suijing 18 Longjing 31 Longqing 5 Wuyou 4
Qualification index/% 91340707 9049 +£0.74%> 8952+ 0.68>  89.75+0.86"
Reseeding index/% 436+061°  465+018®  527+071% 47840822
Mis-seeding index/%  4.30 +£031°  486+081%  521+£0712  547+0482
Note: different letters within the same row indicate a statistically significant difference (p < 0.05).

According to the overall analysis of performance indexes of four rice varieties, the
qualification index ranged from 89.52% to 91.34%, and it had strong seeding adaptability
to different rice varieties and meets the agronomic requirements of rice hill direct seeding
(qualification index > 75%).

3.4. Discussion

Traditional rice seed metering devices were mostly mechanical seed metering devices,
which are transferred and discharged by a fixed scoop or outer groove wheel. Although
this operation method can achieve the purpose of seed metering, the mechanical seed
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metering device made full contact with the seed, which easily caused seed injury problems.
Meanwhile, this method cannot be used universally for multi-grain and multi-seeding of
different varieties and types of rice. For example, seeds with large differences in seeding
sizes will significantly reduce the rate of qualified seeding. At present, an air-suction seed
metering device is mostly used for single-grain single-seeding seed types, such as corn,
soybean, etc. The research applied to rice is also multi-grain seeding according to the
characteristics of single-grain adsorption, which is suitable for super-rice with a small
number of seeding grains [25].

This paper innovatively designed a single-hole and multi-grain cluster-type seed
metering method, which was suitable for multi-grain rice metering through the principle
of air suction, avoiding seed injury caused by mechanical metering devices, and achieving
the effects of stable filling, smooth transport and effective seed delivery. Through bench
test, it was verified that the seed metering qualification index (89.52~91.34%) satisfies the
agronomic requirements of rice seeding, which is higher than 87.04% [8] of the mechanical
rice metering device currently studied, and has good adaptability to different rice varieties.
In this study, a disturbance filling mechanism was established, which can effectively
improve the filling rate of multi-grain seeds. The disturbance is not a traditional vibration
but an attempt to maximize surface area adsorption by changing the movement posture
of the seed in the seed box. Because the vibration is irregular, and it occurs in the whole
process of filling, transporting, clearing and planting, it is easy to cause the seeds of each
process not to fall down in advance in the planting area.

The seed metering device with good seeding performance can effectively reduce the
time cost of rice seedlings and the labor cost of replenishing seedlings, and achieve the
purpose of green production and cost-saving and efficiency increase. However, there are
still shortcomings in this study. For example, the rotation speed of the plate is lower than
that of the high-speed seed metering device (the rotation speed of the plate is 32 rpm) [26].
In the later stage, the research on optimizing different hole patterns and arrangements
will be carried out. Through CFD-DEM coupling comparison analysis and field tests, the
optimum shape and arrangement of different hole patterns will be explored to achieve
high-speed and high-precision seeding effect. Meanwhile, from the perspective of rice
seeds, the stress, maximum effective adsorption area and throwing posture of seeds during
filling, transportation and delivery stage will be deeply analyzed to effectively improve
the seeding performance. In addition, the reliability of machinery is also an important
index to measure the operating performance of a seed metering device [27]. This study
did not consider the reliability and durability of the seed metering device in depth. In the
later stage, we will deeply explore the static and vibration characteristics of the structure
through the finite element analysis software, focusing on the comprehensive evaluation
of the performance of the seed metering device from the reliability of the seed metering
device, and provide a reference for the later optimization design.

Agricultural technology is developing towards automation and intelligence, but some
sensors and advanced sensing devices need to be carried on new agricultural machinery
and equipment that are constantly being developed. Therefore, agricultural machinery is
the basic equipment and carrier to realize intelligent agriculture. The automation and intel-
ligence of the seed metering device are mainly reflected in the sowing quality monitoring
and automatic reseeding equipment. In the later stage, we will carry appropriate sensors
according to the structure and characteristics of the seed metering device designed in this
study, so as to realize the visualization and intelligence in the process of seed metering and
improve the quality and efficiency of seed metering.

4. Conclusions

The study analyzed the seeding mechanism of multi-grain cluster air suction type rice
hill direct seed metering device and explored its performance through CFD-DEM coupling
simulation and bench test. The conclusions are as follows:
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(1) When the negative pressure was —5 kPa, the static pressure, dynamic pressure and
velocity of the flow field reach maximum values. When negative pressure was —4 kPa,
the seed metering qualification index reached the maximum value, which was 89.62%,
the reseeding index was 4.36% and the mis-seeding index was 6.02%. Under these con-
ditions, the performance of the seed metering device met the agronomic requirements
of paddy hole direct seeding.

(2) When the rotation speed, negative pressure and the length of stirring brush are
20.70 rpm, —4.0 kPa and 10.50 mm, respectively, the seeding performance was the
best, with the qualification index of 90.85%, the reseeding index of 4.41% and the
mis-seeding index of 4.74%. Under these conditions, the performance of the seed
metering device met the agronomic requirements of paddy hole direct seeding.

(38) The multi-grain cluster air suction type rice hill direct seed metering device had strong
seeding adaptability to different rice varieties and met the agronomic requirements of
paddy hole direct seeding.

(4) This study provides ideas for innovative development and high-effect application
of a rice direct seeding and metering device, and provides a reference for the green
mechanized production of rice.
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