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ABSTRACT

In order to improve the seed supply performance of high-speed dense planting maize seeder, an air-assisted
spiral seed-supply device was designed and optimized. The kinetic model of maize seeds in the migration
zone was established. Based on computational fluid dynamics (CFD) simulation, the pressure and velocity
distribution in the axial plane were explored when the blower pressure was 4.0, 4.5, 5.0, 5.5, 6.0 kPa,
respectively. A two-factor, five-level central composite design (CCD) experiment was conducted using blower
pressure and spiral shaft rotational speed as test factors while seed supply rate, coefficient of variation of seed
supply rate stability and seed breakage rate were selected as seed supply performance indicators. The
influence trends of the interaction terms on these performance indicators were explored. Based on the multi-
objective variable optimization method, the optimal working parameter combination of the air-assisted spiral
seed-supply device was determined and verified by bench experiments. The results showed that the optimal
combination of working parameters was a blower pressure of 6.0 kPa and a spiral shaft rotational speed of 80
r/min. Under the verification test, the seed supply rate, the coefficient of variation of seed supply rate stability
and the seed breakage rate were 2933.21 g/min, 1.87 % and 1.69 %, respectively, with a relative error of less
than 5.5% compared to the optimized results. This study can provide a reference for the optimized design of
seed-supply devices for high-speed dense planting seeders.
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INTRODUCTION

Maize is one of the most widely planted and productive food crops in the world (Tang et al., 2024;
Fanigliulo et al., 2022). With the increasing demand for feed raw materials and the rapid development of deep-
processing industry, the demand for maize in China has expanded rapidly (Huai et al., 2024). To improve maize
yield, the dense planting pattern has gained widespread attention among agricultural workers. Maize
densification planting mode (Sun et al., 2024) is based on the precision sowing technology, which can
reasonably reduce the seed spacing of maize. That not only ensures the space for plant growth, but also
improves the planting density and increase production and efficiency. But in the dense planting mode, the

!Wen-sheng Sun, Ph.D.; Shu-juan Yi, Prof. Ph.D.; Hai-long Qi, bachelor degree; Yi-fei Li, Ph.D.; Zhi-bo Dai, master degree;
Yu-peng Zhang, master degree, Jia-sha Yuan, master degree; Song Wang, Ph.D.

13


https://doi.org/10.35633/inmateh-75-01

Vol. 75, No. 1 / 2025 INMATEH - Agricultural Engineering

sowing quantity per unit area of soil will increase, the seed spacing will decrease, and the sowing frequency
of the seeder will also be higher during high-speed operation. In addition, maize seeds are often coated before
sowing, and damage to the seed coating skin should be avoided during the sowing process.

At present, the seed box of the seeder used for conventional operation is generally not provided with
a seed supply control unit, and the seed is quantitatively supplied according to the outlet structure size of the
seed box (Ding et al., 2021). The seed supply device of the centralized pneumatic dense planting seeder is
mainly controlled by machinery, and the sowing speed is generally below 10 km/h. When the seed supply
device operates at a high speed (above 10 km/h), it is easy to appear the phenomenon of "lack of power" of
seed supply (Wang et al., 2021; Wang et al., 2020). Gao Xiaojun et al., (2022), explored a quantitative feeding
device with a staggered symmetrical spiral groove wheel based on the discrete element method (DEM), and
analyzed the effects of different inclination angles and lengths of the grooved wheels on the uniformity of maize
particles flow. Yuan Hao et al., (2020), designed a piezoelectric vibration seed supply device to improve the
seeding performance of low seeding capacity seed-metering device for plug seedling of super hybrid rice, and
explored the influence law of seed tank depth and amplitude on seed supply performance based on DEM. Lei
Xiaolong et al., (2017), explored the effects of dimple depth, dimple pitch and length of pressurized tube on
the seed distribution and seeding uniformity during the seed supply stage of the air-assisted centralized planter,
and optimized the structural parameters of the pressurized tube. Gao Xiaojun et al. (2018) investigated the
changing rules of fluid field, coupling field, and particle field of venturi feeding tube under different nozzle mouth
shrinkage angles, and optimized the constriction angle. However, there is little research on the seed-supply
link of maize dense planting seeder under high-speed operation.

In order to improve the seed supply performance of seed-supplying link of high-speed dense planting
seeder of maize, an air-assisted spiral seed-supply device with spiral seed relocation and airflow seed delivery
was designed and optimized. The theoretical model of maize seeds in the migration zone of the device was
established, and the airflow distribution of the airflow seed delivery zone under different blower pressures was
explored by computational fluid dynamics (CFD) simulation. The optimal working parameter combination of
the device was obtained through the central composite design (CCD) test of two factors and five levels. The
seed supply performance of the device was further improved.

MATERIALS AND METHODS
Overall structure and working principle

The high-speed dense planting seeder of maize can complete the continuous operation links such as
stubble cleaning, ditching, sowing, pressing and soil-covering at one time. As the seed-supply unit of the
sowing link (Sun et al., 2024), the air-assisted spiral seed-supply device is mainly composed of a blower, an
inlet pipe, an outlet pipe, a pipe, a seed box, a spiral shaft, a sleeve, a motor, a seed-supply nozzle and other
parts. The seeds in the seed box have to undergo three processes of migration, mixing and conveying in the
device, which can be divided into two parts of the migration zone and the airflow seed delivery zone according
to the working process. As the medium connecting the seed box and the airflow seed delivery zone, the
migration zone is the core unit of the device. The spiral shaft and the sleeve are the main components of the
migration zone, and the hollow part between the spiral shaft and the sleeve accommodates the migration
movement of the maize seeds. The spiral shaft parameters include spiral shaft outer diameter D1 of 56 mm,
inner diameter d1 of 19 mm, guide P; of 56 mm, etc. The sleeve parameters include opening angle ¢ of 180°,
sleeve length L; of 145 mm, sleeve axial opening L of 45 mm, sleeve outer diameter D, of 63 mm, etc.

As shown in Fig.1, the maize seeds in the seed box fall from the seed inlet to the migration zone by
gravity, and orderly migrate towards the airflow seed delivery zone under the push of the spiral blades.
Following the principle of "first come, first out", they fall from the seed outlet of the migration zone to the airflow
seed delivery zone. The motor drives the spiral shaft to rotate clockwise at an angular velocity of w, and the
spiral blades are left-handed. The edge of the spiral blades rises along the left arm. The migration amount of
the seeds in the migration zone in unit time is adjusted by changing the rotational speed of the motor. The
airflow generated by the blower flows in from the inlet pipe. The migrated seed cluster are mixed with the
airflow in the seed-supply nozzle to form a gas-solid two-phase flow, and then flows into the seed-metering
device through the outlet pipe and the pipe. The conveying velocity of the seeds in the airflow seed delivery
zone is changed by adjusting the blower pressure. By adjusting the rotational speed of spiral shaft and the
blower pressure, the aim of precisely adjustable and efficient seed-supply of the device is achieved, and the seed
supply operation requirement on the device when the maize dense planting seeder operates at a high speed is met.
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Fig. 1 - Overall structure and working principle

1. seed box cover; 2. motor; 3. seed box; 4. inlet pipe; 5. outlet pipe; 6. seed inlet of migration zone;
7. seed outlet of migration zone.

Analysis of the seed-supply process in the migration zone

Hollow Arc-shaped
Hypothetical models cylindrical seed cluster
segment microsegments

Fig. 2 - Theoretical assumptions of the seed supply process
1. sleeve; 2. seed cluster; 3. spiral shatft.

After the seeds flow into the migration zone from the seed box, they will complete the migration process
in the form of bulk particles under various forces such as gravity, inertia, friction and so on. Due to the great
difference in the shape and size of maize seeds, in order to facilitate the theoretical analysis of the seed cluster
in the migration zone, the following motion assumptions are established for the stable seed supply process of
maize seeds in the migration zone based on the infinitesimal method (Yao et al., 2022):

(1) Seed cluster in the migration zone are filled completely in the hollow between the spiral shaft and
the sleeve, the phenomena of separation, jumping and other like cannot occur, and the seed cluster are tightly
attached to the spiral blade;

(2) Seed cluster are axially divided among the spiral blades into uniform and complete seed cluster
segments, where in each segment is a hollow cylindrical segment which take the center O of a spiral shaft as
a circle center, has the same inner diameter as the inner diameter of the spiral shaft, has the same outer
diameter as the outer diameter of the spiral shaft and has the thickness of dh, and radially dividing each hollow
cylindrical segment into arc-shaped seed cluster microsegments with the length of dc;
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(3) The arc-shaped seed cluster microsegment ds at any radius r; on the radial section of any spiral
shaft is taken as the research object, and the microsegment section is a rectangle of dc x dh, as shown in
Fig.2. The rotational speed of the adjacent annular seed cluster microsegments diffusedly distributed in any
radial direction will change.

The spiral shaft of the device is a standard single-head screw with equal guide and equal diameter.
The spiral blade exerts a force on the seed cluster, which makes the seed cluster produce a migration motion,
in which the rotation of the spiral shaft is induced motion, and the motion of the seed cluster relative to the
spiral blade is relative motion. The seed cluster forms a complex composite motion under these two motions.
A dynamic analysis is performed on the migration process of the seed cluster microsegments clinging to any
radius r; of the middle segment of the spiral blade, and a spatial rectangular coordinate system is established
with the center of mass of the seed cluster microsegments as the coordinate origin, the axial direction of the
spiral shaft as the z axis, the radial direction as the x axis, and the tangential direction as the y axis, as shown in Fig.3.
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Fig. 3 - Dynamic analysis of seed cluster microsegments

The force acting on the seed cluster microsegments during the rotation of the spiral shaft can be
divided into a supporting force F, perpendicular to the spiral blade and a friction force F3 between the seed
and the spiral blade. In the process of seed movement, the microsegments will have the trend of moving axially
to the seed outlet and radially outward. According to Newton's third law of motion-force and acceleration, the
microsegments will be subjected to the interaction forces F| and F> of the adjacent seed cluster microsegments
in the radial and axial directions, and at the same time, the moving microsegments will generate additional
friction forces Fp and F» due to the forces /1 and F>. In addition, because the motion of the microsegment is
a composite motion composed of relative motion and induced motion, and the induced motion is rotation, the
inertial centrifugal force F. and the Coriolis force F. should be considered when analyzing the force model of
the microsegment. According to the basic equation of particle relative motion dynamics, the microsegment
dynamics equation is established as follows:

ma, =F,+F +F

F, = mro
F. =2mnrw,w,
Wy = We — Wy
Fry = woFy
Frp = o Fy €y
Frs = K,
G =mg
Py
tana; = F"L

where: m is the mass of the microsegment, (kg); a is the relative acceleration of the microsegment, (m-s-2);
ws is the absolute angular velocity of the microsegment, (rad/s); we is the angular velocity of the spiral shaft,
(rad/s); wr is the angular velocity of the microsegment relative to the spiral shaft, (rad/s); 1 is the friction
coefficient between spiral blade and seed; 2 is the friction coefficient between the seeds; G is the gravity
exerted on the microsegment, (N); g is the acceleration of gravity, (m-s2) ; a; is the helix angle at the position
of the spiral shaft where the microsegment are located, (°).
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Projecting the relative acceleration a; to the x-axis, y-axis and z-axis, the rectangular coordinate form
of the seed relative motion differential equation is

d?r, dv,
mw = mE =Ma,_x = F, + F, + Fpycos B, — F;
d*r, dv, . .
m a0 = mﬁ =ma,_y = G + Ff; cos By + Frzcosa; + Fysina; + Fr, sinf, (2)
d?r, dv, ) .
m ProR m i ma,_, = F,cosa; — Fgzsina; — Fpysinfy — F,

where:

arx is the projection of the relative acceleration of the microsegment on the x-axis, (m-s2); a-, is the
projection of the relative acceleration of the microsegment on the y-axis, (m-s?); a-; is the projection of the
relative acceleration of the microsegment on the z-axis, (m-s2); B1 is the angle between the friction force F
and the gravity G, (°); Bz is the angle between the friction force F» and the positive x-axis, (°).

The relative accelerations of the microsegment in the x-, y-, and z-axes are
— 2
Ar_x = TiWr

ar_, =0 3)

Simultaneous (1-3), available:
mri[(zwe - wa)z - 2(w, — wa)z] =
Fy[1 = Tuy sin f; — p cos f; (T, cos By — pp sin fy)] — Tuzmg cos B,
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It can be seen from the formula (4) that the absolute angular velocity w, is related to the angular
velocity we, the radius r;, and the guide P.. When the angular velocity we is constant, the absolute angular
velocity ws will change with the radius r; of the microsegment location, which is consistent with the motion
assumption in the previous content. Studies have shown (Chen et al., 2015; Yang et al., 2020) that when the
rotational speed of the spiral shaft is too fast, the seed cluster near the inner diameter of the spiral shaft will
produce an additional seed-cluster-flow, which will jump and roll in the radial direction and affect the axial
motion of the seed cluster. In addition, if the rotational speed is too fast, the seeds just leaving the migration
zone will splash around due to the excessive inertial force. The maximum inertial centrifugal force of the seeds
should be less than the gravity of the seeds to ensure a smooth transition from the migration zone to the airflow
seed delivery zone:

lsing; =

cosa; =

30K, |29 ©

T D,

D,
2
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where:
Wmax 1S the limiting angular velocity of the spiral shaft, (rad/s); nu.a is the limiting rotational speed of the
spiral shaft, (r/min); K is the reliability coefficient.

Simulation based on CFD

The UG NX 12.0 software is used to draw the fluid domain model and import it into Space Claim software
for correction. The corrected model is imported into Fluent Meshing module for meshing. The minimum and
maximum values of the surface grid are set to 0.5 mm and 5 mm, respectively. After the surface grid is
generated, the fluid domain is calculated using polyhedral grid to fill the body grid. The fluid domain model is
shown in Fig. 4.
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According to the characteristics of the gas flow in the device, the standard K-epsilon model is used as
the turbulence model, the second-order upwind equation is used as the momentum equation, the first-order
upwind equation is used for the turbulent kinetic energy and the turbulent dissipation rate, the turbulent
intensity is set to be 5 %, the turbulent viscosity ratio is set to be 10. The Fluent time-step is 1 x 10-3s, and the
total simulation time is 2 s. The inlet pressure was set as 4.0, 4.5, 5.0, 5.5, 6.0 kPa, respectively, and the outlet
pressure was set as 0 Pa to explore the airflow distribution in the airflow seed delivery zone under different
blower pressures.

Body grid

Pressure inlet

Surface grid

Fluid domain Cross-section of meshed model of fluid domain

Fig. 4 - Establishment of CFD simulations
Bench test

In June 2024, the bench test of the air-assisted spiral seed-supply device was carried out in the high-
speed precision seeding laboratory of the College of Engineering, Heilongjiang Bayi Agricultural University,
Daqing City, Heilongjiang Province, China. The test conditions and results are shown in Fig. 5.

Experimental condition and results

Fig. 5 - Bench test
1. electronic balance; 2. measuring cylinder; 3. DP2000 intelligent pressure and wind velocity air volume meter; 4. frequency converter;
5. HTB-multi-stage blower; 6. air tube; 7. switch power supply; 8. infinite speed control knob; 9. display screen; 10. motor;
11. inlet pipe; 12. seed box; 13. outlet pipe; 14. pipe; 15. seed net.

The main test equipment includes HTB-multi-stage blower, frequency converter, DP2000 intelligent
pressure and wind velocity air volume meter, seed net, motor, infinite speed control knob, switch power supply,
electronic balance, etc. The typical maize variety "Farley 1439" (small rounded) planted in Heilongjiang
Province of China were selected as the test seeds, and the basic material characteristic parameters were
shown in Table 1. The selected seeds were all coated and sorted, and the results were the average values
after multiple measurements.
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Table 1
Basic material characteristics of maize seed
Variety Seeq  Moisture Thousand . .. Pile Length Width  Thickness
name icture content grain lg-cm-3 angle/(°) mm mm mm
P 1% weighl/g 9 9

Farley

1439

(small "‘ 12.6 296.4 1.122 20.23 8.0310.41 7.12+046 6.34+0.43

rounded)

In order to determine the optimal working parameters of the device and explore the interaction between
the blower pressure and the rotational speed of spiral shaft on the seed-supply performance, a multi-factor
experiment with two factors and five levels was carried out based on the CCD method. According to the actual
test conditions, the blower pressure at 4.0 ~ 6.0 kPa and the rotational speed of spiral shaft at 50.0 ~ 80.0
r/min was set. The test factor codes are shown in Table 2, where X1 and X2 are the factor code values of the
pressure and the rotational speed respectively.

Table 2
Experimental factors and level codes in multi-factor experiments

Experimental factors

Coded values

X1/ kPa X2/ rrmin
-1.414 4.0 50.0
-1 4.29 544
0 5.0 65.0
1 5.71 75.6
1.414 6.0 80.0

Referring to GB/T 9478-2005 "Testing methods of sowing in lines", the test indexes were seed supply
rate 9;, coefficient of variation of the seed supply rate stability CV and seed breakage rate K;. Wherein, the
seed supply rate is defined as the mass of the seeds flowing out of the device in unit time. The coefficient of
variation of seed supply rate stability is defined as the percentage of the standard deviation of the seed supply
rate to the average value of it at the same level of device parameter, measured many times to evaluate the
uniformity of seed supply in the device. The seed breakage rate is defined as the percentage of the broken
seed mass Z; out of the total seed mass Z, flowing out of the device in given time. The evaluation index
expression of seed supply performance is as follows:

2?1:11 Gi
Ny
M (G —9;)?
Zl=11\(]1 st i) 7

CV=————x1009
I, %

191':

Zy
K, === x 100%
Zn

where: G; is the seed quality of the i-th test, (g); Vi is the number of experiments.

In the experiment, the seeds discharged from the device were collected using the seed net for 1 minute.
The net weight was measured, and then the broken seeds were picked up and weighed. Each group of
experiments was repeated 5 times, and the seed supply rate, the coefficient of variation of the seed supply
rate stability and the seed breakage rate were calculated under different treatments.

RESULTS AND DISCUSSIONS

Simulation analysis of flow field in the airflow seed delivery zone

In order to explore the pressure distribution in the airflow seed delivery zone under different inlet
pressures, the pressure nephogram in the axial plane of the fluid domain at 2 s was intercepted, as shown in
Fig. 6 a ~ e. In the figure, the pressure distribution in the axial plane is similar for different inlet pressures, the
pressure is higher in the area from the inlet of the inlet pipe to the inlet of the outlet pipe, the pressure in the
outlet pipe and the pipe is lower, and negative pressure appears near the outlet pipe and the pipe inlet.
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With the increase of the inlet pressure, the pressure range of the airflow seed delivery zone is gradually
increased. The pressure ranges at 4.0, 4.5, 5.0, 5.5 and 6.0 kPa were -1271.52 ~ 3993.05, -1426.41 ~ 4558.55,
-1693.46 ~ 4994.76, -1957.58 ~ 5525.13, -1950.10~5961.19 Pa, respectively.

Dividing the segment of the flow field of the axial plane in the fluid domain from the pressure inlet to
the pressure outlet into Q1Q2, Q2Q3 and Qs3Qs4, and randomly and continuously selecting 20, 120 and 550
sample points from each segment in turn according to the arrow direction respectively. The pressure of the
sample points on the line segments of 4.0, 4.5, 5.0, 5.5, and 6.0 kPa were recorded as shown in Fig. 6 f. In
the process of airflow from Q1 to Qz, the vertical section area of the line segment is basically unchanged. The
pressure shows a downward trend, but the downward speed gradually slows down. The inlet pressure of 4.0,
4.5, 5.0, 5.5, 6.0 kPa decreased by 292.83,310.76,359.53,406.06 and 437.51 Pa, respectively, and the higher
the inlet pressure, the more the pressure decreased. In the process of the airflow from Q2 to Qs, the vertical
sectional area of the line segment of the sample points before and after Q2 suddenly changes from small to
large. The vertical sectional area of the line segment of the sample points before and after Qs suddenly
changes from large to small. The pressure first increases slowly, then fluctuates slowly, and finally decreases
rapidly. The pressure inlet of 4.0, 4.5, 5.0, 5.5 and 6.0 kPa reached the maximum pressure of this segment at
the 42nd, 48th, 54th, 54th and 48th sample points respectively, which are 2974.79, 3405.17, 3783.44, 4227.45
and 4446.06 Pa. During the process of airflow from Qs to Q4, the vertical cross-sectional area of the line
segment remains basically unchanged, and the pressure first rapidly decreases to the lowest point of the entire
flow field sample point. The inlet pressure of 4.0, 4.5, 5.0, 5.5, and 6.0 kPa reaches the minimum value at
sample points 189, 189, 189, 184, and 185, respectively, which are -679.32, -828.05, -820.72, -1053.8, and -
1153.51 Pa, and then shows an upward trend but the upward speed gradually slows down, reaching a local
maximum before slowly decreasing again. Each inlet pressure at the 690th sample point is 0 Pa.
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Fig. 6 - Pressure situation of the airflow seed delivery zone under different inlet pressures
a. pressure inlet=4.0 kPa; b. pressure inlet=4.5 kPa; c. pressure inlet=5.0 kPa; d. pressure inlet=5.5 kPa; e. pressure inlet=6.0 kPa;
f. sample point pressure curve of different inlet pressures.

In order to explore the velocity distribution under different inlet pressures in the airflow seed delivery
zone, the axial plane velocity nephogram of the fluid domain at 2 s was intercepted, as shown in Fig. 7 a ~ e.
In the figure, with the increase of inlet pressure, the maximum velocity of the whole flow field shows a gradual
upward trend, and the maximum velocity reaches 88.61 m/s when the inlet pressure is 6.0 kPa. There was
little difference in the velocity distribution of the axial plane under different inlet pressures, and the highest
velocity appeared at the outlet pipe, which was caused by the sudden decrease of the cross-sectional area of
the airflow from the seed-supply nozzle to the outlet pipe.
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The velocity at the sample points on Q1Q2, Q2Qs and Q3Q4 with inlet pressures of 4.0, 4.5, 5.0, 5.5,
6.0 kPa were recorded as shown in Fig. 7 f. In the process of the airflow from Q1 to Qz, the vertical sectional
area of the line segment is basically unchanged, and the velocity shows an upward trend, but the rising speed
gradually slows down, which is completely opposite to the pressure change trend in the segment, and conforms
to the relationship between the velocity and the pressure in Bernoulli's principle. The Q1Q2 segment reaches
a maximum velocity of 51.7 m/s at the inlet pressure of 6.0 kPa. In the process of airflow from Q2 to Qs, the
velocity of each inlet pressure does not change much from the 21st to about the 50th sample points, and then
it decreases rapidly. The inlet pressures of 4.0, 4.5, 5.0, 5.5, and 6.0 kPa reach the local minimal of the velocity
of this segment at the 68th, 61st, 66th, 58th, and 65th sample points, respectively, which are 23.23, 19.52,
28.32, and 22.94, 29.1 m/s. After which the velocity roughly shows a trend of first rising, then falling and then
rising. The inlet pressures of 4.0, 4.5, 5.0, 6.0 kPa reach the minimum velocity in this segment at the 111th,
113th, 118th, 115th sample points, respectively, which are 13.62, 16.7, 17.39, and 23.75 m/s. In the process
of the airflow from Qs to Qq, the velocity first rises rapidly to the maximum of the whole flow field sample points.
The inlet pressures of 4.0, 4.5, 5.0, 5.5, and 6.0 kPa reach the maximum velocity at the 168th, 164th, 168th,
168th and 168th sample points, respectively, which are 65.66, 64.71, 72.9, 78.88 and 79.4 m/s, and then
decreased rapidly. Among them, the inlet pressure of 4.0 kPa and 5.0 kPa decreased relatively slowly, and the
inlet pressure of 4.5 kPa was the lowest value of 16.74 m/s at the 229th sample point. The velocity of the
sample points before and after the lowest value fluctuated greatly. Finally, the velocity showed an upward trend,
but the rising speed gradually slowed down. The velocities at the 690th sample point were 47.68, 52.64, 60.21,
56.8 and 64.82 m/s at the inlet pressures of 4.0, 4.5, 5.0, 5.5, 6.0 kPa, respectively.
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Fig. 7 - Velocity situation of the airflow seed delivery zone under different inlet pressures
a. pressure inlet=4.0 kPa; b. pressure inlet=4.5 kPa; c. pressure inlet=5.0 kPa; d. pressure inlet=5.5 kPa;
e. pressure inlet=6.0 kPa; f. sample point velocity curve of different inlet pressures.

Results of the multi-factor experiments

According to the range of factors in Table 2, a multi-factor test was conducted, and the test results are
shown in Table 3. In the table, X1, X2, and X3 are coded values of seed supply rate, coefficient of variation of
seed supply rate stability, and seed breakage rate, respectively. The test results were processed and analyzed
by Design-Expert 12 software, and the quadratic equation variance analysis was obtained as shown in Table
4.
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Table 3
Design and results of the Central-Composite experiment
N Experimental factors Experiment indexes
° X1/ kPa X2/ km-h1 Y1/ g:min"! Y2/ % Y3! %
1 -1 -1 1390.15 1.64 1.22
2 1 -1 2152.24 1.05 1.51
3 -1 1 1833.94 1.61 1.46
4 1 1 2676.8 1.54 1.58
5 -1.414 0 1448.44 1.94 1.3
6 1.414 0 2554.86 1.16 1.62
7 0 -1.414 1670.56 1.15 1.36
8 0 1.414 2402.78 1.89 1.56
9 0 0 2017.56 1.65 1.48
10 0 0 2007.56 1.58 1.43
1 0 0 2001.99 1.52 1.44
12 0 0 2002.98 1.59 1.47
13 0 0 2043.70 1.69 1.49
14 0 0 2030.79 1.72 1.39
15 0 0 2008.34 1.51 1.37
16 0 0 2022.48 1.71 1.42
Table 4
Variance analysis of the regression model
Seed supply rate Coefficient of varlatlor\'of Seed breakage rate
seed supply rate stability
Source
Sum of Sum of Sum of
p-value p-value p-value
squares squares squares
Model 1.761E+06 < 0.0001** 0.8020 0.0005** 0.1451 < 0.0001**
X1 1.256E+06 <0.0001** 0.3886 0.0003** 0.0930 < 0.0001**
X2 5.019E+05 < 0.0001** 0.2837 0.0008** 0.0439 0.0002**
X1 X2 1630.95 0.0251* 0.0676 0.0439* 0.0072 0.0446*
X12 663.32 0.1242 0.0237 0.2027 0.0005 0.5795
X2? 565.05 0.1524 0.0385 0.1126 0.0005 0.5795
Residual 2354.41 0.1273 0.0137
Lack of fit 835.36 0.3523 0.0788 0.0666 0.0009 0.9134
Pure error 1519.06 0.0485 0.0128
Cor total 1.763E+06 0.9293 0.1588

Note: * indicates a significant impact; ** indicates a highly significant impact.

In Table 4, the p values of the regression models of seed supply rate Y1, Coefficient of variation of
seed supply rate stability Y2, and seed breakage rate Y3 were all less than 0.01, indicating that the regression
models were extremely significant. The p-values of the lack of fit test were all more than 0.05, indicating that
the regression models had good fit. In the variance analysis of the Y1, Y2 and Y3, the blower pressure X1 and
rotational speed of spiral shaft X2 showed extremely significant effects, and the interaction X1 X2 showed
significant effects. The influence order of each factor on the Y1, ¥2 and Y3 was: X1, X2. The quadratic
regression equation of Y1, Y2 and Y3 is as follows:

Y1 = —1584.37 + 567.44X1 + 0.44X2 + 2.69X1X2 — 18.21X1% + 0.075X2?
Y2 =233 -0.35X1+0.011X2 + 0.017X1X2 — 0.11X12 — 0.00062X2? 8)
Y3 =-0.97 +0.37X1 + 0.027X2 — 0.0057X1X2 + 0.015X12 + 0.000067X2?

In order to explore the influence trend of interaction terms of factors on the Y1, ¥2 and Y3, the contour
map is drawn as shown in Fig. 8.

In Fig. 8a, when the rotational speed is constant, the Y1 is positively correlated with the blower
pressure. The greater the pressure, the faster the conveying velocity of maize seeds entrained by airflow, the
shorter the conveying time, and the higher the seed supply rate. When the pressure is constant, the Y1 is
positively correlated with the rotational speed. The increase of the rotational speed can improve the migration
velocity of the seeds in the migration zone, thereby improving the seed supply rate of the device. When the
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pressure is 5.75~6.0 kPa and the rotational speed is 75~80 r/min, the Y1 is relatively high, ranging from
2712.86 to 2975 g/min. In Fig. 8b, when the rotational speed is constant, the Y2 is negatively correlated with
the pressure at the rotational speed of 50 ~ 75 r/min, and it increases slowly at first and then decreases with
the increase of the pressure at the rotational speed of 75 ~ 80 r/min. When the pressure was constant, the Y2
increased first and then decreased with the increase of the rotational speed at the pressure of 4.0~4.6 kPa,
and it was roughly positively correlated with the rotational speed at the pressure of 4.6~6.0 kPa. When the
pressure is 5.75~6.0 kPa and the rotational speed is 50~52.5 r/min, the Y2 is relatively low, ranging from 0.53 %
to 0.83 %. In Fig. 8c, when the rotational speed is constant, the Y3 is positively correlated with the pressure.
The higher the pressure, the faster the airflow entraps the seeds in the airflow seed delivery zone, and the
easier it is to cause damage to the seeds coating when the seed collides with the seed and the seed collides
with the inner wall of the device. When the pressure was constant, the Y3 was positively correlated with the
rotational speed. With the increase of the rotational speed, the disturbance effect of the spiral shaft on the
seed cluster in the migration zone is more obvious. The frequency of friction between seeds and seeds, seeds
and components in the migration zone is increased. At the same time, with the increase of the rotational speed,
the inertia force when the seeds flow out from the migration zone also increases, and the collision between
the seeds and the seed-supply nozzle is intensified under the action of airflow. When the pressure is 4.0~4.25
kPa and the rotational speed is 50~55 r/min, the Y3 is relatively low, ranging from 1.12 % to 1.25 %.
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According to the results of multi-factor experiments, the optimal working parameter combination of the
device was determined based on the multi-objective variable optimization method. With the highest Y1, the
lowest Y2 and Y3 as the optimization objectives, the optimization equation is established within the range of
factors and solved by Design-Expert 12 software.

The optimization equation is as follows:

maxY1
minY?2
minY3
4kPa = X1 = 6kPa 9
50r/min = X2 = 80r/min
1>Y2(X1,X2)=0
1>Y3(X1,X2)=>0

After calculation, the optimal working parameter combination for the device is: the pressure and the
rotational speed are 6.0kPa and 80r/min, respectively. Under this parameter combination, the Y1, Y2, and Y3
are 2971.515 g/min, 1.774 %, and 1.616 %, respectively. The results were verified by bench test, and the Y1,
Y2, and Y3 were 2933.21 g/min, 1.87 %, and 1.69 %, respectively, with the relative error of less than 5.5 %
compared to the parameter optimization results. The optimized combination of working parameters makes the

device achieve better test results in the bench test, and the error is small, which shows that the parameter
optimization is effective.

CONCLUSIONS

In this study, according to the working process, the air-assisted spiral seed-supply device was divided
into the migration zone and the airflow seed delivery zone. By establishing the kinetic model of maize seeds
in the migration zone, the theoretical relationship between the absolute angular velocity w, of the seed cluster
microsegment and the angular velocity ws of the spiral shaft was obtained. Based on the CFD simulation, when
the inlet pressure of the airflow seed delivery zone at 2 s was 4.0, 4.5, 5.0, 5.5 and 6 kPa, the pressure range
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was -1271.52 ~ 3993.05, -1426.41 ~ 4558.55, -1693.46 ~ 4994.76, -1957.58 ~ 5525.13, -1950.10 ~ 5961.19
Pa, and the maximum velocity of the airflow was 88.61 m/s. Based on the CCD, the multi-factor experiment
was carried out, and the influence order of blower pressure X1 and rotational speed of spiral shaft X1 on seed
supply rate, coefficient of variation of seed supply rate stability and seed breakage rate was: X1, X2. Based
on the multi-objective variable optimization method, the optimal working parameter combination of the device
was determined as the blower pressure of 6.0 kPa and the rotational speed of spiral shaft of 80 r/min. Under
the verification test, the seed supply rate, the coefficient of variation of seed supply rate stability and the seed
breakage rate were 2933.21 g/min, 1.87% and 1.69%, respectively. The relative error is within 5.5% compared
with the result of parameter optimization. The device obtains higher seed supply performance under the
optimized working parameter combination.

ACKNOWLEDGEMENT

The study was funded by the Heilongjiang Province Key Research and Development Program Major
Projects, China (20222X05B02) and Ltd. 2023 Pilot Project on Integration of Agricultural Machinery R&D,
Manufacturing, and Promotion and Application.

REFERENCES

[1]  Chen, X,, Luo, X., Wang, Z., Zhang, M., Hu, L., Yang, W., Zeng, S., Zang, Y., Wei, H., & Zheng, L. (2015).
Design and experiment of a fertilizer distribution apparatus with double-level screws. Transactions of
the Chinese Society of Agricultural Engineering, Vol. 31, Issue 3, pp. 10-16.
https://doi.org/10.3969/j.issn.1002-6819.2015.03.002

[21 Ding, Y., Wang, K., Liu, X., Liu, W., Chen, L., Liu, W., & Du, C. (2021). Research progress of seeding
detection technology for medium and small-size seeds. Transactions of the Chinese Society of
Agricultural Engineering, Vol. 37, Issue 8, pp. 30-41. https://doi.org/10.11975/j.issn.1002-
6819.2021.08.004

[3] Fanigliulo, R., Grilli, R., Benigni, S., Fornaciari, L., Biocca, M., & Pochi, D. (2022). Effect of sowing speed
and width on spacing uniformity of precision seed drills. INMATEH-Agricultural Engineering, Vol. 66,
Issue 1, pp. 9-18. https://doi.org/10.35633/inmateh-66-01

[4] Gao, X, Xie, G., Xu, Y,, Yu, Y., & Lai, Q. (2022). Application of a staggered symmetrical spiral groove
wheel on a quantitative feeding device and investigation of particle motion characteristics based on DEM.
Powder Technology, Vol. 407, pp. 117650. https://doi.org/10.1016/j.powtec.2022.117650

[5] Gao, X, Xu, Y, Yang, L., Zhang, D., Li, Y., & Cui, T. (2018). Simulation and experiment of uniformity of
venturi feeding tube based on DEM-CFD Coupling. Transactions of the Chinese Society of Agricultural
Machinery, Vol. 49, Issue S1, pp. 92-100. https://doi.org/10.6041/j.issn.1000-1298.2018.50.013

[6] Huai, H., Zhang, Q. Liu, M., & Tang, X. (2024). Changes in climate attributes and harvest area structures
jointly determined spatial-temporal variations in water footprint of maize in the Beijing-Tianjin-Hebei
region. Heliyon, Vol. 10, Issue 12, pp. E32565. https://doi.org/10.1016/j.heliyon.2024.e32565

[7] Lei, X, Liao, Y., Wang, L., Wang, D., Yao, L., & Liao, Q. (2017). Simulation of gas-solid two-phase flow
and parameter optimization of pressurized tube of air-assisted centralized metering device for rapeseed
and wheat. Transactions of the Chinese Society of Agricultural Engineering, Vol. 33, Issue 19, pp. 67-
75. https://doi.org/10.11975/j.issn.1002-6819.2017.19.009

[8] Sun, W.,Yi, S, Qi, H., Dai, Z., Zhang, Y., & Wang, S. (2024). Research progress on narrow row and
dense planting delta-row seeding technology and equipment. Agricultural Engineering, Vol. 14, Issue 5,
pp. 5-9. https://doi.org/10.19998/j.cnki.2095-1795.2024.05.001

[9] Sun, W.,Yi, S., Qi, H., Li, Y., Dai, Z., Zhang, Y., & Wang, S. (2024). Design and experiment of progressive
seed-cleaning mechanism for air-pressure maize precision seed-metering device. INMATEH-
Agricultural Engineering, Vol. 73, Issue 2, pp. 473-486. https://doi.org/10.35633/inmateh-73-40

[10] Tang, H., Guan, T., Xu, F., Xu, C., & Wang, J. (2024). Test on adsorption posture and seeding
performance of the high-speed precision dual-chamber maize metering device based on the seed
characteristics. = Computers and  Electronics in  Agriculture, Vol. 216, pp.108471.
https://doi.org/10.1016/j.compag.2023.108471

[11] Wang, L., Liao, Y., Liao, Q., Qi, T., Zhang, Q., & Wang, B. (2021). Design and test on centralized metering
seed feeding device of air-assisted planter for rapeseed. Transactions of the Chinese Society of
Agricultural Machinery, Vol. 52, Issue 2, pp.75-85. https://doi.org/10.6041/j.issn.1000-1298.2021.02.007

24



Vol. 75, No. 1 / 2025 INMATEH - Agricultural Engineering

[12]

[13]

[14]

[15]

Wang, L., Liao, Y., Zhang, Q., Liu, H., Wang, B., & Liao, Q. (2020). Experiments and analysis on seeding
performance of seed feeding device of rapeseed centralized metering device under lateral tilt.
Transactions of the Chinese Society of Agricultural Engineering, Vol. 36, Issue 19, pp.1-10.
https://doi.org/10.11975/j.issn.1002-6819.2020.19.001

Yao, L., Liao, Q., Wang, L., Liu, H., Wei, G., & Wang, B. (2022). Design and experiment of spiral seed
feeding device in spinning disc high-speed metering device for rapeseed. Transactions of the Chinese
Society of Agricultural Machinery, Vol. 53, Issue 6, pp. 78-88. https://doi.org/10.6041/j.issn.1000-
1298.2022.06.008

Yang, W., Fang, L., Luo, X,, Li, H., Ye, Y., & Liang, Z. (2020). Experimental study of the effects of
discharge port parameters on the fertilizing performance for fertilizer distribution apparatus with screw.
Transactions of the Chinese Society of Agricultural Engineering, Vol. 36, Issue 17, pp.1-8.
https://doi.org/10.11975/j.issn.1002-6819.2020.17.001

Yuan, H., Liu, C., Song, J., Du, X., Jiang, M., & Li, W. (2020). Piezoelectric vibration seed supply device
of precision metering device for plug seedling of super hybrid rice. Transactions of the Chinese Society
for Agricultural Machinery, Vol. 51, Issue S2, pp. 31-40. https://doi.org/10.6041/j.issn.1000-
1298.2020.S2.004

25



