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ABSTRACT

The disorder flow of seeds caused by the collision in the seed-guiding tube is one of the important reasons for
the reduction of seeding uniformity. For this problem, a seed-guiding tube with brachistochrone considering
the influence of friction was presented in this paper. By analyzing kinetics and rotating the equation coordinate
system, brachistochrone under the condition of friction was obtained and applied to the design of the structural
parameters of the grain conductor of T-groove furrowing device, and a discrete element model of the grain
conductor and wheat was established, thus single-factor simulation analysis and quadratic regression
orthogonal rotation combination simulation tests were conducted to explore the optimal combination of
parameters. The test results showed that the seed-guiding tube had a brachistochrone radius of 14.708 mm,
a linear length of 500 mm and a working speed of 4 km/h, and the seed spacing offset dispersion degree and
the seed lateral offset dispersion degree were 12.26 and 8.53 respectively, which had a high seeding
uniformity. The results of the bench validation test showed that the coefficients of variation of the two test
evaluation indexes between the bench test results and the virtual simulation results were 10.20% and 8.62%
respectively, therefore the simulation results could be used for the optimization of the seed guide tube.
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INTRODUCTION

The structural parameters of the seed-guiding tube have a great influence on the collision of seedpods
in the pipe during seed-guiding process, and the collision between seeds and between seeds and grain
conductor is the main reason to destroy the uniform and orderly movement state of seedpods and lead to the
low uniformity of seeding (Kocher et al., 2011; Sharma and Pannu, 2014). Many scholars have conducted a
lot of research on grain conductor for improving seeding uniformity. Based on theoretical analysis of seedpod
motion state and mathematical modeling of grain conductor shape, Liu Xiaomin and Deng Jiangyu proposed
that a reasonable shape of seed-guiding tube should be composed of three segments: brachistochrone -
inclined straight line — brachistochrone (Liu X M and Deng, 1987). Zhong Yunlong et al. applied the theory of
brachistochrone and proposed a seed-guiding tube consisting of two curves of parabolic line and
brachistochrone, which could reduce the movement time of seedpods in the pipe and make seedpods have a
better landing speed and angle (Zhong et al., 2011). Zhao Shuhong et al. designed a maize seed-guiding
device by combining the brachistochrone with a V-groove, which effectively improved seed row uniformity by
constraining the seedpod movement trajectory (Zhao et al., 2018).
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The above studies showed that the application of brachistochrone to the design of seed-guiding devices
can reduce the collision between seeds and between seeds and the tube wall by reducing the gliding time of
seedpods in the grain conductor, which is conducive to ensuring a uniform and orderly seed flow and effectively
improving the seed row uniformity. However, the above-mentioned studies have not considered the effect of
friction on brachistochrone when applying brachistochrone to the design of the seed-guiding components.
Neglecting the effect of friction will lead to a significant decrease in the effect of brachistochrone (i.e., the
minimum time used for the mass to slide along brachistochrone between two points) (Shi et al., 2020), thus, it
is necessary to further study it.

The T-groove seed and fertilizer separating furrowing device for wheat is a new type of furrow opening
device, which is based on the wide and narrow row sowing mode, and can realize double row sowing and
fertilizer side deep application in one opening. The device has two long L-shaped seed-guiding tubes. In this
paper, brachistochrone considering the friction condition is applied to the design of grain conductor of this
device, and the optimal structure and working parameter combination of the seed-guiding tube are derived
through simulation analysis and experimental research, in order to provide reference for the design of new
seed-guiding components.

MATERIALS AND METHODS
T-groove furrowing device structure and working principle

T-groove seed and fertilizer separating furrowing device for wheat mainly consists of vertical knife,
horizontal knife, shovel handle, fertilizer-discharging tube, seed-guiding tube and seed-guiding tube clamping
device, as shown in Figure 1. The operation process is shown in Fig. 2. The vertical knife opens the fertilizer
trench, the shovel handle is hollow and also serves as the fertilizer-discharging pipe, the fertilizer falls into the
fertilizer trench along the pipe, realizing the side deep application of fertilizer, the horizontal knives on both
sides of the vertical knife open the seed trench on both sides above the fertilizer trench, the seeds fall into the
seed trench along the grain conductor hidden under the horizontal knife, and the trench is opened once to
realize double row sowing and seed fertilizer application.

Fig. 1 - The wheat T-groove seed and fertilizer Fig. 2 - Working process of the
separating furrowing device T-groove furrowing device
1 - shovel handle; 2 - horizontal knife; 3 - vertical knife; 1 - fertilizer trench; 2 - seed-guiding tube;
4 - fertilizer-discharging tube; 5 - seed-guiding tube clamping device; 3 - fertilizer-discharging tube; 4 - shovel handle;
6 - seed-guiding tube 5 - horizontal knife; 6 - wheat seeds ; 7 — fertilizer

Design of brachistochrone segment of seed-guiding tube

The brachistochrone problem is a particle that is only affected by gravity and has zero initial velocity
sliding from a point A along a smooth curve to any point B not in its vertical direction, and the time it takes to
slide is the shortest, its analytical equation is (Xing and Yang, 2019):

{x =1(0 — sinf) )

y =11 — cosH)

(X,y) - particle coordinates, [mm];

6 - the angle of rotation of the particle when it rolls, [°]
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In engineering, the effect of friction on brachistochrone needs to be considered, so as to avoid ignoring
the effect of friction that causes the shortest time to glide to be greatly reduced (Shi et al., 2020). Assuming

that the friction coefficient between the seedpod and the wall of the seed-guiding tube is u, the effect of

centrifugal force can be ignored due to the small curvature of the designed brachistochrone (Liu X M and Deng,
1987), then the change of the kinetic energy of the seedpod is:

2
d (™) = mgdy — umgcospds = mgd(y — i1, (@3

M - quality of seedpod, [kq];

g - gravitational acceleration, [m/s?];

1 — coefficient of dynamic friction between seedpod and wall of seed-guiding tube;
@ — friction angle between seedpod and wall of seed-guiding tube, [°];

S — seedpod movement distance, [mm]

After the seed leaves the seed meter, it slides down the curve of the seed-guiding tube, and its

movement speed is:
v =290 =) + Vo €)

Vo — velocity of seed when it reaches the curved section of the seed-guiding tube, [m/s]
The time taken for the seedpod to slide from point A to point B is:

_ (*B _ rxp  J1+(')?
T=["Fdx=| NI dx (4)
XB — horizontal coordinate of point B, [mm]

The problem of the steepest descent line considering the influence of frictional resistance is to find the
extremum curve of time T. Eliminating the friction coefficient in the velocity function can be achieved by rotating
the equation coordinate system (You, 2005).

As shown in Figure 3, rotate the A-xy coordinate system by the friction angle ¢ in the clockwise direction
to obtain the coordinate system A-XY, where gp=arctan y, then there is:

Y=y = — )

cosg

Therefore, equation (4) can be rewritten as:

o2
T=ﬁ§=g%aii——ﬂ (6)
J(2g/cosp)Y+v,

(X ¥) - coordinates of seedpod after rotating the coordinate system, [mm];
Xs— horizontal coordinate of point B after rotating the coordinate system, [mm]

On the brachistochrone (Fig.3), la, the speed of the seed in the AD section is lower than the speed when
it is in free fall. Therefore, the brachistochrone |, into the A-xy coordinate system x<0 area cannot make the
glide time 7 get the minimum value, that is, non-optimal path. In the A-xy coordinate system, the optimal path

exists between the y-axis and the straight-line y=gux, so the scaling and translation transformation is performed
on the formula (1).

X =R(6 —sinfd) + b
{Y = R(1 — cosh) (7)

R — parameter after transformation, [mm];

b - equation lateral translation amount, [mm]
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After the transformation, the movement path is that the seed particle from point A along the y-axis for
free fall motion to point C, and then slide along the brachistochrone I, to point B. At this time, the movement
time is:

_ [2vc XB _ |2vc XB Vi+y’?
T = ’ 5 + fxC Fdx = 5 + fxC NI dx (8)

(Xc, Yc) - coordinate of point C, [mm]

When the position of the boundary point C changes, there is:

__1r (s ¥
8T = J2gve <1 «/1+y'2> 0y ©)

Fig. 3 - Brachistochrone after rotating Fig. 4 - Section of the Brachistochrone
the coordinate system of seed-guiding tube

When the boundary point C is the extreme point, there should be 67 = (0, y =oo, that is, the

brachistochrone tangent to the y-axis. Therefore, when the brachistochrone Iy, is tangent to the y-axis, the line
segment is the brachistochrone between the two points A and B under the action of friction. The tangent point,
i.e., the boundary point C, should satisfy:

d_Y _ 1-cosfc _

aXxlc sin ¢

Xc =R(0; —sinf;)+b (10)
Ye =R(1 —cosO.)+b

Xe = u¥e

(Xs Ye) - coordinates of point C after rotating the coordinate system, [mm];
Oc - parameter angle of the pendulum at the tangent point C, [°]

From formula (10), there is:
0
p=tan (f) (12)

Since the brachistochrone from A to B is composed of a straight line along the y-axis direction and a
brachistochrone |, tangent to it when friction is considered, the angle between the bottom of the

brachistochrone and the horizontal direction is ¢, therefore, the corresponding brachistochrone parameter
angle at the tangent point C is:

6. = 2arctanpu = 2¢ (12)
Then, the lateral translation amount of the brachistochrone equation is obtained as:

b =R[(u?+ 1)sin8; — 0;] = 2R(u — arctany) (13)
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It can be seen from equations (7) and (13) that the brachistochrone parameters Rand b between points
A and B only depend on the relative positions of points A and B and the friction factor between the seedpod
and the inner wall of the seed-guiding tube. Among them, the relative position between points A and B is the
spatial position between the beginning of the brachistochrone segment of the grain conductor and the end of
the grain conductor, as shown in Figure 4. The brachistochrone is composed of a straight line AC and a
brachistochrone CB when friction is considered, and the upper part of the grain conductor is composed of a
straight line, so the transition between the straight section of the grain conductor and the brachistochrone
section will not cause the increase of the seed collision.

According to the structural characteristics of the T-groove furrowing device, in order to facilitate the
seed-guiding tube to be hidden under the horizontal knife of the furrowing device and meet the requirements
of wide and narrow row seeding row spacing, the longitudinal spacing H between points A and B should be
less than 50 mm, and the lateral spacing L should be 50 mm. Based on this, the range of values of the radius

R of the brachistochrone and the angle @ of the rotating wheel with it can be determined.
Discrete Element Simulation Analysis

In order to explore the influence of the structural parameters and operating parameters of seed-guiding
tube on the seeding uniformity, and to optimize the structural parameters of tube, a discrete element simulation
study was carried out on the seeding process of the tube.

® Simulation model establishment of seed-guiding tube and wheat seeds, etc.

SolidWorks 2018 was used to create a 3D model of the seed-guiding tube and it was imported into
EDEM 2018, as shown in Figure 5, and the material of the pipe was set to ABS plastic. Using the Northwest
A&F University’s No.585 wheat cultivar as the prototype of discrete element modeling, the geometric size of
seedpods was measured and statistically analyzed, and the results are shown in Table 1.

Table 1
Statistical analysis results of the three axis dimensions of the seedpod
ltem Maximum Minimum value Average value Standard Coefficient of P-value
value / (mm) (mm) (mm) deviation variation / (%) (S-W)
Long axis 7.22 5.82 6.43 0.27 4.20 0.851
Center axis 3.80 2.87 3.39 0.20 5.90 0.102
Short axis 3.64 2.63 3.1 0.22 7.07 0.727

Based on the measurement and analysis results, the ellipsoidal model of wheat seeds was constructed
with seven-sphere filling.

The initial velocity of seeds was set as 0.3 m/s and the direction was along the gravity direction (Li,
2009). The discrete element simulation model is shown in Figure 6.
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R :>/ ///
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Fig. 5 - 3D model of the seed-guiding tube Fig. 6 - DEM simulation model
R — diameter; s - straight line length; r - radius of brachistochrone 1 - particle factory; 2 — seed-guiding tube; 3 — soil

57



Vol. 67, No. 2 /2022 INMATEH - Agricultural Engineering

To simplify the simulation model, the seed meter is replaced by setting the simulation parameters of the
particle factory in this paper, and particle factory is set at the entrance of grain conductor. Based on the
characteristics of Northwest A&F University’s No0.585 wheat cultivar and different working speeds and seed
metering device rotational speeds in the actual sowing operation, the calculated rate of seedpods produced
by particle factory is shown in Table 2 (Jin, 1996).

Table 2

Rate of seedpod production in particle factory

Working speed /(km-h") Number of seeds / (particle-s™) Seeding rate / (s- particle™)
4 49 0.02027
5 62 0.01620
6 74 0.01347
7 86 0.11571

® Simulation parameter setting

The Hertz-Mindlin (no slip) contact model was used for the simulation analysis of wheat seeds and seed-
guiding tube (Zhai, 2018). In order to be as close as possible to the actual soil environment of the seed furrow
and the environment of seeding belt with seeding oil on bench test stand, the simulation soil model uses
cohesive soil, and the material parameters and contact parameters required for the simulation were obtained
from relevant literature, as shown in Table 3 and Table 4 (Hang, 2017; Huang et al., 2016; Liu F Y et al., 2016;
Xiang et al., 2019; Zhang et al., 2021).

Table 3
Material parameters of simulation model
Materials Poisson's ratio Density /(kg-m) Shear modulus / MPa
Wheat 0.29 1350 501
ABS plastic 0.394 1060 896
Soil 0.38 2680 1.2
Table 4
Contact parameters of simulation mode
Contact form Restitution coefficient Static friction coefficient  Rolling friction coefficient
Wheat—wheat 0.46 0.58 0.08
Wheat—ABS plastic 0.02 1.26 1.24
Wheat—soil 0.14 0.33 0.2

® Determination of simulation evaluation indexes

In order to quantify the seeding uniformity of the seed-guiding tube designed based on the principle of
brachistochrone, the dispersion degree of seed spacing offset and the dispersion degree of seed lateral offset
were used as evaluation indicators for analysis (Guo et al., 2020).

The dispersion degree of seed spacing offset: refers to the offset degree between the distance x
between projections of seeds on the axis (i.e. actual grain distance) and the theoretical grain spacing. It is an
important index to evaluate the longitudinal distribution of seed grains in the seed bed.
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The calculation formula is as in equation (14).

0 = (A5G- w2

o - seed spacing offset dispersion degree;

N - total number of grain spacing;

Xi — actual grain distance, [mm];

u —theoretical grain distance, [mm].

INMATEH - Agricultural Engineering

(14)

The dispersion degree of seed lateral offset: refers to the degree of grain offset from the axis, is an
important index to evaluate the lateral distribution of grains in the seed bed. The vertical distance y of the grain
from the origin axis is its lateral offset, and the calculation formula is as in equation (15).

d- average absolute deviation;

Vi — lateral offset of seeds, [mm];

y - offset average, [mm];

N —total number of offsets

7 = Slyi-yl
n

Fig. 7 - Diagram of test indicators

® Single-factor simulation analysis

(15)

In order to narrow the level range of the test factors in the orthogonal simulation test, the single-factor
test was carried out on the test factors by the control variable method to determine the initial preferred range

of test factor parameters.

The straight section length of seed-guiding tube s, the radius of brachistochrone rand working speed v
are the important parameters affecting the seeding uniformity, and the above three parameters were selected
as the test factors to analyze the influence law of each factor on the seeding uniformity. According to the
characteristics of wheat seeds as small grain seeds, the diameter of the grain conductor was selected as 20
mm. The factors and levels of the single-factor test were selected as shown in Table 5.

Table 5
Single factor test factor and level table
Level Straight section length of seed-guiding Radius of Working speed
tube/(mm) brachistochrone/(mm) I(km/h)
1 350 13.9 4
2 400 15.9 5
3 450 17.9 6
4 500 19.9 7
5 550 21.9 -
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® Secondary orthogonal simulation test

In order to further analyze the influence of the structure and working parameters of the grain conductor
on the seeding uniformity, based on the single-factor simulation analysis, a 3-factor, 3-level quadratic
orthogonal rotational combination test was used to analyze the interaction law between the straight section
length of seed-guiding tube s, the radius of brachistochrone r and the working speed v on the test evaluation
indexes, using the seed spacing offset dispersion degree and the seed lateral offset dispersion degree as the
test evaluation indexes. The orthogonal test factor levels are shown in Table 6.

Table 6
Orthogonal test factor level table
Straight section length of seed-guiding Radius of brachistochrone / Working speed /
Level
tube / (mm) (mm) (km/h)
-1 400 13.9 4
0 450 15.9 5
1 500 17.9 6

® Bench test

In order to verify the optimization results of the simulation test, a bench validation test was conducted.
The seeds used in the test were Northwest A&F University’s No.585 wheat seeds, and the 3D printing method
was used to process the trial seed-guiding tube, whose structural parameters were: the length of linear section
of grain conductor was 500 mm, the diameter was 20 mm, and the radius of brachistochrone was 14.708 mm.
The test was conducted in the agricultural machinery laboratory of the Mechanical and Electronic Engineering
College of Northwest A&F University, and the equipment used was the Heilongjiang Agricultural Machinery
Scientific Research Institute developed JPS-12 seed rower performance testing test bench. The forward speed
of the belt of seed bed was set to 4 km/h to simulate the actual working speed of the seed-guiding tube. The
bench test setup is shown in Figure 8, and the above test parameters were used to repeat the test five times.

Fig. 8 - Bench test equipment
1 - seed metering device bracket; 2 - seeding belt; 3 - seed metering device; 4 — motor; 5 — seed-guiding tube

RESULTS
Single-factor simulation test results and analysis

(1) Influence of the straight section length of seed-guiding tube on the test evaluation index

It can be seen from Fig. 9a that the dispersion degree of seed spacing offset varied greatly under
different lengths of linear section of the seed-guiding tube.

With the increase of the linear length of the pipe, the overall trend of dispersion degree of seed spacing
offset is rising and then falling, and is at the lowest level at 500 mm, about 11.20 mm. The dispersion degree
of seed lateral offset shows a trend of first decrease and then ascend with the increase of the straight section
length of tube, and is at the lowest level at 400 mm, about 6.40 mm.
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Under the condition that it cooperates with the T-groove furrowing device, it is necessary to further study
the effect of the interaction between the linear length of pipe of 400 mm~500 mm and other factors on the
uniformity of seeding.

(2) Influence of the radius of brachistochrone on the test evaluation index.

As can be seen from Figure 9b, with the increase of the radius of brachistochrone, both the dispersion
degree of seed spacing offset and the dispersion degree of seed lateral offset showed an overall descending
trend followed by a rising trend, and both evaluation indexes reach the lowest level at the radius of
brachistochrone of about 15.9 mm, which is about 12.24 mm and 6.37 mm respectively. The smaller the radius
of brachistochrone is, the better the seed-guiding tube is hidden under the horizontal knife of the furrowing
device. Under the condition of favorable grain conductor hiding, the effect of the interaction between the radius
of brachistochrone of 13.9 mm~17.9 mm and other factors on the seeding uniformity needs to be further
studied.

(3) Influence of working speed on test evaluation index

It can be seen from Fig. 9c that the dispersion degree of seed spacing offset increases with the rise of
working speed; the dispersion degree of seed lateral offset goes up first and then declines with the increase
of working speed. Both indexes are at the lowest level when the working speed was 4 km/h, about 12.33 mm
and 6.04 mm respectively. Considering the working efficiency and seeding quality, it is necessary to further
study the effect of the interaction between the working speed of 4 km/h~6 km/h and other factors on the
seeding uniformity.

- Djlspel’s!on degree of seed spacing offset = Dispersion degree of seed spacing offset = Dispersion degree of seed spacing offset
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Dispersion degree of seed lateral offset/mm
Dispersion degree of seed lateral offset/mm

Dispersion degree of seed lateral offset/mm

Dispersicn degree of seed spacing offset/mm

Dispersion degree of seed spacing offset/mm

300 350 400 450 500 139 159 17.9 19.9 219 5 & 7
Straight section length of seed-guiding tube/mm Radius of brachistochrone/mm Working speed/km-h™'

a - straight section length of seed-guiding tube b - radius of brachistochrone ¢ - working speed
Fig. 9 - The influence of test factors on test evaluation indexes

Orthogonal test results and analysis
® Results of the orthogonal test and its analysis of variance

The orthogonal test design scheme and results are shown in Table 7. Analysis of variance was
performed on the experimental data using Design-Expert 12 software, and the results are shown in Table 8.
From the analysis results, it can be seen that the influence of test factors on the dispersion degree of seed
spacing offset in descending order is working speed C, radius of brachistochrone B, and straight section length
of seed-guiding tube A. The influence of radius of brachistochrone B2 on the dispersion degree of seed spacing
offset is the most significant in the secondary term. The influence of test factors on the dispersion degree of
seed lateral offset in descending order is working speed C, straight section length of seed-guiding tube A, and
radius of brachistochrone B. The effect of straight section length of pipe and radius of brachistochrone AB on
the dispersion degree of seed lateral offset is highly significant in the interaction term, and the effect of radius
of brachistochrone B2 on the dispersion degree of seed lateral offset is most significant in the secondary term.

® Influence of interaction factors on experimental evaluation indexes

Response surface graph was drawn by Design-Expert software to analyze the influence of the pairwise
interaction between A, B, and C factors on the response values Y; and Y.

(1) Analysis of the effect of interaction factors on the dispersion degree of seed spacing offset

As shown in Fig. 10a, when the working speed is 5 km/h, as the radius of brachistochrone increases,
the dispersion degree of seed spacing offset goes down with the increase of the straight section length of tube,
which is similar to the research results of Liu Jianying et al (Liu J Y et al., 2016).
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The main reason is that when the linear section length of tube is about 500 mm, with the augment of the
seed movement time, the movement state of the seeds in the latter part of the grain conductor tends to be
stable, and the minimum velocity in the movement process occurs near the exit of the pipe, so the seeds
bounce and displace less after contacting the ground, which leads to a smaller dispersion degree of seed
spacing offset. In the process of increasing the straight section length of tube, the dispersion degree of seed
spacing offset tends to decline and then rise with the increase of the radius of brachistochrone.

As shown in Fig. 10b, when the radius of brachistochrone is 15.9 mm, the dispersion degree of seed
spacing offset decreases with the increase of the linear length of grain conductor when the working speed
rises, and the overall decrease is not significant. In the process of increasing the linear length of tube, the
dispersion degree of seed spacing offset goes up with the increase of working speed.

As shown in Fig. 10c, when the straight section length of tube is 450 mm, with the rise of working speed,
the dispersion degree of seed spacing offset is falling and then ascending with the increase of the radius of
brachistochrone. The reason for this is that when the radius of brachistochrone is in the middle level, the angle
between the tangent line at the end of the curve and the horizontal direction is a suitable landing angle for the
seedpods, and the seeds moving along the curve are influenced by the curvature of the curve, which changes
the movement direction of the seeds, so that the seedpods have a good landing angle when they leave pipe,
and the displacement after landing is smaller, which leads to a smaller dispersion degree of seed spacing
offset. When the radius of brachistochrone increases, the dispersion degree of seed spacing offset goes up
with the rise of working speed, and the trend is approximately linear.
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Fig. 10 - The influence of interaction factors on dispersion degree of seed spacing offset

Table 7
Experimental design plan and results
Test factors Test evaluation index
S-I;:'?;I Straight section Radius of Working Dispersion degree of Dispersion degree
number length of tube brachistochrone speed seed spacing offset of seed lateral offset

1A /B IC Y1 Y2
1 500 15.9 6 12.96 10.77
2 450 15.9 5 13.54 8.09
3 450 15.9 5 13.54 11.52
4 450 15.9 5 12.07 11.53
5 450 15.9 5 11.73 10.56
6 400 15.9 6 13.57 7.97
7 450 15.9 5 12.24 11.83
8 450 13.9 6 13.56 9.67
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9 400 13.9 5 12.42 12.01
10 500 17.9 5 14.71 10.90
11 500 15.9 4 14.91 11.30
12 450 17.9 6 11.96 12.12
13 400 15.9 4 12.66 8.37
14 450 17.9 4 13.54 8.09
15 450 13.9 4 13.02 12.19
16 500 13.9 5 12.07 11.50
17 400 17.9 5 12.40 9.43
Table 8

Analysis of variance

Dispersion degree of seed spacing offset Dispersion degree of seed lateral offset
U Tsumol Degreeol e pwane SO DOCOT Lo g
Model 13.66 9 50.82 < 0.0001** 36.97 9 30.17 < 0.0001**
A 1.11 1 37.25 0.0005** 0.4028 1 2.96 0.1291
B 1.94 1 64.88 < 0.0001** 0.3193 1 2.35 0.1695
C 2.76 1 92.45 < 0.0001** 8.48 1 62.25 < 0.0001**
AB 0.0768 1 2.57 0.1529 7.9 1 58.01 0.0001**
AC 0.0059 1 0.1989 0.6691 0.0514 1 0.3777 0.5583
BC 0.0559 1 1.87 0.2136 0.9136 1 6.71 0.0359*
A2 0.3123 1 10.45 0.0144* 0.6701 1 4.92 0.062
B? 6.77 1 226.48 < 0.0001** 16.28 1 119.59 < 0.0001**
c? 0.2518 1 8.43 0.0229** 0.951 1 6.98 0.0333*
Residual 0.2091 7 0.9532 7
Lack of Fit ~ 0.0804 3 0.8329 0.5415 0.6401 3 2.73 0.1786
Pure Error  0.1287 4 0.3131 4
Cor Total 13.87 16 37.92 16

“* indicates that the item is highly significant (P < 0.01); * indicates that the item is significant (P < 0.05)”

(2) Analysis of the effect of interaction factors on the dispersion degree of seed lateral offset

When the working speed is 5 km/h, the interaction effect between the radius of brachistochrone and the
straight section length of grain conductor is shown in Fig. 11a. The dispersion degree of seed lateral offset
descends with the rise of the linear length of pipe when the radius of brachistochrone increases. In the process
of rising the straight section length of tube, the dispersion degree of seed lateral offset tended to increase and
then decline with the increase of the radius of brachistochrone, and the decrease is significant at the larger
radius of brachistochrone.
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Figure 11b shows the interaction effect between the working speed and the straight section length of
tube when the radius of brachistochrone is 15.9 mm. With the rise of working speed, the dispersion degree of
seed lateral offset ascends slowly with the increase of the straight section length of pipe, and the overall
fluctuation range is not significant. In the process of increasing the linear length of grain conductor, the
dispersion degree of seed lateral offset showed an upward trend with the rise of working speed.

When the straight section length of seed-guiding tube is 450 mm, the interaction effect of working speed
and the radius of brachistochrone is shown in Fig. 11c. In the process of increasing the working speed, the
dispersion degree of seed lateral offset tended to go up and then fall with the rise of the radius of
brachistochrone. With the increase of the radius of brachistochrone, the dispersion degree of seed lateral offset
ascended with the rise of working speed, and the ascent showed a slowing trend. The reason for the ascent
of the dispersion degree of seed lateral offset due to the increase of working speed is that the increase of
working speed makes the seedpods have a larger horizontal parting speed, which rises the displacement of
seeds after leaving pipe and causes a larger dispersion degree of seed lateral offset.
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Fig. 11 - The influence of interaction factors on dispersion degree of seed lateral offset
® Parameter optimization

The above research results show that the straight section length of seed-guiding tube, the radius of
brachistochrone, and the working speed will affect the uniformity of seeding. In order to obtain the optimal
parameter combination of the seed-guiding tube structure and working parameters of the T-groove furrowing
device, the multi-objective optimization method is adopted. According to the actual working conditions and
model analysis results, the optimization constraint is set as formula (16). Combined with the importance of the
influence of dispersion degree of seed spacing offset and dispersion degree of seed lateral offset on seeding

quality, the importance of dispersion degree of seed spacing offset is set to the highest level, followed by
dispersion degree of seed lateral offset.

minY; (4, B, C)
minY, (4, B, C)
400 < A <500 (42)
st.{13.9 < B <179
4<C<6

Based on the Optimization module of the Design-Expert software, the parameters are optimized and
analyzed. It can be seen that when the straight section length of seed-guiding tube is 500 mm, the radius of
brachistochrone is 14.708 mm, and the working speed is 4 km/h, the dispersion degree of seed spacing offset
and dispersion degree of seed lateral offset are 12.26 mm and 8.53 mm respectively.

Analysis of bench test results

Through 5 repeated tests, the results of the bench verification test are that dispersion degree of seed
spacing offset is 10.61 mm, and the dispersion degree of seed lateral offset is 7.55 mm. The coefficients of
variation of the two test evaluation indexes between the bench test and the virtual simulation results are
10.20% and 8.62%, and the bench test results are basically consistent with the virtual simulation results, which
means that the simulation results can be used for the optimization of the seed-guiding tube.
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CONCLUSIONS

(2) In order to solve the problem of seed collision in seed-guiding tube causing disorderly flow of seeds
and thus reducing seeding uniformity, brachistochrone was applied to the design of grain conductor. By
analyzing kinetics and rotating the equation coordinate system, brachistochrone was obtained under the
condition of friction, and the structural parameters of the seed-guiding tube of the T-groove furrowing device
was designed by using it as the shape of the curved section of the grain conductor, and the sliding time of
seedpods was reduced in the seed guide tube to reduce the collision of the seeds in the tube and improve
seeding uniformity.

(2) Single-factor simulation analysis and quadratic regression orthogonal rotational combination
simulation tests were conducted with the straight section length of the seed-guiding tube, the radius of
brachistochrone and the working speed as the test factors, and the dispersion degree of seed spacing offset
and the dispersion degree of seed lateral offset as the test indexes. The test results showed that the grain
conductor had a radius of brachistochrone of 14.708 mm, a linear length of 500 mm and an operating speed
of 4 km/h, and the seed spacing offset dispersion degree and the seed lateral offset dispersion degree were
12.26 mm and 8.53 mm respectively, which had a high uniformity of seeding.

(3) The bench validation test was conducted, and the test results showed that the bench test results
were basically consistent with the virtual simulation results, and the coefficients of variation of the two test
evaluation indexes were 10.20% and 8.62% respectively, and the simulation results could be used for the
optimization of the seed-guiding tube.
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