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Abstract: This study aimed to optimize a three-row air-suction Brassica chinensis precision metering device to improve the
low seeding performance. ANSYS 17.0 Software was used to analyze the effect of different numbers of suction holes and
different suction hole structures on the airflow field. It was found that a suction hole number of 60 was beneficial to the flow
field stability and a conical hole structure was beneficial to the adsorption of seeds. Box-Behnken design experiments were
carried out with negative pressure, rotational speed, and hole diameter as the experimental factors. The optimal parameter
combination was achieved when the negative pressure was 3.96 kPa, the rotational speed of the seeding plate was 1.49 rad/s
and the hole diameter was 1.10 mm. The qualification rate of inner, middle, and outer rings were 87.580%, 90.548%, and
90.117%, respectively, and the miss seeding rate of inner, middle, and outer rings were 10.915%, 7.139%, and 5.920%,
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1 Introduction

Vegetables are essential in the daily lives of people all over the
world because they provide essential vitamins, minerals, and other
nutrients to the body'. Brassica chinensis, also known as Chinese
cabbage, is a species of Brassica in the cruciferous family. It has a
short growth cycle, strong resistance to adversity, a wide range of
adaptation, and rich nutritional value. It is the most abundant crop in
China in terms of cultivation area and total production and is also
considered an important crop in temperate, subtropical, and tropical
regions of the world??. With the continuous expansion of planting
area, it is necessary to study the mechanized precision sowing
technology of Brassica chinensis. The metering device, as the core
component of the precision seeder, has a direct impact on the final
operation effect of the seeder. There are two main types of metering
devices, mechanical and pneumatic, but pneumatic metering devices
are more widely used because of their high accuracy, less damage to
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the seed, and suitability for high speeds™.

The pneumatic metering devices mainly adsorb seeds through
the negative pressure chamber created by the fan, which needs to be
sealed and evenly distributed during the working process®™. The
faster the seeding plate rotates during the sowing of Brassica
chinensis, the less time the metering device has to fill, which can
casily lead to missed rate and a low qualified rate. The performance
of the air-absorbing metering device is mainly influenced by
negative pressure, the rotation speed of the seeding plate, the
number of suction holes, and the shape of the air chamber™®. Due to
the complex movement of the seeds during the actual operation of
the metering device, it is not possible to visually observe the effect
of the seeds on the airflow field. Therefore, it is necessary to use
particle simulation, fluid simulation, and two-way coupling methods
to explore the interaction between seeds and airflow fields.

In recent years, Discrete Element Method (DEM) and
Computational Fluid Dynamics (CFD) simulation have been widely
used in industry and agriculture to solve the problems encountered
in observing the complex movements of machines®”. DEM is
generally considered to have been introduced by Cundall in 1979 as
a numerical method for displaying solutions. DEM discrete unit
method is a numerical calculation method for analyzing the
dynamics of material systems after FEM and CFD. DEM performs
updating of particle position and velocity by building a parametric
model of the solid particle system!'®'". The use of coupling CFD-
DEM for the study of seed dispensers is becoming increasingly
popular among researchers. Liu et al."? used CFD-DEM simulations
to investigate the fluid dynamics of a thin rectangular fluidized bed
as the pressure increases from 1 bar to 10 bar, showing that the
bubble size and pressure fluctuations decrease as the pressure
increases. Taghinezhad, Jafari, and Alimardani!” designed a new
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sugar cane metering device and found the best combination of
operating parameters by studying the effects of the metering device
tooth length and the speed of the sugar cane blank metering device.
The results showed that a metering device with a 2 cm tooth length
and a forward speed of 0.75 m/s was the best combination for the
sugar cane blank metering device and the consistency ratio was
calculated to be less than 0.1, indicating that the results were
acceptable. Lei et al."¥ conducted a numerical study of air-solid
flow in a seed-feeding device of an air-assisted centralized metering
system by coupling the discrete element method (DEM) and
computational fluid dynamics (CFD) to investigate and analyze the
effects of the throat area, throat length, airflow inlet velocity, and
seed feed rate on the air field and seed motion. The results show
that throat area and airflow inlet velocity mainly affect the airflow
exit velocity and the seed velocity in the airflow direction, which is
caused by drag, while the seed motion is slightly affected by throat
length and seed feed rate. This demonstrates the reliability of the
coupled DEM-CFD method as a tool for understanding the physical
phenomena of seed movement in the airflow field'*. Zhang et
al.'"! designed the roller for seeds of different sizes, a variable-size
pneumatic cylinder precision seed-metering device, which could
realize the precision seeding of different diameter seeds without
changing the roller. Analyzed the effect of inlet tube size and eyelet
shape on airflow velocity using basic principles of ANSYS fluid
simulation.

This study aimed to optimize a three-row air-suction Brassica
chinensis precision metering device to improve seeding efficiency.
Discrete Element Method (DEM) and Computational Fluid
Dynamics (CFD) were used to simulate the operation of a three-row
air-suction Brassica chinensis precision metering device. The
influence of the number and structure of suction holes on the

airflow velocity and pressure in the negative pressure chamber was
analyzed through ANSYS fluid simulation. A quadratic rotation
orthogonal combination of negative pressure, the rotational speed of
the seeding plate, and the suction hole diameter were used as
experimental factors to investigate the seeding performance of the
metering device. This study uses ANSYS finite element and EDEM
joint simulation to greatly reduce the cost of research and
development, while this design product can improve the efficiency
of Brassica chinensis mechanical planting and provide a theoretical
basis for other one-tool multi-row planting machines.

2 Materials and methods

2.1 Structure and working principle of the metering device

A three-row air-suction Brassica chinensis precision metering
device belongs to agricultural machinery, the metering device
mechanism mainly left casing, three-row seeding plate, lower seed
clearing mechanism, super clearing mechanism, seed meter base,
seed tube, and seed box, as shown in Figure 1. This metering device
adopted a nylon sealing ring and three rows of seed seeding plates
to ensure the stability of the entire negative pressure air chamber.
The seed layer height control board adjusted the height of Brassica
chinensis seeds piled in the seed filling area to reduce the mutual
friction between the seeds, which was conducive to the adsorption
of the seeds by the suction holes, and the seed stirring wheel
increased the fluidity of the seeds in the seed filling area to assist
the seed filling. After the suction hole absorbed the seeds, the seeds
passed through the seed cleaning area, and the excess seeds in the
hole were removed under the action of the seed cleaning mechanism
to reduce the reseeding rate. Then the seeds reached the seeding
area and lost the negative pressure instantly, and fell into the seed
tube under the action of gravity.
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1. Sprocket 2. Rotating shaft 3. Left casing 4. Sealing ring 5. Inner cover 6. Outer cover 7. Three-row seeding plate 8. Lower seed clearing mechanism 9. Unper clearing

mechanism 10. Seed meter base 11. Seedbox cover 12. Seed stirring wheel 13. Rotating parts 14. Seed tube 15. Seed stirring wheel bracket 16. Seed layer height baffle

17. Seed box 18. Negative pressure outlet 19. Positive pressure inlet.

Figure 1

2.2 Determination of the main parameters of metering device

According to Agricultural Machinery Design Manual™, the
diameter of the seeding plate was between 80-240 mm, and the
center linear velocity (V) of the suction hole was not more than
0.35 m/s. It was calculated that the rotational speed of the seeding
plate was less than or equal to 4.375 rad/s. The plant spacing (L) of
Brassica chinensis seeds was 40-50 mm, and the row spacing (P)
was about 100 mm. The schematic diagram of Brassica chinensis
planting is shown in Figure 2. To investigate the correlation
between the diameter (D) of the seeding plate and the seed-filling
time (7), the equation for calculating was as follows:

S

=i (1)

A three-row air-suction Brassica chinensis precision metering device

=t (3-a) 2)
- (2-a)
z=2Te “)

where, T is the seed-filling time, s; S is the arc length of the seed-
filling zone, m; V is the center linear speed of the suction hole,
m/s; a is the angle of the seed-filling zone, (°); D is the diameter of
the seeding plate, m; d, is the distance from the center of the suction
hole to the edge of the seeding plate, m; # is the rotational speed of
the seeding plate, r/min; Z is the number of suction holes; V,, is the
speed of the planter, m/s; / is the plant spacing of the seeds, mm. It
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Figure 2 Schemat1c diagram of Brassica chinensis planting

was summarized by Equations (1)-(4):
@
=& ®)
The planter was called high-speed seeding when its forward
speed was greater than 6 km/h and less than 18 km/h. Therefore, the
number of suction holes on the seeding plate was calculated by
Equation (4) and the known data of the previous was 48<Z<144".
From Equation (5), the seed-filling time 7 was determined by the
angle of the seed-filling zone and the rotational speed of the seeding
plate, which was not directly related to the value of the diameter of
the seeding plate. The range of triaxial dimensions was measured
several times using a Vernier caliper, and the measurements are
listed in Table 1. The diameter of the suction hole was determined
according to Equation (6), and the range of d was calculated to be
1.07-1.11 mm.

d=(0.64-0.66)W (6)

Table 1 Measured dimensions of Brassica chinensis seeds

Parameter Range Mean Standard error

Length/mm 1.37-2.28 1.82 0.15

Width/mm 1.33-1.91 1.68 0.13
Thickness/mm 1.32-1.98 1.66 0.16

Thousand seed mass/g 2.39-2.43 2.41 0.013

2.3 Determination of the number and structure of suction
holes in the seeding plate
2.3.1 Determination of the number of suction holes

When sowing seeds in an air-suction metering device, the

Pressure/Pa Pressure/Pa

number of holes had a significant effect on the airflow field of the
metering device, so it was necessary to carry out a simulation study
to determine the optimal number of holes in the seeding plate for
sowing Brassica chinensis seeds. According to the calculation
formula for the design of the holes, it can be concluded that the
number of holes on the seeding plate ranged from more than 48 to
less than 144. When designing the number of suction holes, the
spacing between the suction holes was considered to avoid head-to-
tail contact between seeds and interfering with the working
performance of the metering device. The calculation of the distance
between adjacent suction holes is shown in Equation (7). S; was
1.72 mm, §;>6.28 mm, and Z<110. Combining the above
calculations, the number of suction holes was determined to range
from 48 to 110.

S,=VILWH

S.28p+2Lyux (7)
D

Si=7

where, Sy is the average equivalent diameter, mm; L is the average
length of the seeds, mm; W is the average width of the seeds, mm;
H is the average thickness of the seeds, in mm; S; is distance
between adjacent suction holes, mm; L,y is maximum of seeds
length, mm.

Based on previous results from laboratory studies, the larger the
number of holes on the seeding plate, the greater the wind pressure
consumed™. The lower number of suction holes, in turn affects the
seeding efficiency of Brassica chinensis. Comprehensive
consideration of the agronomic requirements, processing costs, and
fan consumption, the seeding plates with the number of suction
holes of 60, 75, and 90 were selected for study comparison in this
study™?'. To further determine the optimal number of holes in the
seeding plate, it was necessary to simulate the number of different
holes on the seeding plate. The pressure cloud diagram and airflow

vector diagram of the simulation results are shown in Figures 3 and 4.
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a. Suction hole number of 60

b. Suction hole number of 75

¢. Suction hole number of 90

Figure 3 Pressure cloud diagram of negative pressure chamber with different hole numbers
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c. Suction hole number of 90

Figure 4 Vector diagram of the airflow velocity of a suction hole with different hole numbers
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Figure 3 shows the overall pressure cloud diagrams of the three
kinds of seeding plates with different numbers of holes that were
similar, and they all decreased from the middle to the two sides. The
pressure range of the seeding plate with 60 holes was —(4.304-
3.478) kPa, the pressure range of the seeding plate with 75 holes
was —(4.095-3.064) kPa and the pressure range of the seeding plate
with 90 holes was —(3.993-2.653) kPa. As the number of holes
increased, the pressure field value became small. Properly reducing
the number of holes on the seeding plate improved the stability of
the flow field and was conducive to seed filling. Figure 4 shows that
the more the number of holes, the smaller the velocity around the
suction holes, and the less disturbance of the airflow field to the
suction holes on the seeding plate with 60 holes, which was
beneficial to the overall stability of the flow field and the reliability
of the suction holes for seed adsorption.

According to the simulation analysis of the airflow field in
Figures 3 and 4, it can be concluded that the selection of the seeding
plate with the number of holes 60 was conducive to the stability of
the flow field, and the smaller the number of suction holes, the loss
of negative pressure was reduced.

2.3.2 Determination of the structure of the suction holes

The shape of the hole in the seeding plate is one of the
important conditions to ensure that Brassica chinensis seeds can be
effectively adsorbed by the hole. A large number of scholars have
studied the shape of the seeding plate. Among them, Yin et al.”?
designed and tested the suction nozzle type holes of pneumatic-
sheave combined vegetable precision seed metering device, and
designed a variety of suction nozzle type holes such as straight,
conical, cylindrical, and waist round holes according to the size of
the three axes of vegetable seeds. The experimental results showed
that the suitable nozzle types for Brassica chinensis, carrot, and
aubergine were: conical hole, round waist hole, and straight hole
respectively. The seed releasing rate was 97.0%, 95.4%, and 93.7%

Pressure/kPa Pressure/kPa

“ i.

a. Countersunk head hole

b. Countersunk tapered hole

0

—0.252
—0.504
—0.757
—1.009
—1.261
—1.513
-1.765
—2.018
-2.270
—2.522
—2.774
—3.026
-3.279
-3.531
—3.783
—4.035
—4.287
—4.540
-4.792

under the optimum vacuum and speed conditions respectively,
meeting the sowing requirements. Fallak evaluated seven vacuum
nozzles in a stationary device similar to horticultural seed flat
seeders. The results showed that nozzles with an entrance cone were
the least sensitive to changes in pickup height, while pointed
nozzles were the most sensitive. The smallest section of the nozzle
should be as wide as possible in order to reduce pressure®™!. Four
different shapes of holes were selected for airflow simulation to
investigate the effect of different shapes of holes on the pressure
and velocity of the suction surface. The suction hole shape is shown
in Figure 5.

60°

1 mm
1 mm

7 2 7
< i

1.9 mm

2 mm

a. Countersunk head hole b. Countersunk tapered hole

:
:Em

d. Straight hole

1 mm

¢. Conical hole

Figure 5 Schematic diagram of the suction hole structure

The metering device was meshed and simulated. The inlet
pressure was set to 0 kPa, the outlet pressure was set to —5 kPa, and
the number of iteration steps was set to 1500 steps. The negative
pressure and velocity clouds for different suction hole shapes are
shown in Figures 6-9.

Pressure/kPa

Pressure/kPa

c. Conical hole d. Straight hole

Figure 6 Axial pressure cloud diagram of different types of holes
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b. Countersunk tapered hole
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c. Conical hole

d. Straight hole

Figure 7 Axial velocity cloud diagram of different types of holes

Figure 6 shows that the axial pressure cloud diagrams of the

suction holes under different shapes were different and the airflow

layer in the positive and negative pressure areas had little change.

Figure 6a shows the pressure cloud diagram of the countersunk



134 May, 2023 Int J Agric & Biol Eng Open Access at https://www.ijabe.org Vol. 16 No. 3
Pressure/kPa Pressure/kPa Pressure/kPa Pressure/kPa

0 0 0

—0.252 —-0.259 —0.144
—0.504 -0.518 —0.288
—0.757 -0.777 —0.431
—1.009 —1.036 —0.575
—1.261 —1.295 -0.719
-1.513 —1.554 —0.863
—1.765 -1.813 —1.007
-2.018 -2.072 —1.150
—2.270 —2.331 —1.294
—2.522 —2.590 —1.438
—2.774 —2.849 —1.582
-3.027 —-3.108 -1.725
-3.279 -3.367 —1.869
—3.531 -3.626 —2.013
—3.783 —3.885 -2.157
—4.035 —4.144 —2.301
—4.288 —4.403 —2.444
—4.540 —4.662 —2.588
—4.792 —4.921 -2.732

a. Countersunk head hole b. Countersunk tapered hole

c. Conical hole d. Straight hole

Figure 8 Enlarged pressure cloud diagram at seed suction surface of different types of holes
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Figure 9 Enlarged velocity cloud diagram at seed suction surface of different types of holes

head. The overall pressure of the countersunk head was relatively
small, while the pressure of the straight pipe part of the countersunk
head hole was relatively large, and the largest point was mainly
concentrated on the inner wall of the countersunk head hole. There
was a small change in the airflow layer of the countersunk taper
hole, and the pressure of the straight pipe part of the countersunk
taper hole was basically the same as that in the negative pressure
area, and the pressure value was about —3.630 to 3.278 kPa, while
the pressure variation in the tapered section was similar to that in
the countersunk section of the countersunk hole. The pressure
distribution of the conical hole decreased annularly from the
positive pressure area to the negative pressure area, and the pressure
near the edge of the negative pressure area was about —1.500 kPa.
The pressure change at the square hole was small, and the pressure
value was concentrated around —0.750 kPa as a whole.

Figure 7 shows that the axial velocity of different hole shapes
was larger on the side connected to the negative pressure area,
which formed a nearly hemispherical velocity distribution in the air
layer. The airflow velocity in most areas in the center of the hole
was relatively large, while the velocity near the wall approached 0.
As can be seen from Figure 8, the pressure distribution of the
suction surfaces of different shapes was uneven, the pressure value
in the middle part was larger, and the pressure value around the
surface was smaller. The pressure at the suction surface was
arranged in order from large to small as the countersunk head hole,
countersunk taper hole, conical hole, and straight hole. Figure 9
shows that different shapes of holes had a significant impact on the
speed of the seed suction surface. The speed distribution of the seed
suction surface was relatively uniform. The center of the hole was
the highest distribution concentration area, and the inner wall of the
hole had a lower speed. The speed at the suction surface was
arranged in order from large to small as the conical hole,
countersunk taper hole, countersunk head hole, and straight hole.

Through simulation analysis of the velocity and pressure of the
airflow field, while considering the simplicity and rationality of the

hole structure, the conical hole was selected as the suction hole on
the seeding plate, and the pressure distribution on the conical hole
met the requirements of the suction hole for adsorbing seeds.

2.4 Working process of the metering device

Hu et al.? used the CFD-DEM coupling simulation method to
observe the distribution characteristics of rapeseed seeds in an air-
assisted centralized seed-metering device to optimize parameters.
To verify the reasonableness of the airflow field simulation, this
paper investigated the seeding performance under different
conditions of the seed dispenser simulation by changing the
diameter of the suction hole. During the simulation process, the
number of seeds in the suction holes was observed by the naked
eye. Since the coupling CFD-DEM simulation required a lot of
computer resources, it took about 90 h for just 1500 seeds, so the
number of seeds observed in this simulation was 60. The simulation
process is shown in Figure 10. The qualification rate and miss-
seeding rate were calculated from the data counted in each group
according to Chinese standard GB/T6973-2005 - Testing Methods
of Single Seed (Precision Drills), as listed in Table 2.

As can be seen from Table 2, for the same hole diameter, the
middle ring had a higher qualification rate compared to the inner
and outer rings. The qualification rate was generally low for hole
diameters of 0.8 mm and the high rate of miss-seeding seeds was
probably because smaller holes required a larger negative pressure
to adsorb the seeds. For a hole diameter of 1.0 mm, the metering
device performed better, with a qualification rate above 91% and a
miss-seeding rate below 9%. For a hole diameter of 1.2 mm, the
seeding performance of the metering device was optimal. The CFD-
DEM coupling simulation provided a reference for the metering
device performance test. However, the vibration problem of the
metering device was ignored, and the validity of the coupling
simulation needs to be verified later.

2.5 Performance parameter optimization of metering device
2.5.1 Test materials and equipment
The test material selected in this study was the seeds of
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Figure 10  Coupling simulation process of metering device with a diameter of 0.8 mm (seed suction effect)

Table 2 Coupling simulation results

Hole diameter/mm Position Qualification rate/% Miss seeding rate/%
Inner ring 80.59 19.41
0.8 Middle ring 85.07 14.93
Outer ring 77.61 22.39
Inner ring 91.04 8.96
1.0 Middle ring 94.03 597
Outer ring 92.54 7.46
Inner ring 97.01 2.99
1.2 Middle ring 98.51 1.49
Outer ring 97.01 2.99

“Shanghai Ai Ji”. A self-built test bench was utilized to study the
seeding performance of a three-row air-suction Brassica chinensis
precision metering device. The test equipment mainly consisted of a
metering device, conveyor belt, variable frequency motor, vacuum
tube, positive pressure tube, u-manometer, conveyor belt frequency
modulator, wind pressure detection system, fan, and fan frequency
regulator. The relative movement between the metering device and
the conveyor belt was used to simulate the movement of the planter
in the field. The velocity of the conveyor belt was changed by
adjusting the frequency converter to simulate the different field
driving states of the planter™ as shown in Figure 11.

b. Test bench

a. Brassica chinensis seeds

1. Metering device 2. Negative pressure tube 3. Wind pressure detection system
4. Conveyor belt frequency modulator 5. Conveyor belt 6. Fan

Figure 11 Test materials and seeding performance test bench

2.5.2 Test methods and index

Considering the analysis of the previous experiment, the
negative pressure, rotational speed of the seeding plate and diameter
of the suction hole were chosen as experimental factors®*), From
theoretical analysis, the critical minimum negative pressure required
to adsorb one seed was calculated to be 0.342 kPa. Taking into
account the pressure loss, the negative pressure range was
determined to be 2.5-4.5 kPa. According to the pre-experiment, it
was found that miss-seeding occurred seriously when the rotational
speed exceeded 3 rad/s. When the rotational speed was less than 1
rad/s, it was difficult for the seeds to be adsorbed in the sucking
holes due to the poor mobility of the seeds. For the determination of
optimal rotational speed, rotational speed ranging from 1-3 rad/s
was selected from the pre-experiment.

According to theoretical calculation, the diameter of the suction
hole of the seeding plate was about 1.1 mm. The size of the suction
pore was the main factor affecting the adsorption effect. Combined
with the pre-experiment, the adjustable range of suction hole
diameter was 0.8-1.2 mm. Three seeding plates with different
diameters of suction holes were processed, the effects of the above
three factors on the seeding performance were studied, and the
optimal parameters combination was determined. Experiments
using the Box-Behnken design were carried out, and the
experimental design is listed in Table 3.

Table 3 Levels of experimental factors

Factors
Level
X, /kPa Xy/rad-s™ X3/mm
-1 2.5 1 0.8
0 35 2 1.0
4.5 3 1.2

Note: X; is the negative pressure; X, is the rotational speed of the seeding plate;
X; is the diameter of the suction hole.

The performance test of the metering device was duplicated
three times under each group of data, and the mean was used as the
experimental result. Going by Chinese national standard GB/T6973-
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2005 Testing Methods of Single Seed (Precision Drills), the miss
seeding rate and the qualification rate were selected as the
evaluation rate™, and the calculation equations were as follows:

M= %XIOO% 8)
0= %xmo% )

where, M is the miss seeding rate, %; Q is the qualification rate, %;
N, is the number of miss seeding; N, is the qualification number; N
is the theoretical seeding numbers. The theoretical spacing was x
(40-50 mm), and the distance between adjacent seeds on the
conveyor belt was L. When 0.5x<L<1.5x, it was qualification, and
where L>1.5x™, it was miss seeding.

3 Results and discussion

3.1 Test results

The Box-Behnken design scheme was tested using Design-
Expert 13.0 Software. The qualification rate and miss-seeding rate
were considered as the performance index®”. The scheme and
results are listed in Table 4.

Table 4 Experiment design and results

No. Experimental factors Results
X X, X; O/% M/% Q)% My/% Oy/% M;/%
1 -1 -1 0 82.14 1631 8233 1245 83.14 1536
2 1 -1 0 87.42 1191 9126 565 85.63 6.12
3 -1 1 0 76.35 20.88 76.24 2098 75.16 16.93
4 1 1 0 79.80 15.13 80.75 16.35 84.33 17.16
5 -1 0 -1 80.32 1841 80.41 17.15 81.75 16.15
6 1 0 -1 84.24 11.83 83.54 1245 84.83 12.67
7 -1 0 1 81.37 16.92 80.33 18.67 82.75 16.73
8 1 0 1 83.19 1144 8344 12.67 89.62 8.8l
9 0 -1 -1 81.77 17.34 8531 923 8343 9.62
10 0 1 -1 80.13 16.92 80.19 15.62 80.37 17.92
11 0 -1 1 83.34 1447 8455 12.19 85.64 11.79
12 0 1 1 77.17 16.55 82.93 16.65 84.15 13.14
13 0 0 0 85.64 11.22 88.1 10.61 86.24 12.34
14 0 0 0 87.21 1142 8892 934 93.15 5.26
15 0 0 0 86.55 11.34 8733 11.74 89.21 6.86
16 0 0 0 8544 12.59 9036 8.17 91.62 7.95

17 0 0 0 87.83 11.71 91.25 846 9132 5.64

Note: Q; is the inner ring qualified index; M, is the inner ring missed seeding
index; O, is the middle ring qualified index; M, is the middle ring missed seeding
index; Qs is the outer ring qualified ring index; M; is the outer ring missed
seeding index.

It can be seen from Table 4 that the seeding performance of the
inner ring was poor, probably due to the low height of the seed layer
caused by the special slope structure of the seed filling chamber.
The qualification rate and miss-seeding rate of the inner, middle,
and outer rings were analyzed. By performing multiple regression
fitting on the experimental results, the regression model of the
qualification rate and miss-seeding rate were obtained.

3.2 Regression mathematical model

1) Establishment and significance test of the regression model
of qualification rate

Through multiple regression fitting of the simulation test data,
the regression model of the influence of the hole diameter, the
rotational speed, and the negative pressure on the qualification rate
of inner, middle, and outer rings were obtained as follows:

0, =86.53 + 1.81X, —2.65X, — 0.1737X, — 0.4575X, X,—
0.525X,X; — 1.13X,X, - 1.71X2 = 3.39X2 - 2.54X>  (10)

0, = 89.19+2.46X, —2.92X, — 0.225X, - 1.11X,X,—
0.005X,X; —0.875X,X; —3.93X> —2.62X2 -3.33x2  (11)

0, =90.31+2.70X, — 1.73X, + 1 47X, + 1.67X, X,+
0.9475X,X, +0.3925X,X, - 3.45X> —4.79x2 - 2.12x>  (12)

From the analysis of variance of the regression equation of the
qualification rate of inner, middle, and outer rings in Tables 5-7, it
can be seen that the F value of the regression model of the
qualification rate was 15.46, 7.41, and 7.29 respectively, and the
corresponding significance level P<0.01 indicated that the fit of the
three models was highly significant. The F value of misfit was 1.70,
2.48, and 0.15 respectively, and the corresponding significance
level P was 0.3033, 0.2005, and 0.9259 respectively, so the effect
was not significant, which showed that there are no other main
factors affecting the qualification rate of inner, middle and outer
rings regression equation. The coefficient of determination R* of the
regression equation was 0.9521, 0.9050, and 0.9036 respectively,
which indicated that the three models could accurately reflect the
relationship between negative pressure, rotational speed, hole
diameter, and qualification rate. As shown in Tables 5-7, for the
interaction term (X.X;) of negative pressure and rotational speed,
the interaction term of suction hole diameter and negative pressure

Table 5 Variance analysis of inner ring regression model

Pergil(“lr::nce Source  Sum of square df Mean square F value p value
Model 187.10 9 20.79 15.46  0.0008**
X, 26.17 1 26.17 19.47 0.0031%**
X, 56.29 1 56.29 41.86 0.0003**
X3 0.2415 1 02415  0.1796 0.0144*
XX 0.8372 1 0.8372  0.6227  0.4559
XX 1.10 1 1.10 0.8200  0.3953
nner ring XX 5.13 1 5.13 3.82  0.0917
qualification rate X% 12.38 1 12.38 9.21  0.0190%*
X% 48.44 1 48.44 36.03  0.0005%*
X% 27.15 1 27.15 20.20 0.0028**
Residual 9.41 7 1.34
Lack of fit 5.28 3 1.76 1.70  0.3033
Pure Error 4.13 4 1.03
Cor Total 196.51 16
Model 141.90 9 15.77 16.71  0.0006**
Xi 61.66 1 61.66 65.35 <0.0001**
X, 11.16 1 11.16 11.83  0.0108*
X; 3.28 1 3.28 3.47  0.0047**
XX, 0.4556 1 0.4556  0.4829  0.5095
XX 0.3025 1 0.3025  0.3206 0.5889
Inner ring miss XX 1.56 1 1.56 1.66  0.2391
seeding rate X12 7.85 1 7.85 832  0.0235%
X% 38.80 1 38.80 41.12  0.0004**
X3 116 1 1116 1183 0.0108*
Residual 6.61 0.9436
0.0600

7
Lack of fit 5.38 3 1.79 5.88
Pure Error 1.22 4 0.3052

Cor Total 148.51 16

Note: * represents significant difference (0.01<p<0.05); ** represents highly
significant difference (p<0.01).
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(X1X3), and the interaction term of suction hole diameter and
rotational speed (X,X3), the corresponding P values were all greater
than 0.05 which showed that they had no significant effect on the
inner rate qualification rate. For the middle ring, the insignificant
term was added to the inner ring by X;. For the outer ring, the

insignificant term was added to the inner circle by X,, X, and X3.

Table 6 Variance analysis of middle ring regression model

Performance Source  Sum of square df Mean square F value P value
index
Model 281.38 9 31.26 7.41 0.0075%*
X 48.41 1 48.41 11.47 0.0117%
X, 68.09 1 68.09 16.13  0.0051%**
X3 0.4050 1 0.4050  0.0959 0.7658
XX, 4.88 1 4.88 1.16  0.3178
XX 0.0001 1 0.0001 0.0000 0.9963
Middle ring XX 3.06 1 3.06 0.7255 0.4225
qualification rate 2 6506 1 6506 1541 0.0057**
X% 28.81 1 28.81 6.83  0.0348*
X§ 46.72 1 46.72 11.07 0.0126*
Residual 29.55 7 4.22
Lack of fit 19.22 3 6.41 248  0.2005
Pure Error 10.33 4 2.58
Cor Total 310.93 16
Model 259.83 9 28.87 10.94 0.0023**
X, 61.22 1 61.22 23.20 0.0019**
X, 113.10 1 113.10 42.87 0.0003**
X3 4.10 1 4.10 1.56  0.2524
XX, 1.18 1 118 0.4462 0.5256
XX 0.4225 1 0.4225 0.1601 0.7010
Middle ring miss % 09312 1 09312 03530 05711
seeding rate e 3797 1 3797 1439 0.0068**
X3 5.97 1 5.97 226 0.1763
X; 27.77 1 27.77 10.52  0.0142*
Residual 18.47 7 0.9436
Lack of fit 9.48 3 1.79 141  0.3639
Pure Error 8.99 4 0.3052
Cor Total 278.30 16

Note: * represents significant difference (0.01<p< 0.05); ** represents extremely
significant difference (p<0.01).

Table 7 Variance analysis of outer ring regression model

Perfﬁgr:(mce Source  Sum of square df Mean square F value p value
Model 297.70 9 33.08 7.29  0.0079**
X 58.37 1 58.37 12.87 0.0089**
X, 2391 1 23.91 527  0.0553
X3 17.35 1 17.35 383 0.0914
XX, 11.16 1 11.16 246  0.1608
XX 3.59 1 3.59 0.7919 0.4031
Outer ring XX 0.6162 1 0.6162  0.1359 0.7233
qualification rate Xf 50.16 1 50.16 11.06 0.0127*
X% 96.67 1 96.67 21.32  0.0024**
X% 18.91 1 18.91 4.17  0.0805
Residual 31.74 7 4.53
Lack of fit 3.17 3 1.06 0.1478  0.9259
Pure Error 28.58 4 7.14
Cor Total 329.45 16
Model 282.82 9 31.42 6.41 0.0114*
X 52.07 1 52.07 10.62  0.0139*
X, 61.94 1 61.94 12.63 0.0093**
Xs 4.34 1 4.34 0.8845 0.3783
XX, 22.42 1 22.42 4.57  0.0698
XX 4.93 1 4.93 1.01  0.3494
Outer ring miss XX 12.08 1 12.08 2.46  0.1605
seeding rate X% 48.03 1 48.03 9.80 0.0166*
X% 35.53 1 35.53 725 0.0310%
X% 28.52 1 28.52 5.82  0.0467*
Residual 34.32 7 4.90
Lack of fit 1.87 3 0.6218  0.0766 0.9694
Pure Error 32.45 4 8.11
Cor Total 317.14 16

Note: * represents significant difference (0.01<p<0.05), ** represents extremely
significant difference (p<0.01).

The normal plot of the residuals obtained after eliminating the
insignificant factors is shown in Figure 12. It can be seen that the
residual scatter of the inner ring qualification rate regression model
was basically on a straight line, indicating that the three factors fit
the qualification rate better. From the F-values of the regression
model, it can be concluded that the factors influencing the inner ring
qualification rate in the order of priority were rotational speed (X,),
negative pressure (X)), and suction hole diameter (X3) for the middle
ring, it was X,>X;>X;, for the outer ring, it was X,>X;>X;. The
regression model after excluding the insignificant factors was:
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Externally studentized residuals

a. Inner ring qualification rate and
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Externally studentized residuals

c. Outer ring qualification rate and
various factors

Figure 12  Fitting residual normal map
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0, = 86.53+1.81X, —2.65X, —0.1737X; — 1.71X; — 3.39X; — 2.54X;

(13)
0, = 89.19+2.46X, —2.92X, —-3.93X> —2.62X2 —3.33X>  (14)
0, =90.31+2.70X, —3.45X> —4.79X] (15)

2) Establishment and significance test of the regression model

of miss seeding rate

The regression model for the effect of negative pressure, the
rotational speed of the seeding plate, and hole diameter on the miss
seeding rate of inner, middle, and outer rings were obtained by

fitting multiple regressions to the simulated test data. The regression
equations were as follows:

M, =11.66-2.78X, + 1.18X, —0.64X; — 0.3375X, X,+

0.275X, X +0.625X,X; + 1.37X] +3.04X; + L63X] (1)

M, =9.66+2.77X, +3.76X, +0.7163X; + 0.5425X, X,—

17
0.325X,X; — 0.4825X,X, +3.00X + 1.19X? +2.57X an

M, =7.61-2.55X, +2.78X, —0.7363X; +2.37X, X,— a8)
111X, X, — 1.74X,X, +3.38X> +2.90X2 + 2.60X>

Based on the results in Tables 5-7, it can be seen that the F

Vol. 16 No. 3

value of the regression model of the miss-seeding rate was 16.71,
10.94, and 6.41 respectively, and the corresponding significance
level p<0.05 indicated that the fit of the three models was
significant. The F value of misfit was 5.88, 1.41, and 0.08
respectively, and the corresponding significance level p was 0.06,
0.3639, and 0.9694 respectively, so the effect was not significant,
which showed that there were no other main factors affecting the
miss seeding rate of inner, middle and outer rings regression
equation.

Figure 13 shows the normal graph of residuals obtained after
excluding insignificant factors. It can be seen that the distribution of
residual scatter points was close to a straight line, indicating that the
fitting regression model of miss seeding rate to each factor was
good. From the F value of the regression model, it can be concluded
that the primary and secondary order of factors affecting the miss-
seeding rate were X,, X; and X, for the middle ring, it was X,, X;

and X;, for the outer ring, it was X,, X, and Xj. The regression
model after removing insignificant factors is:

M, =11.66-2.78X, + 1.18X, —0.64X; + 1.37X; +3.04X; + 1.63X,

Normal probability
Normal probability

Externally studentized residuals

a. Inner ring qualification rate and
various factors

Externally studentized residuals

b. Middle ring qualification rate and
various factors

(19)
M, =9.66-2.77X, + 3.76X,+3.00X>+2.57%>  (20)
M, =7.61-2.55X, +2.78X, +3.38X> +2.90X +2.60X>  (21)
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Figure 13  Fitting residual normal map

3.3 Interactive effects of different factors on performance index
3.3.1 Interactive effects of different factors on qualification rate
After processing the data with Design-Expert 13.0 Software,
the effect of negative pressure, rotational speed, and hole diameter
on the qualification rate was obtained and the interaction of the

Qualification rate/%
Qualification rate/%

a. Rotational speed of seeding plate and
negative pressure

Figure 14 Effects of different factors on the inner ring qualification rate

b. Hole diameter andnegative pressure

factors was analyzed by means of a response surface. One of the
factors was downscaled to a zero level®, and the effect of the
interaction between the remaining two factors on the qualification

rate of the inner, middle, and outer rings was plotted, as shown in
Figures 14-16.
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Figure 15 Effects of different factors on the middle ring qualification rate
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Figure 16  Effects of different factors on the outer ring qualification rate

The response surface diagram of the interaction of negative
pressure and rotational speed on the inner ring qualification rate is
shown in Figure 14a. It can be seen from Figure 14 that when the
negative pressure was constant, the qualification rate first increased
and then decreased with increase in the rotational speed. When the
rotation speed was constant, the qualification rate first increased and
then decreased with increase in negative pressure. The inner ring
qualification rate was higher when the negative pressure was 3.2-
4.5 kPa and the rotational speed was 1.0-2.2 rad/s. The response of
the interaction of hole diameter and negative pressure on the inner
ring qualification rate at a rotational speed of 2 rad/s is shown in
Figure 14b. The qualification rate increased and then decreased as

the negative pressure increased at a given rotational speed. At a
certain negative pressure, as the diameter of the hole increased, the
qualification rate tended to increase and then decrease. When the
hole diameter was 0.85-1.12 mm and the negative pressure was 3.3-
4.5 kPa, the inner ring qualification rate was higher. As shown in
Figure 14c, when the hole diameter was constant, the qualification
rate first increased and then decreased with increase in rotational
speed. When the rotational speed was constant, the qualification rate

first increased and then decreased with increase in the hole

diameter. When the hole diameter was 0.87-1.14 mm and the
rotational speed was 1.0-2.1 rad/s, the inner ring qualification rate
was higher.

The response surface diagram of the interaction of negative
pressure and rotational speed on the middle ring qualification rate is
shown in Figure 15a. As can be seen from Figure 15a, the changing
trend of middle ring qualification rate was consistent with that of
inner ring qualification rate. When the negative pressure was 3.5-

b. Hole diameter andnegative pressure
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c. Hole diameter and rotational speed of
seeding plate
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c. Hole diameter and rotational speed of
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4.0 Pa and the rotational speed was 1.7-2.2 rad/s, the qualification
rate was relatively high. As shown in Figure 15b, when the negative
pressure was 3.3-3.7 kPa and the hole diameter was 0.9-1.1 mm, the
qualification rate was relatively high. Figure 15¢ shows that when
the rotational speed was constant, the qualification rate first
increased and then decreased with increase in the hole diameter.
When the hole diameter was constant, the qualification rate
decreased with increase in the rotational speed. It can be seen from
Figure 16a and Figure 16b that the changing trend of outer ring
qualification rate was consistent with that of the inner and middle
rings. Figure 16¢ shows that the qualification rate was relatively
high when the rotational speed was 1.5-2.0 rad/s and the hole
diameter was 0.9-1.0 mm.
3.3.2 Interactive effects of different factors on miss seeding rate

The effect of the interaction between the remaining two factors
on the miss-seeding rate of inner, middle, and outer rings was
plotted, as shown in Figures 17-19.

The response surface of the interaction between negative
pressure and rotational speed on the inner ring miss seeding rate at a
hole diameter of 1.0 mm is shown in Figure 17a. The miss-seeding
rate was lower when the negative pressure was between 3.4-4.5 kPa
and the rotational speed was between 1.1-2.5 rad/s. As shown in
Figure 17b, the miss-seeding rate was low when the hole diameter
was 0.82-1.12 mm and the negative pressure was 3.5-4.5 kPa. The
response surface plot of the interaction of hole diameter and
rotational speed on the miss-seeding rate at a negative pressure of
3 kPa is shown in Figure 17c. The miss-seeding rate was lower

when the hole diameter was 0.95-1.15 mm and the rotational speed
was 1.2-2.2 rad/s.
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Figure 17 Effect of different factors on the inner ring miss seeding rate
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Figure 18 Effects of different factors on the middle ring miss seeding rate
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Figure 19  Effects of different factors on the outer ring miss seeding rate

Figure 18a shows that when negative pressure was constant, the
middle ring miss-seeding rate decreased with an increase in the
rotational speed. When the rotational speed was constant, the miss-
seeding rate decreased with an increase in negative pressure. As can
be seen from Figure 18b, the changing trend of the middle ring miss
seeding rate was consistent with that of the inner ring. The miss-
seeding rate was relatively low when the negative pressure was 3.7-
4.1 kPa and the hole diameter was 0.9-1.0 mm. It can be seen from
Figure 18c that when the rotational speed was constant, the miss-
seeding rate first decreased and then increased with the increase of
the hole diameter. When the hole diameter was constant, the miss-
seeding rate increased with an increase in rotational speed. Figure
19a shows that the outer ring miss-seeding rate was relatively low
when the negative pressure was 4.0-4.5 kPa and the rotational speed

c¢. Hole diameter and rotational speed of
seeding plate

was 1.0-1.5 rad/s. Figure 19b shows that the outer ring miss-seeding

rate was relatively low when the negative pressure was 3.3-3.7 kPa

and the hole diameter was 0.9-1.0 mm. Figure 19¢ shows that the

outer ring miss-seeding rate was relatively low when the rotational

speed was 1.0-1.5 rad/s and the hole diameter was 0.9-1.0 mm.

3.4 Parameters optimization

In order to obtain a better combination of parameters, the

parameters were optimized. A parametric mathematical model was
established and the regression equations for the qualification rate
and miss-seeding rates were analyzed in combination with the
boundary conditions for negative pressure, rotational speed, and
hole diameter to obtain non-linear programming using the
optimization module of Design-Expert 13.0 Software®>*. The
objective function and constraints are shown in Equation (19). The
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best parameters were obtained as negative pressure of 3.96 kPa, a
rotational speed of 1.49 rad/s, and a hole diameter of 1.1 mm, with a
qualification rate of inner, middle, and outer rings of 87.580%,
90.548%, 90.117% respectively and a miss seeding rate of inner,
middle and outer rings of 10.915%, 7.139%, and 5.920%,
respectively.

min (M,, M,. M;)
max (Qi, 0», 03)

2.5kPa<X, <4.5kPa (22)
s.t. < 1rad/s <X, <3rad/s

0.8mm <X;<1.2mm

3.5 Experimental verification

In an attempt to evaluate the seeding performance of the
optimized metering device, the seeding performance tests were
carried out using a self-built test bench with the parameters
(negative pressure of 3.96 kPa, rotational speed of 1.49 rad/s, and
hole diameter of 1.10 mm). The average values of five repeat tests
were noted and compared with the optimized values, as listed in
Table 8. It was demonstrated that the experimental verification
results were similar to the optimized results under the optimum
combination of parameters. The miss-seeding rate in the
experimental verification results was larger than that in the
optimized results, which was mainly caused by the vibration of the
metering device and the sealing factor.

Table 8 Experimental verification results

Type Position Verification value
Inner ring 85.59
Qualification rate/% Middle ring 90.15
Outer ring 91.22
Inner ring 13.43
Miss seeding rate/% Middle ring 7.46
Outer ring 7.13

In order to make the experiment more realistic, as well as to
further verify the seeding performance level of the optimized seed-
metering device, field experiments on seeding performance were
carried out at the Shanghai Academy of Agricultural Sciences on 16
April, 2022. The test machine and test scenario are shown in Figure
20, while Figure 21 shows the distance between seeds measured in
the field, and the test parameters are consistent with the bench
experiment. The results showed that the qualification rate in the
field trial results was slightly lower than the bench experiment

Figure 20 Test machine and scenario

results and the optimized results under the optimal combination of
parameters, which was mainly due to the unevenness of the real
land, resulting in a larger vibration amplitude of the seed-metering
device and seeds not being easily adsorbed.

Figure 21 Measuring the distance between seeds

4 Conclusions

In this study, a CFD-DEM coupling method to simulate the
effects of negative pressure, rotational speed of seeding plate, and
suction hole diameter on the seeding performance of the metering
device was designed. The CFD-DEM coupling model accurately
observed the phenomenon of miss-seeding in the metering device,
and the following conclusions were drawn:

1) A three-row air-suction Brassica chinensis precision
metering device was optimized to improve the low seeding
performance of previous seed metering devices using the principle
of negative pressure seed suction and positive pressure seed
cleaning. The diameter range of the suction holes on the seeding
plate was determined by measuring the triaxial dimensions of
Brassica chinensis seeds to be 1.07-1.10 mm.

2) The effects of different numbers of suction holes and
different shapes of suction holes on the airflow field were analyzed
using ANSYS 17.0 Software. It was observed that when the number
of suction holes was 60 and the shape of the suction holes was
conical, it was beneficial to the stability of the flow field and easy to
fill the seed. The effect of different suction hole diameters on the
seeding effect was analyzed by CFD-DEM coupling simulation, and
it was found that the seeding performance was poorer when the
suction hole diameters were 0.8 mm. The outer ring suction holes
on the seed plate had a poor seed-filling effect by pre-experiment
and coupling simulation analysis, so the following analysis was
mainly based on the outer ring suction effect.

3) The self-made metering device test bench was used to
optimize the parameters of the metering device by using three
factors and three levels according to Box-Behnken experimental
design method. The best parameters were obtained as negative
pressure of 3.96 kPa, rotational speed of 1.49 rad/s, and hole
diameter of 1.10 mm, with qualification rates of inner, middle, and
outer rings as 87.58%, 90.548%, and 90.117%, respectively, and
miss seeding rate of inner, middle and outer rings as 10.915%,
7.139%, and 5.92% respectively, which was better than the national
standard. The experimental verification results were similar to the
optimized results under the optimum combination of parameters.
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