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Abstract: For the problem that when wheat is sucked up by the air suction method, the seeds are aligned in a small area,
making it difficult for the contact seed cleaning mechanism to clean the seeds. The mechanism of seed cleaning airflow on
wheat seed was studied, the flow velocity distribution relationship of the jet section was defined, the mathematical model of the
jet velocity of circular and plane sections was established, and the key factors that could have a significant influence on seed
cleaning effect were explored. A non-contact positive pressure air flow seed cleaning method was proposed. After theoretical
calculations, it is concluded that the core section lengths of the circular section jet and the inline jet are 24.8 mm and 28.8 mm,
respectively. The clearing distance is set to 20 mm. Through the single-factor test, the best air tube nozzle shape was clarified
as a vertical inline nozzle. The angle of seed cleaning, the air velocity of seed cleaning, and the negative supply pressure were
selected as influencing factors, and the seed leakage index, seed reabsorption index, and seed qualification index as the
evaluation indicators to conduct a 3-factor 5-horizontal rotation test. A mathematical regression model of influencing factors
and evaluation indexes was established to analyze the influence of these factors and indexes. The optimal operation parameters
were obtained as the seed cleaning Angle of 19°, the seed cleaning air velocity of 58 m/s, and the negative pressure of 8.5 kPa.
Under the optimal parameters, the seed leakage suction index is 8.23%, the seed reabsorption index is 0.33%, and the seed
qualification index is 91.44%, which meets the design requirements.
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1 Introduction

As one of the three staple grains in China, Wheat plays an
important role in maintaining China's food security!'?. High-quality
seed varieties are significant in ensuring high and stable wheat
yield. According to statistics, in developed countries, the
comprehensive contribution of superior seed varieties to agricultural
production growth can be as high as 50%"%. Agronomists must
carry out large-scale field breeding experiments®™ to cultivate
superior seeds. The requirement for sowing precision is especially
strict in the original seed production period (plant row or ear row
stage). Both re-sowing and miss-sowing will significantly impact
the accuracy and reliability of the breeding test!l.

Seed clearing refers to ensuring that only one seed is in each
hole of the seed sowing machine by clearing out the excess seeds

with external intervention or the weight of the seed itself (single
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precision seed metering device). It is a crucial method to ensure the
single-seed rate of the seed-sowing machine”. The pinhole
wheeled wheat plot single-seed precision sowing machine!*'"
developed in the previous stage may cause miss sowing. Since its
absorption device is outside the machine, the drag force is the only
force on seeds, making it easy to clear out all the adsorbed seeds by
the contact clearing method. Therefore, the non-contact clearing
method is put forward as an effective way to ensure the single-
seed rate.

The research on single-seed precision sowing machines applied
in wheat plots in developed countries started earlier!'*"!. As a typical
seed sowing device, made by Wintersteiger Company!®, the air
suction spirally grooved plate precision sowing device uses the
displacement generated by the relative rotation of the radial groove
and the spiral groove to remove the excess seeds adsorbed,
obtaining a higher single-seed rate!'”. Also, a dibbling machine in
foreign countries is of high price and complex and precise structure,
which is unsuitable for application in a small-sized seeding
machine. There is a shortage of single-grain precision sowing
machinery in wheat plots in China, which has become the
bottleneck and critical link in wheat variety testing. The shortage of
mechanized fine sowing reduces the launch efficiency of new wheat
varieties but also affects the rapid and healthy development of the
wheat breeding industry. Regarding single-seed dibbling, instead of
the traditional seed-sowing device, Zhang et al.'*"”! adopted PLC
technology to control a pneumatic manipulator, which improved the
sowing accuracy in breeding. The drum-type air-auction vegetable
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seedling planter was designed by Liu et al.”**** adopts dual- nozzle
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system to clean the area around the suction nozzle, which can
effectively clean up the excess seeds entrained. Zhang et al.**
designed an air nozzle for seed clearing, set up a mathematical
model for the seed clearing process, and optimized the optimal wind
pressure value in seed clearing. To solve the problems of high
energy consumption and low efficiency (single row sowing) when a
precision sowing machine was adopted to sow cotton seeds, Ni et
al.”** adopted an array of suction holes to suck seeds and a lateral
air-cleaning device to clear seeds. The above studies have explored
and proved the feasibility of air-blowing for seed clearing. Still, the
seeds sucking in the devices above are far different from that in
pinhole wheeled wheat plot single-seed precision sowing device.

Taking the pinhole wheeled wheat plot single-seed precision
sowing device as the research object, this paper studies the clearing
efficacy of positive airflow on adsorbed seeds, defines the velocity
distribution of jet cross-section, explores the effect of seed clearing
airflow and the key factors that can significantly affect the seed
clearing, establishes a mathematical model of jet velocity for cross-
sections in different shape, and optimize the seed clearing
parameters, to reduce re-sowing, avoid false clearing and achieve
single-seed separation, laying a foundation for the development and
manufacture of high precision plot breeding machine.

2 Design of pinhole wheeled wheat plot precision
single-seed sowing device

2.1 Overall structural design

The pinhole wheeled wheat plot precision sowing device
mainly comprises a storage battery, walking tractor, DC fan, frame,
automatic seed supply device, pneumatic pinhole wheel type single-
seed precision sowing device, pressing wheel, etc. The overall
structure is shown in Figure 1.

1. Accumulator battery 2. Walking tractor 3. Flat soil slab 4. Pushrod 5. Lifting
mechanism 6. DC fan 7. Automatic seed supply mechanism 8. Rack 9. Pinhole
wheel type single grain precision seeding device 10. Suppression of wheel

Figure 1 Pinhole tube wheat plot single-seed machine

Powered by a walking tractor, with its DC fan powered by a
storage battery, the single-seed precision seeder adopts a push rod to
control the travel direction, which can bend and turn and reduce the
turning radius. When working in the field, the single-seed precision
sowing machine can successively complete soil levelling, trenching,
single-seed precision sowing, soil covering, soil compaction, etc.

The power of the seeding device comes from the ground wheel
coaxial with the pinhole wheel, which can obtain the machine’s
forward speed and ensure the plant spacing. The automated seed
supply device can fill the seed hopper with a specified quantity for
each plot, controlled by a step motor with a one-key operation. Lift
the unloading handle, place it in the card slot, and keep the
unloading cover of the seed hopper open to unload the remaining
seeds that will be unloaded into the recycling box under the
vibration caused by the rotation of the pinhole wheel. Turn the
unloading handle back and close the seed hopper when the

unloading cover is automatically returned to the original position to
start a new seed supply for another plot.
2.2 Working principle of sowing device

The seed suction holes are uniformly distributed on the outer
wall of the pinhole wheel that is closely coordinated with the
pneumatic distribution cover, as shown in Figure 2. The counter-
rotating of the wheel and the cover control the switch of positive
and negative pressure. The seed hopper with seed-clearing air pipes
connected is installed above the pinhole wheel. Blew by the positive
pressure airflow, the excess seeds on the seed suction hole are
removed back to the seed hopper. Before covering the soil, the
pinhole wheel will be put in the furrow with the seed suction hole
closely contacting the seed bed to fling seeds. The positive pressure
airflow will clean the seed suction hole to prevent blockage.

1. Earth wheel 2. Pinhole wheel 3. Force distribution cover 4. Trenching
mechanism 5. Soil 6. Seed 7. The soil covering mechanism 8. Seed box 9. Seed
suction hole 10. Seed cleaning mechanism

Figure 2 Schematic diagram of the sowing device structure

3 Study on the jet flow of seed-clearing air-pipe

The pretest of the precision sowing device showed that multiple
suction and missed suction are mutually exclusive. That is, the miss
suction can be avoided while multiple suction cannot meet the
requirement when the negative supply pressure is significant; In
contrast, multiple suction is avoided when decreasing the negative
supply pressure and missed suction occurs significantly increase.
Worse, no such negative pressure can ensure proper multiple
suction and missed suction. Therefore, sucking with a high negative
pressure to ensure the seed absorption rate while adopting an
appropriate seed-clearing method to remove the excess seeds is an
effective way to increase the single-seed rate.

3.1 Study on seed stress

The positive pressure flow from the seed-clearing air pipe is
free to submerge jets”” from a closed pressure chamber into infinite
broad space with a uniform medium. After the seed adsorption hole
adsorbs the seed, the force of airflow on the seed is the critical fain
breaking break the seed adsorption equilibrium, and the seed is
subjected to the air-blowing force™ as

CpSV*?
F,= =2 (M

where, F), is the air blowing force on the seed, N; C is the air

resistance coefficient; p is the air density, kg/m’; S is the upwind
area of seeds, m?; V' is the relative velocity of seed and airflow, m/s.

From Equation (1), the blowing force of positive pressure
airflow on seeds is mainly related to the relative movement velocity
between seeds and airflow and the upwind area of seeds. The
upwind area mainly depends on the adsorption forms of seeds,
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which is challenging to be artificially controlled. The relative
motion velocity between seeds and airflow is the resultant velocity
generated by the relative motion between the circular motion of the
seeds rotating with the pinhole wheel and the positive pressure air
velocity. In operation, the linear speed at the seed suction hole of
the pinhole wheel is equal to the machine’s forward speed
generally, 1-1.5 km/h in plot operation. Therefore, the flow velocity
of positive pressure airflow is the critical factor determining seeds'
air-blowing force value rally. Reynolds number Re is applied to
describe the property of positive pressure airflow. The critical
Reynolds number of the jet outlet is defined as follows:

d,
Re:LMO

()

where, d, is the characteristic length of the jet outlet, m; u, is the
average flow velocity of the jet outlet, m/s; v is the kinematic

v

viscosity coefficient, m%s.

When the characteristic length is 0.004 m, calculated according
to the diameter of the round nozzle, and the measured average
velocity at the outlet of the jet is 50 m/s kinematic viscosity
coefficient will be

v=£ 3)
o
where, u is the kinematic viscosity coefficient, N-s /m?,

Under standard conditions, the air density is about 1.29 kg/m*
and the kinematic viscosity coefficient is 17.9%x10° N-s/m*>. Then
the Reynolds number at the outlet of the jet of clearing air pipe is
about 13 464. According to the literature™, a jet with a Reynolds
number more significant than the critical value of 2300 can be
defined as turbulence, also known as a turbulent jet.

Due to the turbulent characteristics of the high-speed jet,
airflow entrains and moves forward with the surrounding air,
causing an expansion of the jet cross-section and an increase in the
flow rate®. The boundary is shown as an irregular surface
composed of interlacing. To simplify the calculation, the boundary
is approximated as a straight line by average statistical significance.

The diagram of jet distribution is shown in Figure 3. The stroke
of the jet can be roughly divided into the initial section and the main
section. The initial section contains the core area of the airflow, in
which the air is pure without any mix of outside air. The initial
airflow in the tube is of high velocity and decreases with the
increase of the jet stroke. With continuous attenuation, it disappears
when it enters the core area. Then the jet flow enters the central
section®' 4.

Note: d,, is the characteristic length of the pipe mouth, mm; L, is the length of the
initial section, mm; L is the jet stroke outside the tube, mm; O is the jet pole; x, is
the distance from the jet pole to the pipe mouth, mm; x is the length of the jet,
mm; 7, is half of the characteristic length of the pipe mouth, mm; b is the jet
width, mm; ¢ is the expansion angle of the central section, (°); 7, is the distance
from the centerline to any other point, mm; u is the velocity of airflow at any
point, m/s; u,, is the centerline airflow velocity, m/s.
Figure 3 Schematic diagram of jet distribution

3.2 Study on the influence of nozzle shape on the airflow
velocity

At the same flow rate in a closed pipeline, airflow velocity
increases while reducing the cross-section. Thus, it is an effective
way to increase the flow rate by adding a small nozzle at the end of
the air pipe. Conical nozzles and inline nozzles are commonly
used™. When the momentum conservation equation is established
for each section of the jet, the momentum conservation equation of
the jet on the circular cross-section is obtained”.

b
Spvemry® = f pu*2mr,dr, 4)
0

where, 0 is the momentum correction coefficient of the outlet
section; v, is the average velocity of airflow at the mouth of the
pipe, m/s.

Both sides of the equation are divided by 2pbum?; the following
equation is obtained.

o(5) (o) =20 () 595 ®

The momentum conservation equation of the jet on the inline
cross-section is

b
V22, =2 f oudr,s (6)
0
It is as follows when both sides are divided by 2pbum?
2 2
)\ or _ (! (1) a2 .
(um) b _fo un/) b ™
According to experimental data®”, the velocity distribution of
jets on the circular cross-section and the inline section is

u r\ ST

By Y ) 8

Uy, { ( b ) } ( )
From the geometric relationship in Figure 3, the jet width b is

b= (x,+L)tane 9)

Suppose # is equal to r/b, with Equations (8) and (9)
substituted in Equations (5) and (7), respectively; the jet velocities
of the circular section and inline section are obtained

3 (10)
ndn

Voo

B 0
" (xp+L)tane \/ZL‘ {(1_(77)15)2}

or,
(x0+L)tana'Ll [(1 —(n)”)z} “in

Upne

Vo (11

Unp =

where, u,,. is the flow velocity of the jet on the circular cross-
section, m/s; u,, is the flow velocity of the jet on the inline
section, m/s.

From Equations (10) and (11), it is obtained that the airflow
velocity of the circular-section jet and the in-line jet is negatively
correlated with the jet length when the initial velocity of the jet
nozzle keeps the same. Suppose u,,= u,,;=Vvy, and substitute it into
Equations (10) and (11), the expansion angle of the central section
is generally a fixed value, i.e. e=12°15’, the length of airflow core
section L and L, of circular section and inline nozzle will be

Lo = 12.4V6r,— x, (12)

Ly = 14.4V6r, - x, (13)

The momentum correction coefficient J of the outlet section is
a parameter to measure the uniformity of the gas velocity
distribution. Here ¢ will be valued at 1. The velocity distribution is
uniform since the air jet involved in this paper has no interference
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from external factors, high temperature, high pressure, chemical
reaction, etc. The distance from the jet pole to the mouth of the pipe
X, is ignored since it is short, resulting from the much smaller
diameter of the sprinkler than the transverse length of the gas field.
When half of the characteristic length of the nozzle is 2 mm, the
core length of the circular cross-section jet is about 24.8 mm, and
the core length of the inline jet is about 28.8 mm. When comparing
the flow velocity of the circular cross-section of the jet and that of
the inline jet, u,, is slightly smaller than ump. The inline jet core
length is longer than the circular cross-section, which shows that the
velocity of the circular cross-section jet is smaller when the distance
is equal; that is, the velocity of the circular cross-section jet
becomes significant with the distance decrease.

As the distance between the nozzle and the seed increases, air
flow strength and air velocity reduce gradually. It is the airflow
velocity that impacts the seed-clearing efficacy. Therefore, seed
clearing distance is not a proper experimental index. To improve the
efficiency of airflow utilization, it will be an effective way to ensure
seeds are in the core section but leave a certain safe distance
between the pipe mouth and seeds to prevent contact. Above all; the
clearing distance is defined as 20 mm.

And the velocity of airflow at the mouth of the pipe is

Vs
Vo= (14)
where, V; is the volumetric flow of airflow, m’/s; 4 is the area of the
cross-section at the pipe mouth, m’.

Therefore, in the study, it is necessary to ensure that the cross-
sectional area of the circular sprinkler is equal to that of the inline
nozzle, making the initial velocity comparable under the same force
supply condition. However, the cross-section of the inline nozzle is
a long and narrow rectangle. The characteristic length of the nozzle
is smaller than that of the circular sprinkler when its cross-sectional
area is equal. The jet velocity of the inline nozzle is much higher
than that of the circular nozzle. Thus, the inline nozzle has a more
robust seed-clearing capacity.

3.3 Study on the jet angle

In addition to the positive pressure airflow velocity, the positive
pressure clearing airflow direction will also significantly affect the
seed-clearing effect by changing the direction of the force exerted
by the airflow on the seeds, thereby changing the stress state of the
seeds. Figure 4 is the analysis of the stress state on seeds when the

a. Positive upper barotropic flow

b. Oblique upper barotropic flow

Note: Fyis the friction force of the pinhole wheel on seeds, N; N is the supporting
force of the pinhole wheel on seeds, N; F is the centrifugal force on the seed, N;
F, is the absorption force of seed suction hole on seeds to maintain the seeds
being absorbed, N; G is the gravity of seed, N; a, is the angle of the line of

airflow of seed clearing to the suction hole, (°).

Figure 4 Seed force state under positive airflow

direction of the positive pressure airflow points to the center of the
pinhole wheel (the positive pressure airflow is directly above the
seed) and when the direction is at a certain angle with the center of
the suction hole (the positive pressure airflow is obliquely above
the seed).

It sets the direction of the adsorption force on the seeds to be
the negative direction of the y-axis; when the positive pressure
airflow is directly above the seeds, in the y-axis direction, the total
of the adsorption force, the air blowing force, and the seed gravity
balance with the support force and the centrifugal force from
pinhole wheel on seeds. In the x-axis direction, it needs to be a
balance between the friction force and vertical gravity. When
airflow passes through the center of the pinhole wheel, the seeds'
clearing capacity is relatively weak, and false clearing will be
significantly reduced since seeds are not affected by shear forces in
other directions.

The adsorption force and centrifugal force remain unchanged in
the y direction. When the clearing pipe is at the oblique top, the air
blowing force on the seeds in the y-axis direction decreases when
the cleaning angle increases from 0° to @, with which the
supporting force and the friction force on the seeds decrease as well;
furthermore, as the clearing angle increases, making the airflow
force larger and larger and the friction cannot be balanced, seeds
will come out of the hole. Therefore, the seed clearing ability will
increase with the increase of seed clearing angle ;. At the same
time, false clearing will increase significantly as the relatively more
significant shear force clears the single seed with unstable
adsorption out of the suction hole. The clearing angle is defined as
0°-45° because it is found in the pre-experiment that when the
clearing angle a,, is greater than 45°, the leakage miss suction of the
sowing device increases sharply, which cannot meet the test
requirements. To prevent the cleared seeds from falling into the
field and affecting the breeding experiment, the clearing air pipe
should rotate counterclockwise to blow the cleared seeds back into
the seeds hopper.

When the seed-cleaning air nozzle is moved to the top of the
slant, the adsorption force and centrifugal force remain unchanged
in the y-direction. When the seed cleaning angle is increased from
0° to a,, the air-blowing force on the seeds in the y-axis direction
decreases, decreasing the support and friction forces on the seeds.
When the seed cleaning angle increases, it will lead to the air-
blowing force in the x-direction becoming larger and larger until the
friction force cannot be balanced, and the seeds will be separated
from the type holes. Therefore, the seed clearing capacity increases
with the seed clearing angle a, increase. However, the more
significant shear force will cause the single seeds not firmly
adsorbed to be cleared out of the suction hole, and the probability of
a false clearing phenomenon will increase significantly. Through
the pre-experiment, it was found that the seed clearing angle o, was
greater than 45°, the seeding device seed leakage index increased
sharply and could not meet the test requirements, so the selected
clearing angle range was 0°-45°. To prevent the cleared seeds from
falling into the field and affecting the breeding test, the seed-
clearing air tube should be turned counterclockwise to use the wind
to blow the cleared seeds back into the seed box.

In addition, the fan's negative pressure directly affects the
suction hole's absorption force on the seeds. It determines the ability
of the wheat seeds on the suction hole to resist the impact of
airflow. Therefore, the negative supply pressure of the single-seed
precision sowing device will also significantly affect the
effectiveness of the seed-clearing operation.
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4 Experiments

4.1 Experimental materials and equipment

A test bed was set up to study the effect of positive pressure
airflow on seed clearing. A stable wind supply should be ensured
since fans should be installed in the pneumatic pinhole wheeled plot
single-seed precision sowing device. And small DC fan should be
installed in each sowing unit, as is shown in Figure 5a. Wonsmart
WS9290B-24-220-X300 high-pressure fan was selected as the
negative-pressure fan. Wonsmart WS9250C-24-240-X200 fan
supplied positive pressure airflow for clearing pipe and positive
pressure port. The parameters of the two fans are listed in Table 1.

S— o

a. DC positive pressure fan b. Test prototype

Figure 5 Seed clearing test bench

Table 1 Fan parameters

Parameter/type Negative pressure fan  Positive pressure fan
Normal voltage/V 24 24
Maximum air volume/m*-h™' 33 20
Maximum air volume/kPa 9 4.5
Current/A 83 5

27 000 24 000

Motor speed/r'min’

Yannong 19, Bainong Aikang 58, and Tanmai 98, selected as
the experimental wheat seeds, had little difference in the
experimental results in the pre-experiment. Taking future 8000 low
viscosity photosensitive resin as their material, The complex key
components such as the pinhole wheel and pneumatic distribution
center cover are processed by 3D printing technology. The frame
and shaft are manufactured by the machining method. Figure 5b is
the seed-clearing prototype for the test.

4.2 Single-factor test

The previous theoretical analysis found that factors such as the
clearing angle, the shape of the nozzle, clearing air velocity, and
negative pressure supply significantly influenced seed clearing. The
orthogonal rotation test was adopted to obtain the best parameters of
the operation. And a single-factor test is carried out to screen the
best air pipe nozzle since the shape can barely be quantified. A
universal bamboo-shaped air pipe, whose direction can be adjusted
flexibly, was selected for the positive pressure seed-clearing
mechanism. When the cross-sectional area radius of the air pipe
outlet of the round nozzle is 2 mm, the inline nozzle, processed by
3D printing technology, with its cross-sectional area equal to that of
the round nozzle, has a width equal to that of the seed suction boss,
which is 14 mm, the slit width was calculated accordingly to be
about 0.9 mm. Figure 6 is the air pipe nozzle.

The test conditions are as follows: seed clearing angle 0°, seed
clearing air velocity 50 m/s, supply negative pressure 7.5 kPa. The
seed leakage index, seed reabsorption index, and seed qualification
index™ were selected as evaluation indexes. The test was repeated
three times, and at least 200 seed suction results were recorded. The
average value of each index is listed in Table 2.

a. Circular shape

b. Inline shape

Figure 6 Tracheal nozzle

Table 2 Single factor test results of nozzle shape

Factors/indicators Cirpular Inlinfa nozzle Inline r}ozzle
sprinkler (horizontal) (vertical)
Seed leakage index/% 11.1 12.3 7.9
Seed reabsorption index/% 2.1 1.7 2.0
Seed qualification index /% 86.8 86 90.1

The evaluation criteria required the seed leakage index and seed
reabsorption index to be smaller, if possible, and the seed
qualification index to be more significant. As seen from the data in
Table 1, the seed qualification index of the horizontal inline nozzle
is the lowest. Still, the seed leakage index is the highest, indicating
that the horizontal inline nozzle has a seed-clearing solid ability. In
contrast, the tiny seed qualification index is because of the high
probability of false clearing. The vertical inline nozzle performs
best with optimal seed qualification and leakage index. Because it
forms a longitudinal belt wind curtain, making the airflow velocity
change in a gradient; that is, the airflow velocity when first contact
with the seed is relatively low and increases gradually to the
maximum at the midpoint of the wind curtain and then decreases
gradually. This kind of air distribution helps improve seed-clearing
efficiency. The index tested on the round nozzle is between the
above two types of nozzles but is more similar to the horizontal
inline nozzle. Therefore, the vertical inline nozzle with the best all-
around performance is selected.

4.3 Orthogonal rotational test

To study the effects of seed clearing angle, seed air velocity,
and supply negative pressure on seed clearing performance, the
orthogonal rotation test of 3 factors and 5 levels was carried out.
The upper limit of the clearing air velocity and the negative supply
pressure is the measured value when the fan is at the maximum
output, and the lower limit is the measured value when the fan is
just enough to maintain its stable operation. The test factors and
levels are listed in Table 3.

Table 3 Test factors and levels

Facorlol Sl Gl S e
Upper star arm (+y) 0 20 5
To the upper level (+1) 9.12 32.16 6
Zero level (0) 22.5 50 7.5
Lower level (—1) 35.88 67.84 9
Lower star arm (-y) 45 80 10

The self-lock function of the bamboo-shaped air pipe cannot
help the positive pressure seed-clearing mechanism to ensure the
accurate spatial position of the air pipe nozzle. Such factors as
adjustment errors and machine vibration will change the seed
clearing angle and distance. Therefore, a seed hopper cap with a slot
at different angles to the horizontal surface to limit the air pipe can
help locate the air pipe and ensure an accurate clearing distance.
The seed hopper cap is shown in Figure 7.
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Figure 7 Seed box cover processing and installation

The test condition follows the pinhole wheel angular velocity
of 2.31 rad/s, the operating speed of 1.5 km/h. The test is repeated
three times. The test proposals and results are listed in Table 4.

Table 4 Experiment scheme and results

Test factor Performance index
Test Seed Seed

No. X X, X; See('i leakage reabsorption  qualification
index index index
1 1 1 1 6.1 52 88.7
2 1 1 -1 22 8.5 89.3
3 1 -1 1 21.8 0 78.2
4 1 -1 -1 9.8 1.1 89.1
5 -1 1 1 9.3 24 88.3
6 -1 1 -1 7.4 3.9 88.7
7 -1 -1 1 40.7 0 59.3
8 -1 -1 -1 19.2 0 80.8
9 1.682 0 0 7.9 33 88.8
10 -1.682 0 0 23.5 0 76.5
11 0 1.682 0 0.5 10.1 89.4
12 0 -1.682 0 27.5 0 72.5
13 0 0 1.682 21.8 0 78.2
14 0 0 -1.682 59 22 91.9
15 0 0 0 8.1 0.2 91.7
16 0 0 0 9.2 1.1 89.7
17 0 0 0 9.2 0.6 90.2
18 0 0 0 6.8 1.1 92.1
19 0 0 0 8.9 0.9 90.2
20 0 0 0 6.4 1 92.6
21 0 0 0 7.1 0.4 92.5
22 0 0 0 7.7 0.5 91.8
23 0 0 0 9.3 0.2 90.5

4.4 Test results analysis

4.4.1 Significance and interaction analysis of seed leakage index Y|
Variance analysis was conducted to analyze the test results of

seed leakage index Y,. The results are listed in Table 5.

Table 5 Analysis of variance of leaked absorption index

Sou-rcc? of Sum of Degree of Mean F »
variation squares freedom square
Model 1911.67 9 212.41 100.27  <0.0001%***
X 290.03 1 290.03 136.91  <0.0001***
X, 917.01 1 917.01 432.89  <0.0001***
X; 319.35 1 319.35 150.75  <0.0001***
XX, 49.5 1 49.5 23.37 0.0003***
XX 7.03 1 7.03 3.32 0.0916
XX 9591 1 95.91 4528  <0.0001***
X% 109.35 1 109.35 51.62  <0.0001***
X% 64.99 1 64.99 30.68  <0.0001***
X% 61.62 1 61.62 29.09 0.0001***
Lost to poor 17.3 5 3.46 2.7 0.1017
error 10.24 8 1.28

Note: *** very significant (p<0.001); ** significant (0.001<p<0.01); * less
significant (0.01<p<0.05). The same as below.

The seed clearing angle, air flow velocity, and supply negative
pressure greatly impact the seed leakage index. The influences of
these factors showed a descending ordered as airflow velocity,
supply negative pressure, and seed clearing angle. In interaction
terms, the influence of XX, and X,X; on the seed leakage index is
highly significant. The quadratic term has a very significant effect
on the seed leakage index. After removing the insignificant factors,
the regression equation between each factor and the index is
obtained as

Y, =37.963 - 0.836X, +0.569X, — 10.092X, +0.01X, X,—
0.131X,X, +0.015X2 +0.006X2 + 0.891 X2 (15)

The regression model is highly significant (»p<0.001), and the
determination coefficient of the model R* is 0.9822, indicating that
the uniformity model gives an excellent fit and that the test error is
relatively small, which shows that the regression equation makes
sense. The mismatch test of the above regression equation shows
that the mismatch difference is insignificant, proving that the
optimal parameter can be calculated based on the regression
equation. The response surface graphs of the effects on the seed
leakage index of seed clearing angle, air flow velocity, and supply
negative pressure are obtained by the software Design-Expert8.0.6
as is shown in Figure 8.

3
1581 &
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¢z, 37.26
;3216 9.12
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a. Angle of seed cleaning and air velocity of seed cleaning

&
b. Air velocity of seed cleaning and negative supply pressure

Figure 8 Response surface of each factor to the seed leakage index
The interaction effect of seed clearing angle and airflow

velocity on the seed leakage index is shown in Figure 8a. When the
airflow velocity of seed clearing is fixed, the seed leakage index
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increases with the increase of seed clearing angle, which shows that
lateral shear force on seeds will increase when the seed clearing
angle is too large. It will not only improve the seed clearing
capacity but also make seeds that have been absorbed unable to
resist the impact of positive airflow, resulting in a large number of
false clearings, hence increasing the seed leakage index. However,
the increase rate of the seed leakage index is not uniform; that is, it
increases slowly when the seed clearing angle increases to 15° and
increases more rapidly as the seed clearing angle keeps increasing,
resulting in a rapid increase of seed leakage index. This shows that
at the initial stage of the angle increase, the lateral shear on seeds is
minimal, and the negative pressure in the suction hole is enough to
maintain the adsorption state of the seed; that is to say, the positive
pressure at a slight clearing angle on seeds will not change the
adsorption state of a single-seed, making the seed leakage index
remains stable in the early stage. With the increase of the lateral
shear, the seed leakage index accelerates when the negative pressure
is not enough to maintain the equilibrium. When the seed clearing
angle is fixed, the seed leakage index increases gradually with the
airflow velocity relatively uniformly, indicating that the seed
clearing force and the probability of seed shedding increase as
airflow velocity increases.

The interaction effect of cleaning airflow velocity and negative
supply pressure on the seed leakage index is shown in Figure 8b.
When the air velocity of seed clearing is fixed, the seed leakage
index decreases with the increase of supply negative pressure. The
increase of negative supply pressure is conducive to decreasing the
seed leakage index by enhancing the resistant ability of seeds
against positive air impact and maintaining seeds’ adsorption. When
the negative supply pressure is fixed, the seed leakage index
increases with the increase of clearing airflow velocity.

4.4.2 Significance and interaction analysis of seed reabsorption
index Y,

Variance analysis was conducted to analyze the test results of

seed reabsorption index Y,. The results are listed in Table 6.

Table 6 Analysis of variance of respiration index

Sou}'ce} of Sum of Degree of Mean square F »
variation squares freedom
Model 162.45 9 18.05 91.48 <0.0001***
Xi 14.45 1 14.45 7326 <0.0001***
X, 94.3 1 94.3 477.93  <0.0001***
X; 6.75 1 6.75 342 <0.0001***
X X, 4.96 1 4.96 25.15 0.0002***
X X, 1.05 1 1.05 5.33 0.0381*
X, X5 1.71 1 1.71 8.67 0.0114*
Xl2 1.73 1 1.73 8.83 0.0108*
X% 3735 1 37.35 189.31  <0.0001***
b & 03 1 0.3 15 0.2418
Misfit 1.48 5 0.3 2.2 0.1538
Error 1.08 8 0.14

The three factors have an extremely significant influence on the
seed reabsorption index. Their significance can be ordered as
X>>X,>X;. In the interaction items, the interaction of XX, is highly
significant, and the interaction between X, X; and X,X; is less
significant. In the quadratic term, X? had a significant effect on the
seed reabsorption index, X2 had a very significant effect, and X2
had an insignificant effect. After removing the insignificant factors,
the regression equation between each factor and the index is
obtained as

Y, =13.368 - 0.188X, —0.572X, + 1.755X; + 0.003X, X,—
0.018X,X; —0.017X,X; + 0.002X; +0.005X; (16)

The regression model is highly significant (p<0.001) with a
mismatch difference at 0.1538, which is not significant; the
determination coefficient of the model R* is 0.9827, indicating that
the uniformity model gives an excellent fit and that the test error is
relatively small, which proves that the optimal parameter can be
calculated based on the regression equation. The response surface
graphs of the effects on seed reabsorption index of seed clearing
angle, air flow velocity, and supply negative pressure are obtained,
as shown in Figure 9.

The interaction effect of seed clearing angle and airflow
velocity on the seed reabsorption index is shown in Figure 9a.
When the airflow velocity of seed clearing is fixed, the seed
reabsorption index decreases with the increase of seed clearing
angle relatively uniformly, with no apparent stationary stage,
indicating that the adsorption state of multiple seeds is less stable
than that of single seeds. The appropriate external force will correct
the multiple suction issue. When the clearing angle is fixed, the seed
reabsorption index decreases with the increase of clearing airflow
velocity. Starting at a relatively high value, its variation range is
extensive, indicating that more than low clearing airflow velocity is
needed to improve the multiple suction, resulting in a limited
clearing efficiency. As a result, the seed reabsorption index is still
high at this stage.

The interaction between the seed clearing angle and supply
negative pressure is shown in Figure 9b. When the seed clearing
angle is fixed, the seed reabsorption index increases with the
increase of the supply negative pressure. As the negative pressure in
the seed suction hole increases, the probability of re-seeding during
seed pickup now leaves increases and places higher demands on the
seed-clearing airflow. However, the magnitude of change is small
and has less influence than the first two factors. When the supply
negative pressure is fixed, the suction index decreases with the
increase of the seed clearing angle.

The effect of the interaction between clearing air velocity and
supply negative pressure is shown in Figure 9c. When the supply
negative pressure is fixed, the seed reabsorption index decreases
with the increase of clearing air velocity. When the airflow velocity
is fixed, the seed reabsorption index increases with the increase of
supply negative pressure.

In addition, there is a plane stage with a seed reabsorption
index at 0 in some areas of the three response surfaces, indicating
that with the change of parameters, seed clearing ability is
continuously improved by eliminating the multiple suction. In
contrast, the seed leakage index increases at the same time.

4.4.3 Significance and interaction analysis of seed qualification
index Y3

Variance analysis was conducted to analyze the test results of
seed qualification index Y. The results are listed in Table 7.

The three factors have an extremely significant influence on the
seed qualification index. Their significance can be ordered as
X,>X3>X|. In the interaction items, the interaction of XX, and X,X;
is highly significant, and the interaction of X, Xj; is less significant.
The quadratic terms had a significant effect on the seed
qualification index. The regression equation between each factor
and the index is obtained as

Y; = 53.217+0.671X, +0.004X, + 8.204X; — 0.014X, X, +
0.065X, X, +0.148X,X, — 0.017X> - 0.011X2 —0.953X>  (17)
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Figure 9 Response surface of each factor to seed
reabsorption index

The regression model is highly significant (p<0.001) with
mismatch difference insignificant, and the determination coefficient
of the model R* is 0.9813, indicating that the uniformity model
gives an excellent fit and that the test error is relatively small, which
proves that the regression equation makes sense. The response
surface graphs of the effects on the seed qualification index of seed
clearing angle, air flow velocity, and supply negative pressure are

Table 7 Seed qualification index analysis of variance

Soufcs: of Sum of Degree of Mean square F »
variation squares freedom
Model 1458.8 9 162.09 75.61 <0.0001***
X 174.99 1 174.99 81.63 <0.0001***
X, 423.19 1 423.19 197.4 <0.0001***
X, 233.26 1 233.26 108.81 <0.0001***
X X, 85.8 1 85.8 40.03 <0.0001***
X X5 13.52 1 13.52 6.31 0.026*
X, X5 123.25 1 123.25 57.49 <0.0001***
X2 138.7 1 138.7 64.7 <0.0001***
X2 200.87 1 200.87 93.7 <0.0001***
X3 70.47 1 70.47 32.87 <0.0001***
Misfit 18.09 5 3.62 2.96 0.0837
Error 9.78 8 1.22

obtained, as shown in Figure 10.

The interaction effect of seed clearing angle and airflow
velocity on the seed qualification index is shown in Figure 10a.
When the seed clearing air flow velocity is fixed, the seed
qualification index increases at first and then decreases with the
increase of the seed clearing angle. The reason is that at the initial
stage of the clearing angle increase, the seed clearing ability of
positive pressure airflow increases gradually, resulting in a
rebalance of seeds absorbed on the suction hole under the
interference of airflow, clearing out the excess seeds that are not
absorbed firmly and leaving only one dominant seed; and with the
continuous increase of seed clearing angle, affected by excessive
lateral shear force, single-seed absorbed on some seed suction holes
fell off, resulting in a significant increase of seed leakage index and
a decrease seed qualification index. When the seed clearing angle is
fixed, the changing trend of the seed qualification index affected by
airflow velocity was similar to that affected by the seed clearing
angle, increasing at first and then decreasing.

The interaction between the seed clearing angle and supply
negative pressure is shown in Figure 10b. When the seed clearing
angle is fixed, the seed qualification index increases with the
increase of supply negative pressure, but the growth slows down
gradually with a slight reduction; when the negative supply pressure
is fixed, with the increase of seed clearing angle, the seed
qualification index increases at first and then decreases as well. The
effect of the interaction between air velocity and supply negative
pressure is shown in Figure 10c. When the negative supply pressure
is fixed, the seed qualification index increases first and then
decreases with the increase of cleaning gas velocity. When the
airflow velocity is fixed, the seed qualification index increases with
supply negative pressure.

4.5 Optimize constraint objective of seed clearing parameters
based on a regression model

To obtain the best operation parameters for a single-seed
precision sowing device, the optimization module of
DesignExpert8.0.6 software was applied to optimize the constrained
objective optimization solution of the above three regression
models. The seed leakage index Y, and the seed reabsorption index
Y, are taken as the constraint objective to calculate the seed
qualification index because the seed qualification index is the level
II index that was calculated based on the seed reabsorption index
and the seed leakage index, which cannot be fitted perfectly by
regression equation, resulting in conflicts when the three parameters
are fitted synchronously.

The single-seed precision sowing device is designed to
complete the sowing in the original seed period of wheat plot
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breeding. During this period, an investigation of the characteristics
of a single wheat plant needs to be carried out. Multiple sowing is
requested to be as minimum as possible and is set within 0.5% since
it will significantly affect the growth and breeding trial. The seed
leakage index should be optimized to a minimum as well. In
addition, the greater the negative supply pressure, the greater the fan
load and power consumption. The value of supply negative pressure
should be reduced as much as possible when operation quality is
stable. Thus, variables are added to set an upper limit for the supply

negative pressure Xz. The final objective function is obtained as

Min ¥, (X,,X,,X;)
Y, (X1, X5, X5) <0.5%
s.t.¢ 0<X, <45 (18)
20<X,<80
5<X;<a
where, a is the upper limit of supply negative pressure, kPa.
Different values of the upper limit of negative supply pressure
are given in the value range of 5-10 kPa, and the optimal value of

the seed leakage index under the condition of Equation (18) is
obtained, as shown in Figure 11.
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Figure 11 Relationship between the upper limit of the negative

supply pressure and the optimal value of the seed leakage index

As seen from Figure 11, with the increase of the upper limit of
negative supply pressure, the seed leakage index shows a downward
trend that slows down obviously. When the upper limit of negative
supply pressure reaches 8.5 kPa, the increase of negative supply
pressure results in a limited increase in the seed leakage index.
Therefore, 8.5 kPa is selected as the upper limit of supply negative
pressure. Based on Equation (18), the following optimization results
are calculated: the airflow velocity is 57.91 m/s when the clearing
angle is 18.83° the seed leakage index is 7.35%, the seed
reabsorption index is 0.5%, and the seed qualification index is
92.15% when the negative supply pressure is 8.5 kPa.

To verify the accuracy of the regression equation, a rounding
operation is conducted on the best parameters above. Thus, the
clearing angle will be 19°, the airflow velocity will be 58 m/s, and
the negative pressure will be 8.5 kPa. Under the above conditions, a
verification test was carried out on the sowing test bed, repeated
3 times. The following test results were obtained from the test: the
seed leakage index of 8.23%, the seed reabsorption index of 0.33%,
and the seed qualification index of 91.44%, which was a minor
difference from the optimization result, and met the design
requirements®. Compared with the same type of positive and
negative pressure precision seed planter (leakage rate of 3.47%,
repeat rate of 3.83%), the leakage rate decreased significantly, and
the repeat rate was high. However, a high seed reabsorption index is
not acceptable for a plot breeding seeder. The designed wheat plot
precision seeding device has better plot breeding seeding effect.

5 Conclusions

1) This study analyzed the force state of seeds subjected to seed
cleaning airflow and determined that the critical factor affecting the
magnitude of air blowing force on seeds is the velocity of seed
cleaning airflow; explored the evolution law and airfield
distribution after the airflow flowed out from the nozzle of the air
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tube, and obtained the flow velocity distribution relationship of the
overall section of the jet.

2) The analysis of the cross-sectional jet velocity was carried
out for a typical nozzle shape. The mathematical models of the jet
velocity in the circular and planar sections were established. The
length of the core section of the circular jet was about 24.8 mm, and
the length of the core section of the monoclinic jet was about
28.8 mm. The mechanical state of the seeds during seed cleaning in
the y-axis and inclined directions was analyzed, and the seed
cleaning capacity of the positive airflow increased with the increase
of the seed cleaning angle.

3) The single-factor test found that the vertical inline nozzle
had the best pass
performance. Two three factors and five levels of orthogonal

index, seed leakage index and overall
rotation tests were conducted with the seed cleaning angle, seed
cleaning airflow speed and negative supply pressure as factors, and
the seed leakage index, seed reabsorption index and pass index as
evaluation indexes. The experiment showed that three factors
significantly influence the seed cleaning performance, and the most
significant influence is the seed cleaning airspeed.

4) The regression equation between each factor and the index
was established, and the optimal parameters of clearing species
were obtained by optimizing the constraint objective. It was verified
that the optimum operation effect could be obtained at the seed
cleaning angle of 19°, the seed cleaning air velocity of 58 m/s and
the negative supply pressure of 8.5 kPa, and the seed leakage index
was 8.23%, the seed reabsorption index was 0.33%, and the seed
qualification index was 91.44%, which satisfied the design
requirements.
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