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Design and experiment evaluation of furrow compaction device with
opener for maize
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Abstract: The double-disc opener of maize precision seeder is an important component which affects sowing quality. After
the double-disc opening operation, there will be many unfavorable phenomena such as a W-shaped bottom with pointed ridge,
returning soil to furrow, loose and rough furrow sidewall, and large soil blocks in the furrow bottom. These phenomena often
cause the problems of poor sowing depth consistency and seed spacing uniformity. In order to solve the above problems, the
furrow compaction device with opener was designed to compact and reshape the original seed furrow, eventually forming a
smooth and flat V-shaped seed furrow. Through theoretical calculations and kinematic analysis, the main structural
parameters of the device were limited to a small range: the spring stiffness coefficient k=0.96-4.19 N/mm and the angle of the
furrow compaction wheel ¢=30260< In the soil-bin experiment, the rotary combination design was adopted to study the
effects of the parameters of the furrow compaction device with opener on the seeds location variation. The regression model
of two factors with respect to each indicator was established in the Design-Expert software, revealing the effects of two factors
on the indicators. Finally, the optimal structural parameters obtained were: the spring stiffness coefficient k=4.0 N/mm, and
the angle of furrow compaction wheel ¢p=42.4< The field test was carried out to verify the effect of the furrow compaction
device with opener on the performance of precision seeder. The results showed that the average values of the sowing depth
variable coefficient, the lateral deviation and the seed spacing variable coefficient respectively were 5.77%, 5.1 mm and 9.54%
in the treatment of the furrow compaction device with opener. All indicators were superior to the traditional double-disc
opener. This research can provide references for the design of furrow opening device and maize precision seeder.
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1 Introduction

With the continuous development of modern agriculture
technology, the precision seeding has become a main planting way

to a variety of crops such as soybean, maize, sugar beets and cotton.

The precision seeding could save a lot of seeds, reduce the labor
cost of thinning out seedlings in the field and increase crop
yields® 3. In general, precision seeding has high requirements for
sowing depth consistency and seed spacing uniformity!.

The uniform seed depth can promote the growth of crops
The more uniform plant spacing and row spacing, the higher crop
yields®.  The reason is that adjacent plants compete for
sunshine, water, nutrients and other environmental resources during
the growth of crops. When the distribution of environmental
resources is unequal, the competition among adjacent plants will be
intensified and the weak plants will be at a competitive
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disadvantage, causing a decline in output. On the contrary, if the
plants grow in a uniform environment, the resources will be evenly
distributed and utilized without overwhelming competition, which
is conducive to the increase of yields[lS]. Therefore, we should
improve the sowing depth consistency and seed spacing uniformity,
and try to create a uniform environment for seed as far as possible,
so that the plants can use the various resources evenly and increase
the yields per unit area.

The improvements of sowing depth consistency and seed
spacing uniformity could be realized by the precision seeder. The
furrow opener of precision seeder is an important component which
affects sowing depth consistency and seed spacing uniformity™®7,
Scholars at home and abroad had conducted a series of in-depth
studies on the furrow opening device. Vamerali et al.l*® designed
the wide-sweep opener for no-till planter, which could reduce soil
volume density and penetration resistance compared with the
double-disk opener. Sanchez-Girén et al.l'! analyzed a new
furrow opener called the modified Suffolk opener, which had less
resistance compared with the chisel-type opener and the
non-winged combine opener. Ma et al.?@ studied the bionic
ripple opener, whose working performance of reducing adhesion
and resistance was about 9% higher than the traditional furrow
opener. Gu et al.”!! designed the sliding knife furrow opener,
which could reduce working resistance significantly. Wang et
al.?? designed the furrow opener and anti-blocking unit for no-till
planter, which reduced soil disturbance by 21.5% and fuel
consumption per unit area by 23.65%. Gou et al.”® designed the
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furrow opener with arc edge, which were applied to no-tillage
seeder, could reduce resistance and soil disturbance and had a high
stubble breaking efficiency. Most studies had focused on
reducing resistance, soil adhesion and disturbance, while little
research had been done on the effects of openers on sowing depth
consistency and seed spacing uniformity.

Among the common furrow openers, double-disc opener is
most widely used, because the double-disc opener has a good
working stability at high speed, without stubble blockage, and has
small soil adhesion and disturbance®?*, However, after
double-disc opener working, the seed furrow is loose and has a
W-shaped bottom with pointed ridge. At the same time, a part of
the soil will return to the furrow to cause the furrow depth
inconsistency, resulting in poor sowing depth consistency. The
loose and rough furrow causes the seeds to hang on the furrow
sidewall instead of falling into the bottom, resulting in lateral
deviation of seeds. Due to the large soil blocks in the furrow,
seeds entering the furrow will roll until they stabilize at a certain
position, which will result in inconsistent seed spacing™®. In
addition, the loose soil and large soil blocks at the furrow bottom
are not conducive to the seed-soil contact, affecting seed
germination and seedling emergence?®?]. At present, some
no-till planters have been designed a small wheel for seed furrow
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b. Internal structure diagram

compaction after sowing, which can improve the poor seed-soil
contact, but the problem of poor sowing depth consistency and seed
spacing uniformity are not solved.

In order to solve the above problems, the furrow compaction
device with opener were designed to compact and reshape the
original seed furrow, optimizing the furrow morphology, and
providing a high-quality seed furrow environment for seed sowing.

2 Design of the furrow compaction device with
opener

2.1 Structure and composition

The furrow compaction device with opener was designed on
the basis of the double-disc furrow opener. It was composed of
shank, limiting pin, double-disc, furrow compaction wheel,
support bracket, spring and four-bar linkage (Figure 1). The
four-bar linkage was arranged between the shank and support
bracket. The limiting pin was installed on the shank to limit the
lowest point position of furrow compaction wheel. A tension
spring was mounted on the four-bar linkage to provide a certain
downward pressure to the furrow compaction wheel. The furrow
compaction wheel, which was a rigid wheel with the V-shaped
working surface, was fixed on the central shaft and could be
rotated around it.

c. Furrow compaction wheel
5. Support bracket 6. Spring 7. Four-bar linkage.

Figure 1 Furrow compaction device with opener

2.2 Working principle

During operation, the furrow compaction device with opener
moves forward with the seeder frame, and an original furrow was
produced by the front double-disc opener. Under the action of the
spring and the V-shaped edge, the furrow compaction wheel broke
the W-shaped bottom of the original furrow, crushed large soil
blocks and pushed excess soils to the furrow sidewalls. In this
way, the original furrow was compacted and reshaped, eventually
forming a smooth and flat \VV-shaped seed furrow.
2.3 Measurement of actual furrow size

The size of the original seed furrow directly determines the
angle parameters of the furrow compaction wheel, so it is necessary
to measure the size of the original seed furrow.

The furrow width b after the double-disc operation needs to
meet the following formula 2);

)

where, b is the furrow width, mm; d is the disc diameter, mm; z is
the angle between the diameter line across accumulation point and
the horizontal line, (9; J is the angle between the two discs, (9.

Structure parameters of the double-disc used in this research
were: d=300 mm, t=23< 9=14< The above data were brought to
Equation (1), we got the theoretical furrow width of double-disc:
b=22.9 mm.

b=d@-sin r)sing

The furrow angle could be calculated with the following
formula:

@

b
=2arctan—
¢ 2h

where, ¢ is the furrow angle, (9; h is the furrow depth, mm.

The sowing depth of maize generally was 30-50 mm,
according to Equation (2), we calculated the theoretical furrow
angle: 25.8<241.8< Because the furrow was simplified in the
theoretical analysis®®!, the obtained theoretical furrow angle was
still different from the actual furrow angle. In order to obtain the
parameters of furrow compaction wheel, it was necessary to
measure the actual furrow angle. Measurement method: after the
double-disc operation, we randomly selected 10 measuring points
to measure furrow width and furrow depth, respectively, then to
calculate the corresponding furrow angle through Equation (2).
The purpose of measuring the actual furrow angle was to provide a
basis for determining the angle range of furrow compaction wheel.
The measurement results of actual furrow size of double-disc are
shown in Table 1.

Table 1 showed that the minimum furrow width was 25 mm,
so the actual furrow width was greater than the theoretical furrow
width (22.9 mm). The average furrow depth was 34.9 mm, which
was less than the average value of theoretical sowing depth
(40 mm). The actual furrow angle range was 31.3<61.2< which
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was significantly greater than theoretical furrow angle (25.8<
41.89. The reason was that after double-disc operation, the soils
around seed furrow were loosened and the soil returning into
furrow caused shallow furrow depth and large furrow width,
resulting in the lager furrow width and the shallower furrow depth.
Therefore, the actual furrow angle was greater than the theoretical
furrow angle.

Table 1 Measurement results of actual furrow size

Serial No.  Furrow width b/mm  Furrow depth h/mm  Furrow angle ¢/()
1 25 35 39.3
2 37 34 57.1
3 29 38 418
4 31 32 51.7
5 23 41 313
6 32 29 57.8
7 33 40 448
8 39 33 61.2
9 28 32 473
10 25 35 39.3
Avg. 30.2 349 47.2

2.4 Force analysis of furrow compaction wheel

During the operation process, the furrow compaction wheel
worked on the original seed furrow opened by the double-disc
opener. The force analysis of the wheel in the seed furrow is
shown in Figure 221,

Furrow
compaction Furrow
wheel compaction
wheel

Seed furrow

a. Main view drawing b. Left view drawing
Note: F is the total load acting on furrow compaction wheel, N; F' is the
resistance caused by the W-shaped ridge in the furrow bottom, N; Fq is the
traction force of furrow compaction wheel, N; f is the angle between F' and
horizontal plane, (9; « is the angle of furrow compaction wheel, (J; T is the
sliding resistance, N; N is the normal load acting on working surface of furrow
compaction wheel, N; N' is the normal load caused by water adsorption, N.

Figure 2 Force analysis of the wheel in the seed furrow

In Figure 2, the forces acting on the furrow compaction wheel
were decomposed to obtain the following equations:

F =F'sing+2(N +N')sin% 3)
Fo=F'cos g +2T (4)
T=uN+ N (5)

where, F is the total load acting on furrow compaction wheel, N;
F' is the resistance caused by the W-shaped ridge in the furrow
bottom, N; Fq is the traction force of furrow compaction wheel, N;
p is the angle between F' and horizontal plane, (9; « is the angle of
furrow compaction wheel, (9; T is the sliding resistance, N; N is
the normal load acting on working surface of the wheel, N; N' is the
normal load caused by water adsorption, N; x and 4’ are the friction
coefficient and adhesion coefficient between the soil and the
working surface of the wheel, respectively.
Equations (3)-(5) were combined to obtain Equation (6):

- ,.a
N F - F'sing+2N smE: Fo - F'cos g — 24N’
2sin% 2p
2

In Equation (6), F'sing was related to the W-shaped ridge,
which was formed at the bottom of the original seed furrow by the
double-disc opener and whose distribution in the furrow could be
regarded as uniform. Therefore, F'sing could be regarded as a
constant. There was no significant difference in soil moisture
content for the same test site, so N' was also a constant. Therefore,
the degree of compaction (N) was only related to the total load (F)
and the angle of furrow compaction wheel (o). Next, it was
necessary to find the optimal F and o.

2.5 Structure parameters of the furrow compaction wheel

The angle of furrow compaction wheel o was designed based
on the actual furrow angle by the double-disc opener. The actual
furrow angle was 31.3<261.2< which had been shown in Table 1, so
the angle range of the furrow compaction wheel designed was
30<260<in this paper.

The width of the furrow compaction wheel was determined
according to the furrow depth and the angle of the furrow
compaction wheel.  The cross-sectional view of the furrow
compaction wheel is shown in Figure 3.

(6)

Note: | is the width of furrow compaction wheel, mm; « is the angle of furrow
compaction wheel, (9; h' is the vertical height of the V-shaped working surface
of the wheel, mm; h, is the actual furrow depth, mm.

Figure 3 Angle parameters of the furrow compaction wheel

In the operation, it was necessary to ensure that the furrow
sidewall completely acted on the V-shaped working surface, so the
following formula would be satisfied.

b — 1/2 _ 1/2
tan(a/2) tan(p/2)
where, h' is the vertical height of the V-shaped working surface of
the furrow compaction wheel, mm; | is the width of the wheel, mm;
a is the angle of the wheel, (9 ; ¢ is the actual furrow angle, (; h,
is the actual furrow depth, mm.

The data in Table 1 (p=47.2< h,=34.9 mm) were respectively
taken into Equation (7), and the width of the furrow compaction
wheel was obtained as: 1>30.5 mm. The width of the furrow
compaction wheel should not be too large, otherwise it would
interfere with the double-disc. So we selected the width of the
furrow compaction wheel: 1 =32 mm.

The furrow compaction wheel was installed behind the
double-disc, so its maximum diameter should be less than the
diameter of the double-disc (d=300 mm). At the same time, the
diameter of the furrow compaction wheel should not be too small,
otherwise the slipping ratio would be high, and the working
performance of compaction and reshaping would be poor. In the
design, it was also necessary to consider the installation position of
the spring and the support bracket, and the relative position
between the furrow compaction wheel and the double-disc.
Considering comprehensively, the diameter of the furrow
compaction wheel was finally selected to be D=120 mm.

O]
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2.6 Spring stiffness coefficient contact area. The contact between the furrow compaction wheel

and the original seed furrow should be analyzed, as shown in
Figure 4.

The spring stiffness coefficient is related to the load and

Furrow
compaction

stissl Furrow
compaction
wheel
Seed furrow i ‘{O_ _______ 0
I #
Seed furrow
; A HK) H Kyewee
g/ 7777777 G

a. Axonometric drawing
Note: Q and G are the highest point and the lowest point in contact between the \VV-shaped edge and the furrow bottom, respectively; O is the center point
of the wheel; O' is the intersection of the conical working surface; L is the intersection of the horizontal plane and line OQ; H is the intersection of the
horizontal plane and line OG; M is the intersection of the horizontal plane and line O'Q; K is the intersection of the horizontal plane and line O'G.
Figure 4 Contact analysis of the wheel and the seed furrow

b. Main view drawing c. Left view drawing

From Figure 4, we got the following equation:
Lo-0Q-oL - HE-4h ®)
cosé
where, Ah is the sinkage of the seed furrow, mm; 6 is the angle
between line OQ and line OG, (9.
Putting D and h into Equation (8) and obtaining:

D D-2h h-ah

R ©)
2 2cos@ cos@
Further finishing Equation (9), obtaining:
cosp = D24 (10)

In Figure 4, the shaded portion GKMQ is the contact area
between the wheel and the furrow, and the area of the shaded
portion GKMQ is:

SGKMQ = SQO’G - SAKO’M (11)
Sqoc = 1QG -0'G= b -0-0'G (12)
2 4
Sikom = %O'K -O'M -sinZKO'M (13)
0G= g = D (14)
o a
COS— 2C0S—
2 2
ok =OH _D=2h (15)
(04 [04
COS— 2C0S—
2 2
OM = oL _ OH _ D-2h (16)
cosZ  cosfcosE  2cosfcos L
2 2 2
D
G _ 57 a
ZKO'M = = =0-cos— 17)
oG D 2
2c0s%
2

Equations (11)-(17) were combined to obtain the following
equation:

op? (D- 2h)?sin(@cos %)
Sexmo = - 2 18
GKMQ — a a ( )
8cos— 8cosfdcos? —

The sowing depth was 30-50 mm for maize and the sinkage
was 10% of the sowing depth®, so the maximum value of the
sinkage was Ah=5 mm. The data (D=120 mm, h=30-50 mm,
0a=30<260°, Ah=5 mm) were taken into Equation (18), then the area
of the shaded portion GKMQ was obtained as: Sgkmg=5.62-8.29
cm?,

In Equation (6), both F' and N' are very small, so F' and N'
could be ignored in calculation. Therefore, Equation (6) is
simplified to Equation (19).

F

2sin %
2

N =

(19)

So the pressure acting on the seed furrow (p) is:

p= N = F (20)
S, . a
CKMQ  2S6kmo SIN 5

The appropriate pressure is generally 30-50 kPa . The
drought resistance of maize is poor, so a large pressure is required.
The pressure selected for this calculation was p=45 kPa.
According to Equation (20), we calculated the total load:
F=13.09-37.31 N. The self-weight of the furrow compaction
wheel was 0.6 kg. So the spring force in the vertical direction,
which was equal to the total load minus the self-weight of the
furrow compaction wheel, was F;=7.21-31.43 N. The force
distribution of the furrow compaction wheel is shown in Figure 5.

Note: F; is the spring force in the vertical direction, N; Fis the spring
force in the horizontal direction, N; Fx is the total spring force, N; o is
the angle between the spring and the vertical direction, (9.

Figure 5 Force analysis of four-bar linkage

By analyzing the spring force in Figure 5, Fy can be obtained:
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Foo CkAx 1)
coso
where, F; is the spring force in the vertical direction, N; F, is the
spring force in the horizontal direction, N; Fy is the total spring
force, N; o is the angle between the spring and the vertical direction,
(9; k is the spring stiffness coefficient, N/mm; Ax is the spring
elongation, mm.

During the operation process, the spring was in a stretched
state. The data (6=60< Ax=15 mm) were taken into Equation (21),
then the spring stiffness coefficient was obtained as: k=0.96-4.19
N/mm.

2.7 Installation position

The relative position of the furrow compaction device with
opener and the seeding port would affect the seeding stability of the
whole machine. In order to improve the seeding stability, the
installation position of the seeding port should be as close as
possible to the furrow compaction wheel. When the four-bar
linkage of the device was raised to the horizontal limit position, we
should make sure that the seed fell into the seed furrow smoothly
without interference from the furrow compaction wheel.
According to the size of the double-disc and the furrow compaction
wheel, the installation position of the seeding port was that 245 mm
horizontal distance and 90 mm vertical distance from the center
point of the double-disc.

3 Materials and methods

3.1 Experiment preparation

The experiment was carried out in the indoor soil-bin, College
of Biological and Agricultural Engineering, Jilin University, China,
from January 18 to 25, 2017. The soil-bin was long of 30 m,
width of 2.8 m and depth of 1.8 m.  The soil type was chernozems
according to WRB %, Before the experiment, the soil physical
properties were measured.  The soil volume density was
1.02 glem?® at the soil depth of 0-100 mm and 1.19 g/cm? at the soil
depth of 100-200 mm.  Soil moisture content was measured using
a time domain reflectometry TDR (Spectrum Equipment, TDR300
Soil Moisture Meter, USA) with a 12 cm probe. The average
value of soil volume moisture content was 19.0%. Before the
start of each test, the soil was crushed by rotary tillage machine and
levelled by press roller, then the soil compactness was measured by
SC-900 soil compactness meter (Spectrum Equipment, USA) to
ensure that the error of the soil compactness is within 10%. The
test site is shown in Figure 6.

AL

c. Precision drill unit

d. Furrow compaction device with
opener

Figure 6 Soil-bin experiment site

The precision drill unit was integrally fixedly installed in the
rear suspension bracket of the testing vehicle in soil-bin. In order
to maintain the balance of force, a pair of ground wheels were
symmetrically installed at the left and right ends of the bracket, and
the ground wheel on the right side provides the driving force for
seed-metering device.  The experiment used a scoop-type
seed-metering device with a gearbox, where the hand shank could
change the gear ratio to adjust the seed spacing. Before the
experiment, the height of the frame was adjusted by the hydraulic
system of testing vehicle to ensure that the frame was level with the
ground. The stability of the sowing depth was ensured by
adjusting the height of ground wheels and the opener. The
average working speed of the vehicle was 6.1 km/h in the
experiment. The first 5 m was the acceleration zone, the last 5 m
was the deceleration zone, and the middle 20 m was the data test
zone in the soil-bin.

3.2 Experimental scheme

In this study, the rotary combination design was adopted to
study the effects of the parameters of the furrow compaction device
with opener on the seed location variation. Through the previous
analysis, the structure parameters of the furrow compaction device
with opener were: k=0.96-4.19 N/mm, ¢=30<260< 1=32 mm,
D=120 mm. The experimental factors included the spring
stiffness coefficient and the angle of the furrow compaction wheel.
The experimental scheme was designed by Design-Expert software,
in which 8 groups were factorial points and 5 groups were zero
points. The experimental factors and level coding values are
shown in Table 2.

Table 2 Experimental factors and level coding values

Factors

Levels  spring stiffness coefficient  Angle of furrow compaction wheel
x1/N 'n']m>1 Xz/(‘j
-1.414 1.0 30.0
-1 1.4 34.4
0 25 45.0
1 3.6 55.6
1.414 4.0 60.0

3.3 Measurement method

(1) Measurement of sowing depth variable coefficient

In each treatment, a seed strip of 2 m length were randomly
selected to measure the depth of each seed, repeating 3 times. The
sowing depth variable coefficient would be calculated by Equation

(22).
£= Z(hi_lh) %1 x100% (2)

n—
where, ¢ is the sowing depth variable coefficient, %; h; is the depth
of the i-th seed, mm; h is the average value of seed depth, mm; n is
the number of seeds measured.

(2) Measurement of lateral deviation

In each treatment, a seed strip of 2 m length were randomly
selected, and the left and right deviations of the seeds were
measured based on the seed furrow bottom. Each treatment was
repeated 3 times and averaged.

(3) Measurement of seed spacing variable coefficient

In each treatment, a seed strip of 2 m length were randomly
selected to measure the seed spacing of adjacent seeds, repeating 3
times. The sowing depth variable coefficient would be calculated
by Equation (23).

w:,fm /X><100% 23)
m-1
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where, w is the seed spacing variable coefficient, %; x; is the seed
spacing between the i-th seed and the (i+1)-th seed, mm; X is the
average value of seed spacing, mm; m is the number of seeds
measured.

a. Measurement of sowing depth

b. Measurement of lateral deviation

The variety of maize seeds used in the experiment was
Hongxin 808. The theoretical sowing depth was 5 cm, and the
theoretical seed spacing was 26 cm. The measurement processes
are shown in Figure 7.

Measurement of seed spacing

Figure 7 Measurement of indicators

4 Results and discussion

The independent variables were the level coding values of each
factor and the indicators were the sowing depth variable coefficient,
the lateral deviation and the seed spacing variable coefficient.
The experimental results are shown in Table 3.

Table 3 Experimental results

Serial Factors $owing depth La;er_al Seed s_pacing
No. variable coefficient  deviation v_ar_lable
X1 X2 y1/% yo/mm coefficient ys/%
1 -1 -1 10.65 11.2 9.95
2 1 -1 10.00 4.1 8.32
3 -1 1 9.35 10.7 1091
4 1 1 413 10.3 10.09
5 -1.414 0 7.17 9.7 11.86
6 1414 0 4.56 4.7 9.00
7 0 -1.414 15.87 9.4 11.09
8 0 1414 11.52 10.7 11.64
9 0 0 6.74 9.1 9.93
10 0 0 6.52 8.3 9.54
11 0 0 6.96 8.7 8.27
12 0 0 5.65 7.8 9.36
13 0 0 7.39 8.1 9.68

Note: x; and x, were the level coding values of two factors, which were the
spring stiffness coefficient and the angle of furrow compaction wheel.
4.1 Variance analysis of experimental results

The data of the experimental results were processed by the
Design-Expert software, and the variance analysis of the
experimental results obtained is shown in Table 4. At the same
time, the binary quadratic regression equations were obtained as
follows:

Vi =6.65-1.20% —1.67x, —1.14%X, + 3.21x2 (24)
Y, =8.40 —1.82x, + 0.94x, +1.68%x, + 0.94x2 (25)

ys = 9.36 — 0.81x +0.73x} (26)

The Table 4 and Equation (24) showed that the factors Xy, x»,
X%, and x,° were significant, while other factors were not
significant. In Table 4, the p-value of the lack of fit was 0.1538,
apparently p>0.05, that indicated the regression fitting was good.
Therefore, Equation (24) can be used to analyze instead of the
actual data of the experiment. Compared with the spring stiffness
coefficient x,, the effect of the angle of the furrow compaction
wheel x, on the sowing depth variable coefficient y; was more
significant.

The Table 4 and Equation (25) showed that the factors Xy, Xy,

XX, and X,° were significant, while other factors were not
significant. In Table 4, the p-value of the lack of fit was 0.1624,
apparently p>0.05, that indicated the regression fitting was good.
Therefore, Equation (25) can be used to analyze instead of the
actual data of the experiment. Compared with the angle of the
furrow compaction wheel x,, the effect of the spring stiffness
coefficient x; on the lateral deviation y, was more significant.

Table 4 and Equation (26) showed that the factors x; and x,’
were significant, while other factors were not significant. In
Table 4, the p-value of the lack of fit was 0.1957, apparently
p>0.05, that indicated the regression fitting was good. Therefore,
Equation (26) can be used to analyze instead of the actual data of
the experiment.

Table 4 Variance analysis of experimental results

idoaters varation  squares Freetom S Fovalue prvalue
Model  119.44 5 2389  30.38  0.0001
Xt 11.43 1 1143 1453  0.0066
_ %o 2218 1 2218 2821  0.0011
S(j’e";'tzg XX 5.22 1 522 664  0.0366
variable Xi2 3.46 1 3.46 4.40 0.0741
coefficient )2 71.66 1 7166 9114  0.0001
y1/%

Lack of fit ~ 3.84 3 128 306 0.1538

Pure error 1.67 4 0.42 - -

Sum 124.94 12 - - -
Model  53.61 5 1072 2253 0.0004
X 2654 1 2654 5576  0.0001
%o 7.10 1 710 1492  0.0062
Lateral XiXe 11.22 1 1122 2358 0.0018
deviation X1 1.65 1 1.65 347  0.1046
yo/mm X2 6.11 1 611 1285 0.0089
Lack of fit ~ 2.29 3 076 294 0.1624

Pure error 1.04 4 0.26 - -

Sum 56.94 12 - - -
Model  10.94 5 219 321 00083
X1 5.27 1 527 773 00273
X2 154 1 154 225 01769
Seed spacing  XiXz 0.16 1 0.16 0.24  0.6389
nggi"’gfm % 0.50 1 050 073 04221
Val% X 375 1 375 550 00514
Lack of fit  3.13 3 104 253 01957

Pure error 1.65 4 0.41 - -

Sum 15.71 12 - - -
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4.2 Corresponding surface analysis of experimental results

The corresponding surface method in Design-Expert software
was used to analyze the effects of the two factors on the three
indicators, getting the corresponding surface analysis diagrams, as
shown in Figure 8.

Sowing depth variable coefficient
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Figure 8 Corresponding surface analysis diagrams

As shown in Figure 8a and Table 4, the effect of the two
factors on the sowing depth variable coefficient y; was significant
(p<0.01), and there was an interaction between two factors
(p<0.05). When the x, was small, the y; increased slightly with
the increase of the x;; when the x, was large, the y, decreased with
the increase of the x;. The reason might be that when the x, was
small, even if the spring stiffness coefficient increased, the working
surface of the furrow compaction wheel could not fully contact and
compact the furrow sidewall, resulting in the furrow sidewall not
being smooth enough. So some seeds could remain on the furrow
sidewall instead of sliding into the furrow bottom, causing a large

the sowing depth variable coefficient. When the x, is large, the
working surface of the furrow compaction wheel could fully
contact and compact the furrow sidewall. The increase of the
spring stiffness coefficient could make the furrow sidewall
smoother so that the seeds could slide down to the furrow bottom
easily, ensuring the stability of the seed depth.

However, the y; tended to decrease first and then increase with
the increase of the x,. The possible reason was that if the x, was
too small, the working surface of the furrow compaction wheel
could not fully contact and compact the furrow sidewall, resulting
in the furrow sidewall not being smooth enough. So some seeds
could remain on the furrow sidewall instead of sliding into the
furrow bottom. If the x, was too large, the angle of furrow
sidewall was larger than the angle of wall friction, preventing seeds
from sliding down into the furrow bottom.

As shown in Figure 8b and Table 4, the effect of the two
factors on the lateral deviation y, was significant, and the
interaction was also significant (p<0.01). When the x, was small,
the y, decreased with the increase of the x;; when the x, was large,
the y, increased slightly with the increase of the x;. That because
that when the x, is small, the furrow sidewall was not smooth
enough, causing some seeds could remain on the furrow sidewall
instead of sliding into the furrow bottom. When the x, is large,
the interaction nearly canceled out the performance of the xy, so the
Yy, had small change slightly with the increase of the x;.

When the x; was small, the y, decreased with the increase of
the X, and the downward trend gradually slowed down; when the x;
was large, the y, increased with the increase of the x, and the
upward trend gradually accelerated. The reason might be that
when the x; was small, the larger the x,, the smoother the furrow
sidewall. The smooth furrow sidewall made it easier for seeds to
slide into the furrow bottom. When the x; was large, the
increasing x, made the angle of furrow sidewall larger than the
angle of wall friction, preventing seeds from sliding down into the
furrow bottom, finally resulting in a large lateral deviation.

As shown in Figure 8c and Table 4, the x; had a significant
impact the seed spacing variable coefficient y; (p<0.05), while the
X, and the interaction did not. The y; decreased with the increase
of the x; and the downward trend gradually slowed down. The
reason was that the furrow sidewall and bottom were smoother with
the increase of the x;. The smooth furrow sidewall made it easier
for seeds to slide into the furrow bottom.

In Design-Expert software, the optimal parameters of the
furrow compaction device with opener are obtained: the spring
stiffness coefficient k=4.0 N/mm, and the angle of the furrow
compaction wheel a=42.4< At this time, the model predicted the
results as y;=4.54%, y,=4.1 mm, and y;=8.61%.

5 Verification test

In order to verify the performance of the furrow compaction
device with opener in the precision seeder, the verification test was
conducted on the test field of the Jilin Academy of Agricultural
Machinery on April 25-28, 2017. The soil type was chernozems
according to WRB, and there was a small amount of stalks
covering on the surface. The soil physical properties were
measured before the test.  The soil volume density was 1.11 g/cm®
at the soil depth of 0-100 mm and 1.27 g/cm?® at the soil depth of
100-200 mm. The average value of soil moisture content was
16.5%. The machine used was 2BYMQF-4 maize precision
seeder, whose technical parameters are shown in Table 5. The
seeder is equipped with the concave-disc covering device and the
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press roller with a rubber surface, and was powered by John Deere
904 tractor (66.2 kW). The average working speed of the
machine measured was 6.7 km/h during the test. The site of field
test is shown in Figure 9.

In the test, the furrow compaction device with opener adopted
the optimal parameters. The measurement indicators were the
sowing depth variable coefficient, the lateral deviation and the seed
spacing variable coefficient. The results of field test are shown in
Table 6.

a. 2BYMQF-4 seeder

Table 5 Main technical parameters of 2BYMQF-4 seeder

Main technical parameters Value
Overall dimension, LXW>H/mm 2400>3000x1120
Working rows 4
Row spacing/mm 600-700
Power/kW 62.5-88.2
Working speed/km h™ 4-8
Rotational speed/rad s 415
Structural quality/kg 960

b. Machine operation

. r \.
c. Installation position

Figure 9  Site of the field test

Table 6 Results of verification test

Furrow compaction device with opener

Traditional double-disc opener

Serial No. Sowing depth variable Lateral deviation Seed spacing variable  Sowing depth variable Lateral deviation Seed spacing variable
coefficient/% /mm coefficient /% coefficient/% /mm coefficient/%
1 5.58 5.3 7.65 11.04 8.1 11.24
2 7.06 5.7 8.32 12.01 8.7 14.93
3 451 4.2 9.56 8.25 6.9 9.82
4 5.59 6.9 10.65 11.96 11.0 14.04
5 6.29 338 7.90 5.19 7.3 16.02
6 5.19 5.3 9.35 10.06 111 10.58
7 5.45 2.8 9.10 10.89 10.0 15.41
8 6.06 4.8 10.46 7.19 8.6 13.79
9 5.45 8.7 12.16 10.01 8.2 9.00
10 6.54 3.9 10.20 11.62 9.3 14.82
Avg. 5.77 5.1 9.54 9.82 8.9 12.97

The results of field test showed that the average values of the
sowing depth variable coefficient, the lateral deviation and the seed
spacing variable coefficient respectively were 5.77%, 5.1 mm and
9.54% in the treatment of the furrow compaction device with
opener. The values of three indicators were slightly larger than
the theoretical values of the regression model established in the
soil-bin test. The possible reason was that the morphology of the
seed furrow was disturbed by the complex field conditions, such as
a small amount of stalks covering on the surface, some gravels
mingled in the soil, and the low soil moisture content.

The average values of the sowing depth variable coefficient,
the lateral deviation and the seed spacing variable coefficient
respectively were 5.77%, 5.1 mm and 9.54% in the treatment of the
traditional double-disc opener. The test results showed that three
indicators in the treatment of the furrow compaction device with
opener were superior to the traditional double-disc opener.

In order to further evaluate the effect of the furrow compaction
device with opener on the performance of the whole machine, the
qualification rate of seed spacing was measured and calculated.
The results showed that the qualification rate of seed spacing of the
furrow compaction device with opener and the traditional
double-disc opener were 94.6% and 88.1%, respectively, which
both met the requirements of the national standards.

6 Conclusions

(1) The furrow compaction device with opener was designed to
compact and reshape the original seed furrow, forming a smooth
and flat V-shaped seed furrow, effectively improving the sowing
depth consistency and seed spacing uniformity.  Through
theoretical calculation and kinematics analysis, the main structural
parameters of the device were limited to a small range: the spring
stiffness coefficient k=0.96-4.19 N/mm and the angle of the furrow
compaction wheel 9p=30260<

(2) In the soil-bin experiment, the rotary combination design
was adopted to study the effect of the parameters of the furrow
compaction device with opener on the seed location variation.
The regression model was established in the Design-Expert
software, revealing the effect of the two factors on the three
indicators. Finally, the optimal structural parameters were: the
spring stiffness coefficient k=4.0 N/mm, and the furrow
compaction wheel angle p=42.4<

(3) The field test was carried out to verify the performance of
the furrow compaction device with opener in the precision seeder.
The results showed that the average values of the sowing depth
variable coefficient, the lateral deviation and the seed spacing
variable coefficient respectively were 5.77%, 5.1 mm and 9.54% in
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the treatment of the furrow compaction device with opener. All
indicators were superior to the traditional double-disc opener.
Moreover, the qualification rate of seed spacing were 94.6% and
88.1% respectively, which both met the requirements of national
standards.
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