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ABSTRACT

Straw returning is an effective option to avoid straw open burning during harvest seasons and has been
widely implemented all over the world. This study developed a plowing and rotary tillage combined machine,
which could bury the straw, break the soil and prepare the soil for planting in one operation. The machine
consists of plowing component, rotary component and power transmission system. The plow component was
designed by the response surface analysis, which analyzed the influence of different contour line of plow
surface on the burying effect and the working resistance at the speeds of 0.8m/s, 1.0m/s and 1.2m/s
respectively. In combination with the working effect of the plow component, the rotary blades were arranged
by the method of 4n+2. The orthogonal test results showed that the C-plow surface has the best burying
effect at 1m/s. The field tests showed that the machine had a straw burying rate of 91%, surface roughness
was 0.564, fuel consumption was 43.41 kg/ha and the soil-breaking rate reached 96.08%; all the
performance indexes met the design requirements. The study can provide theoretical reference for
parameters design of plowing and rotary tillage combined machine.
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INTRODUCTION

With the improvements in varieties, farming technologies and pest management, a high quantity of straw
residues will be produced proportionally (Chang et al., 2014). Large amount of straw residues drives local
famers to burn them directly in open fields (Yang et al., 2018). Straw contains abundant organic matters,
potassium, phosphorous, nitrogen and other trace elements, which is considered to be desirable fertilizer for
crop growth (Li et al.,, 2018). Many studies conducted to the fact that the straw returning in the soil is
beneficial for the improvement of soil properties and crop productivity (Zeng et al., 2002; Zeng et al., 2007).

Both the straw plowing and rotary tillage are important components of straw returning. The current
research on mouldboard plow is mainly to increase the width and speed of plowing operation, which could
improve the work efficiency (Xie et al., 2009). LEMKEN’s semi-mounted hitch two-way moldboard plows
(Euro Titan) have 9-12 bottoms and each bottom has a working width of 30-55 cm and a spacing of 100 cm.
In China, it is mainly to reduce the resistance and improve the quality of tillage in order to achieve better
tillage operation with low fuel consumption. The development direction of rotary tiller is large width (Jia et al.,
2007), high speed and deep tillage with the improvement of tractor power. The PANTRRA-620 rotary tiller
produced by Maschio has a working width of 628cm and a depth of 29cm.
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For the currently widely used plowing and rotary tillage operation, a moldboard plow is often first used to
bury straw in the soil. Then a rototiller is used to shallowly rototill the soil to mix part of the straw with the soil
and meet the requirements of preparation of soil before planting. However, the single-purpose moldboard
plow and rototiller have some drawbacks. After the plowing operation, a rototiller is also needed to prepare
the soil for planting, resulting in soil compaction and increasing operating costs. Otherwise, the theoretical
research and experimental proof of the interaction between the matching design, the straw burying effect
and the drag reduction effect are still omitted.

To overcome the drawbacks of these two kinds of machines, this study developed a plowing and rotary
tillage combined machine, which can bury the straw, break the soil and prepare the soil for planting
simultaneously. This paper described the working principle and structural features of the combined machine,
the design of the working components for straw burying and rototilling. Field test results were also presented
and discussed.

DESIGN OF PLOWING AND ROTARY TILLAGE COMBINED MACHINE
Working principle

Plowing and rotary tillage combined machine (Fig.1) consisted of plowing component, rotary component
and power transmission system. The machine adopted the mounted method of three-point integral and
arranged in the sequence of plowing and rotary component. The power from the tractor was transferred to
the gearbox via the power take-off shaft and then drove the blade rotors.

When the machine operated, the plowing component firstly plowed the surface covered by the straw and
initially completed the turning of the soil and the burying of the straw. Then rotary component further
completed the smashing and the preparation of the soil. The main technical parameters of the machine were
shown in Table 1.

Fig. 1 - Structural scheme of the combined machine
1 - Plowing component; 2 - power transmission system; 3 - rotary components

Table 1
Main technical parameters of plowing and rotary tillage combined machine
Parameters value Parameters value
Matched power [kW] 265 Productivity [ha/h] 20.4
Working width [mm] 2500 Plowing depth [mm] 250-300
Bottom number 5 Rotation depth [mm] 100-150

Design of the plowing component

The design of plowing component consisted of the design of plow surface and simulation analysis.
According to the technical parameter requirements of the plowing and rotary tillage combined machine, the
width of the plowing component should be less than 2500 mm to ensure no missing and no repeated tillage
when the width of rotary component is 2500 mm.

The length of the frame was determined by the longitudinal spacing of the plow body. As shown in Fig.2,
L is the longitudinal spacing of the plow component, calculated as followed:

L=Dbxtan(g, + ¢) (1)

where:

b is the width of the moldboard plow;

6o is the angle between the plow line and the forward direction;

@ is the friction angle between soil and steel.
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Fig. 2 - Schematic of plow components’ longitudinal spacing
Therefore, the longitudinal spacing L of the plow was 692 mm and the length of the plow components’
frame was 2400 mm.

The straw burying was directly affected by the plowing surface. Based on the existing design parameters
of plow surface (Table.2), a mathematical model was established by horizontal straight-line elements (HSE).

Table 2
Basic design parameters of plow surface

Parameters of plow surface Value
Working width b [mm] 450
Plowing depth a [mm] 300
Height of the plow surface hmax [mm] 495
Bottom installation angle € [°] 25
Length of the beginning line S [mm] 50
Plow surface tangential angle w [°] 110

HSE angles of plow surface 6o, Omin, Omax [°] 36, 34, 45

Determination of horizontal straight-line element angles of plow surface

The calculation of each HSE angle of the plow surface was divided into two sections. The first section
was 6o to Bmin and the change of HSE angle was linear. The second section was Gmin t0 Omax, and the change
of HSE angle was non-linear quadratic function (Fig.3).

max

On

0 V4

Fig. 3 - Diagram of element line angle change

From 6, to 6min, the HSE angle changed linearly, and each HSE angle 6,1 was calculated by equation 2:
0, =0, +KxZ(n)
9. -6, (2)

K= min_
z

where:
6n1 is the angle of each HSE;
K is the slope of 6o to Bmin Section;
Z(ny) is the height of the n-th HSE of the plow surface.
From 6min to Bmax, the change of each HSE angle 6., is shown as equation (3). All the HSE angles of the

plow surface are shown in Table 3.
— . —_ . 2
gnz — amin + ( Hmax Hmln) X (z (n2)2 Zmln)
(Zmax - Z min)

3
where:

On1 is the angle of each straight-line element;

Z(ny) is the height of the n-th HSE of the plow surface.
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Table 3
The horizontal straight-line element angles of the plow surface
Number of the HSE / N HSE angle / 6 Number of HSE / N HSE angle / ©
0 36° 2 34.67°
O 1 35.33° 3 34°
4 34.04° 12 37.48°
5 34.17° 13 38.30°
6 34.39° 14 39.20°
7 34.69° 15 40.19°
O 8 35.07° 16 41.26°
9 35.55° 17 42.42°
10 36.11° 18 43.67°
11 36.75° 19 45°

Determination of plow guiding curve
The plow guiding curve was mainly composed by the straight-line portion (S) and the curved portion (Q)
(Fig.4). The points (O), (B) and (E) were the origin, vertex and intersection point of the guiding curve,
respectively and the two tangent lines intersected at the point (E). The straight line (OE) portion and the
straight line (BE) portion were defined as (I) and (ll) respectively. According to the basic design parameters
of plow surface in Table 2, the equations of the straight line (I) and (1) were determined as followed:
n: z=xxtane =0.47x (4)
(: z=h_, —(x—L)xtan(w—&) = 4266.9-11.43x (%)
where:
¢ is the rake angle of plow surface;
hmax is the maximum height of the top edge line of the plow surface;
L is the opening of guiding curve;
w is the angle between the tangent of the upper and lower endpoints of plow guiding curve.
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Fig. 4 - Diagram of plow guiding curve Fig. 5 - Projection of the plow surface on the ZOY plane

From the diagram of plow guiding curve, the coordinate of the end point of the S was D (Sxcosg, Sxsing)
and the vertex coordinate of the Q portion was B (L, hmax). Substituting the known parameters, the coordinate
of D and B were (45.32, 21.13) and (330, 495), respectively. Combining equation (4) with equation (5) the
coordinate of point E was obtained:

Z. =X tane
_ h +Ltan(w-s) )
tan(w—¢) +tane

The guiding curve was drawn by the envelope method. The straight line (I) and (Il) in the diagram of
plow guiding curve were equally divided into m parts, m=10. The coordinates of the j-th points on the straight
lines (I) and (1) were obtained by equation (7).

E

L Xe =X S X —X
DEX(J.):XD-%-JX% I BE ;=X — Jx Em & (7
I

Lo L~ i el
DE,;, =2, + jx——> BE ,j=2p —jx——
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The points on the straight lines (I) and (ll) in the guiding curve were connected correspondingly to form
m straight lines. The n-th HSE intersected the m straight lines to form m intersection points. The abscissa of
the intersection obtained by the HSE with the j-th line was calculated from equation (8). The minimum of the
m abscissa values was the guiding curve opening of the n-th HSE, which was denoted as K(n), and the
coordinate of the intersection was (K(n), Z(n)). The curve portion Q of plow guiding curve was obtained by
connecting the opening values K(n) with a smooth curve. The curve portion Q and the straight portion S
formed the plow guiding curved.

X(n,j):DEx(j)Jr(NxAH—DEy(j))xM ®)

BE, ;) ~DEy
Establishment of plow surface simulation model

Using the intersection coordinates of the HSE and the plow surface’s projection in the ZOY plane
(Fig.5), Y-axis range of each HSE was determined under different Z-axis. In the operation, the final working
part of the plow surface on the straw and soil was moldboard. The length of the moldboard was determined
by the intersection E of the moldboard line (EF) and the top edge line (DE). By changing coordinate of the
point E in the Z-axis, different plow surface contour lines were formed.

In this study, three plow surfaces were designed (Fig.6). The three plow surfaces parameters were
same except the Z-axis value of the intersection point (the side line (EF) and the top edge line (DE) of the
plow surface). Table 4 shows the specific parameters of the three plow surfaces.

A-plow surface B-plow surface C-plow surface
Fig. 6 - Three kinds of plow surfaces

Table 4
Three plow surface parameters
Type of plow surface A B C Other parameters are
Z-axis Value [mm] 468 442 416 shown in Table 2.

Simulation analysis of plow surface

By simulating different intersection positions of moldboard line and top edge line on plow surface in
different speeds, the influence on working resistance and turning effect of plow surface was analyzed. And
the optimal combination to determine the plow surface was selected. The following parameters (Table 5)
were measured by the soil parameter calibration test (Kornei et al., 2013; Ucgul M. et al., 2014; Lenaerts B.
et al., 2014; Zheng and He et al., 2016).

Table 5
Partial parameters of soil and plow surface
Parameters Value Parameters Value
Clay soil particles 56.67% Static friction coefficient 0.33
Recovery coefficient between 06 Static friction coefficient between 0.42
particles soil particles and the plow surface
Rolling friction coefficient between 017 Rolling friction coefficient between 0.05
particles ' soil particles and the plow surface '

Therefore, the soil particle model and straw particle coverage model were established (Fig. 7a). The
straw particle coverage model was built based on the mass of straw per unit area. Furthermore, the straw
particle model was simplified as a cylindrical type consisting of three particles with radius of 10 mm (Fig. 7b).
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Fig. 7 - Straw covered soil trough EDEM simulation model
a - Granular soil trough model; b - Straw granule; c - Straw covered model

According to the requirements of the simulation test, each of the plow surface simulation model was set
to three operating speeds of 0.8 m/s, 1 m/s, and 1.2 m/s, respectively. The simulated working depth was
equal to the design depth of 270 mm. The EDEM simulation analysis obtained the resistance change of the
plow surface under three speeds.

The response surface analysis of the straw burying rate and the working resistance of the plow surface
simulation were carried out by Design-Expert 8.0.6. The response values were Force and Burying rates and
the investigation factor were velocity and coordinate of E-point in the plow surface. There were three levels
for each factor investigation. The code values of -1, 0, 1 were used to represent speed of 0.8 m/s, 1 m/s and
1.2 m/s, and -1, 0, 1 were used to represent the three plow surfaces: C, B and A plow surface, respectively
(Table 6). The response surface model (Fig.8) was carried out.

In the case of ensuring the straw burying rate, the working resistance should be as small as possible.
The A plow surface has higher burying rate at any of three speeds, but its working resistance was large. The
burying rate of the C plow surface was the highest at the speed of 1 m/s, but the working resistance of C was
much smaller than that of A. Considering the requirements of forward speed and straw burying rate, the
optimal response value was finally determined at (-1,0) point (C plow surface working at speed 1 m/s) could
reduce the working resistance while ensuring the burying rate.

Table 6
Coding result of each factor
o Speed 0.8 mis 1 mis 1.2 m/s
A-plow surface (1,-1) (1,0 (1,1)
B-plow surface (0,-1) (0,0) 0,1)
C-plow surface (-1,-1) (-1,0) (-1,1)

Working resistance (N)
Straw burying rate (%)

ooo™ “oo0

Velocity (ms) 050 “0%  Different plow surface Velocity (m/s) el i

Different plow surface

1007100

a - Working resistance b - Straw burying rate

Fig. 8 - Response surface graph of working resistance and straw burying rate

Design of the rotary component

The cutting pitch, the rotation speed, the radius of rotary blades and the arrangement of the rotary
blades on the cutter shaft were key parameters in the design of the rotary component (Zhou et al., 2001). In
order to make the machine work stably, the rotary component was arranged in an offset manner. The width
of the short-axis side was equal to half of the working width of the plowing component, which was 1000mm.
Considering the existence of straw and roots in actual operation, the working width of the rotary component
was determined as 2500 mm. The turning direction was confirmed to be forward rotation (Fig.9). According
to the design requirements of the machine, the rotary depth h was 10 to15 cm.
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Fig. 9 - Schematic diagram of rotary blade trajectory
Determination of the cutting pitch
In the time interval between two adjacent blades in the same vertical plane, the forward distance of the

rotary machine was called the cutting pitch, which was calculated according to the equation (9).
S\, wat = Vo _ 2R €)
nxw nA
where: n is the number of rotating blades installed in the same horizontal plane of the rotary cutter shaft;
R is the radius of the cutter shaft rotation;
A is the rotating speed ratio;
w is the angular velocity of the cutter shatft;
Vm is the forward speed of the machine.
Determination of the rotation speed and the radius of rotary blades
The range of commonly used rotary speed ratio was from 4 to 10. In this study, the rotary ratio was
chosen to be 6, and the relationship between the radius of rotary blade R and the rotary ratio A was as
follows:
R= nsi _ 1004 (20)
27 V1
The rotation radius and theoretical depth of the rotary blade were 195 mm and 100 mm, respectively.
The soil surface was uneven after plowing, so the depth of the rotary component was set as slightly less than
100 mm. Considering the rotary ratio and the size of the rotary blade, the rotational angular velocity of the

rotary cutter shaft (w) was determined as follows:

= (11)

R

The rotational angular velocity of the rotary cutter shaft was calculated to be 31 rad/s and the rotational
speed was 300 r/min so the transmission ratio of the rotary component was 0.56.
Design of the rotary blades arrangement on the cutter shaft

Combining agronomic requirements, the blade rest spacing was set as 68 mm and the total number of
rotary blades was 73.5 calculated by equation (12). Since the intermediate transmission mode was applied in
the machine, the actual rotation width was slightly smaller than the theoretical value. Finally, the total number
of rotary blades was rounded to an even number, namely 72.

Z' =1000BZ /b’ =(1000x 2.5x2)/ 68 =73.5~ 72 (12)

where: B is the working width, m;

b’ is the tool apron spacing, mm;

Z is the number of blades per cutting plane;

Z’is the total number of rotary blades.

The arrangement of the rotary blades in this study was 4n+2 (Feng, 1985). Since the right cutter shaft
was long, the number of rotary blades for the left and right cutter shaft was 30 and 42, respectively.
Finite element analysis of the rotary cutter shaft

Finite element analysis of the rotary cutter shaft was carried out. The stress, displacement and strain
were analyzed to verify if the cutter shaft met the job requirements. The rotary cutter shaft was a thin-walled
cylinder with an outer diameter of 73 mm and an inner diameter of 63 mm and the simulation parameters
were shown in Table 7.
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Table 7
Simulation parameters of the cutter shaft
parameter | material Density Elastic Modulus | Poisson ratio | Yield stress Torque
Value Q235 7850 kg/m3 206 GPa 0.3 235 MPa 504 N/m

ESTRN
2.934e-005
2.6306-005
| 24456005
. 2.201e005
_ 1.956e-.005
L 1.712e.005

1.467e-005
| 12zse005
| 97800006

L 7.335-006

23206006
24450006
16301

a - Stress analysis b - Displacement analysis ¢ - Strain analysis

Fig. 10 - Static analysis results of the cutter shaft

Figure 10 showed that the stress and strain at the ends of the cutter shaft were 8.547MPa and
2.934x10-° respectively, which were the largest. The maximum displacement deformation was in the middle
position, which was 7.048x10-2 mm. The finite element analysis results showed that the design of the cutter
shaft met the strength requirements, which could ensure the normal and stable operation of the rotary
component.

PERFORMANCE TEST

The performance tests and production verification of this combined machine were conducted at the
Golden Manor Family Farm in Zhuji Village, Shandong Province (119°53’E, 36°07’N). The measurements
included the soil bulk density (g/cm-3), soil-breaking rate (%), straw burying rate (%), surface roughness (cm)
and fuel consumption (kg/ha). The soil-breaking rate is the percentage of mass of the clods’ diameter below
40 mm to the total mass. The surface roughness is the surface fluctuation degree relative to a reference
surface, expressed by standard deviation (Li N., 2012).

An X-1204 wheel tractor (88.2kw) was used in the test and the working speed was 3.6 km/h. In the test
plot, the soil was loam soil and PH, total porosity, water content and straw coverage were 7.08, 51.59%,
28.5% and 5.5 kg/m?, respectively. For measuring the soil bulk density, a wreath knife was used to take 0-10
cm, 10-20 cm and 20-30 cm soil samples and drying them, measuring soil bulk density before and after the
operation. For measuring the soil-breaking rate, all the tillage soil in an area of 0.5 m x 0.5 m was collected.
Simultaneously the clod sizes were divided into three levels of less than 4 cm, 4~8 cm and > 8 cm. For
measuring the straw burying rate, five 0.5 m x 0.5 m areas were selected in the test plot. All the straw in
each of the 0.25m? area was collected, weighed respectively and an average was taken. For measuring the
surface roughness, two stakes were inserted on both sides of the working width, and a horizontal reference
line was taken on the stake. The horizontal reference line was equally divided into 5 parts and the distance
of each aliquot point to the surface was measured. For measuring the fuel consumption, a CTM-2009 field
agricultural machine multi-function tester was applied.

S AR ER

(a) Straw burying rate (b) Fuel consumption
Fig. 11 - Field test measurement
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RESULTS

The bulk density of each soil layer had a decreasing trend after operation (Table 9). Compared with the
un-operated soil, the soil bulk density was decreased by 38.06%, 39.13% and 35.90% at 0-10 cm, 10-20 cm,
20-30 cm layer respectively. The machine could reduce soil bulk density and soil compaction, which made
the soil looser and was conducive to the subsequent planter operation.

The Chinese national standard and related combined machine operation parameters are shown in Table

10.
Table 8
Measurement results of soil bulk density before and after operation
Depth [cm] 0-10 10-20 20-30
Before test [g-cm] 1.55 1.61 1.56
After test [g-cm®] 0.96 0.98 1
Table 9
Measurement results of soil-breaking rate, straw burying rate and surface roughness
Parameters Soil-breaking rate [%] Straw burying rate [%] Surface roughness
Value 96.08 =91 0.564
Table 10
Field test operation parameter standard for related equipment
Parameters Moldboard plow | Rotary tiller Related combined machine
Soil-breaking rate [%)] 265 =260 =290
Straw burying rate [%] >85 — =290
Surface roughness [cm] — <5 <2

The measurement results of soil-breaking rate, straw burying rate and surface roughness were shown in
Table 10. The soil-breaking rate reached 96.08%, which was much higher than the national standard of 65%,
and was about 6% higher than the related combined machine. It indicated that the plowing component of the
combined machine was well coupled with the rotary component.

The straw burying rate in all tests exceeded the requirement (=290%) stipulated in the Chinese national
standard, which indicated that the use of the combined machine could promote the straw returning and
reduce the straw burning.

The average of surface roughness was 0.564, which was lower than the national standard of rototiller
and related machines.

The average fuel consumption of the plowing and rotary tillage combined machine was measured to be
43.41 kg/ha, which was 16% lower than the average fuel consumption level of Shandong Province (Wu,
2012).

In this study we reached the result that the machine could provide certain technical support for China's
straw returning.

CONCLUSIONS

1. The plowing and rotary tillage combined machine can bury the straw, break the soil and prepare the
soil for planting in one operation, which helps promote straw returning and reduce straw burning.

2. The key parameters in this design are the Z-axis value of the intersection E of the side line (EF) and
the top edge line (DE). By changing the Z-axis of the point E, different plow surfaces were formed. The
orthogonal test results showed that the C-plow surface has the best burying effect at 1m/s.

3. Using the field tests, the effect of the joint operation of the plow component and the rotary component
was confirmed. The main performance of the machine such as the soil-breaking rate, the straw burying rate
and the surface roughness can meet the related national standards.
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