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ABSTRACT

Aiming at solving the problem of corn straw uneven-distribution of straw retention machine in North China,
based on kinematic analysis, the straw spreading process and its straw dynamics model was studied. Then,
effects of spreading angle (SA), spreading deflection angle (SDA) and height of guide vane (HGV) on straw
spreading distance, width and uniformity were analyzed. Taking SA, SDA and HGV as experimental factors,
the straw spreading distance, width and uniformity were used as experimental indicators. Then the
optimization experiment of Box-Behnken design corresponding surface was conducted to obtained batter
operating parameter of experimental factors. Simultaneously, mathematical regression model of experimental
factors and indicators was established. The test results shown that SA, SDA and HGV had extremely
significant effects on width, distance and uniformity of straw spreading, respectively; The SA had extremely
significant effect on straw spreading uniformity, the SDA and HGV had significant effect on straw spreading
uniformity; The interaction between SA and SDA had extremely significant effect on straw spreading distance
and significant effect on spreading uniformity. Furthermore, through parameter optimization test, the better
combination of parameters of SA, SDA and HGV were 20°, 11.51°, and 1.12m, respectively. By field test
under working condition of better parameters combination, the test results shown that width, distance and
uniformity of straw spreading was 2.58m, 3.89m and 95.8%, respectively. The error between the test and
theoretical prediction value was less than 5%, proved the accuracy of the model. The study can provide
theoretical reference for parameters design of straw choppers.
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INTRODUCTION

Straw retention is an important technology to improve soil fertility (Zhao et al.,2014, Zhang et al., 2016),
which enhances the content of soil organic carbon and water, reduces the soil bulk density, and then
increases crop yield (Zhao et al.,, 2015, Yeboah et al., 2017, Akhtar et al., 2018). Straw chopping and
spreading machine is the main device to realize the straw mechanized retention. The straw spreading
capability of the machine directly impacts the effectiveness of straw retention operation.
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However, the straw retention machine has problems such as uneven straw spreading quality and straw
pile, which seriously affects the subsequent no-tillage sowing operation and crop growth (Botta et al., 2015).

The instalment of straw spreading device in agricultural machine is the main technical means to
achieve the straw uniform distribution after chopping and unaffected the follow-up operation. There are some
researches on rice and wheat straw spreading in rice and wheat combine harvesters. For example, Liu et al
(2016) designed the 4ADMQ-35A wheat and rice straw chopping and spreading device, which was used in rice
and wheat combine harvests to real-time regulate straw spreading uniformity. Wang et al (2018) designed a
bran dual-scattering wheel mechanism and an adjustable horizontal double-regulating mechanism to improve
the straw spreading uniformity. William et al (2008) installed high-pressure fans behind the rice-wheat
combine harvester to increase the straw spreading initial velocity, thereby increasing the uniformity of crop
straw on the soil surface. In the corn stalk retention to field, more researches focused on the straw chopping
quality, less research on corn stalk spreading. In the kinematic analysis of agricultural material spreading,
there are many kinematic analysis of granular fertilizer. Dong et al (2013) established kinematic equation of
fertilizer granules to analyse working performance of the cone disc type spreading mechanism. Zhang et al
(2012) established the fertilizer granules kinematic equation by analyzing the stress state of the granular
fertilizer staying and leaving the spreading disc. Lv et al (2016) through kinematic analysis of the fertilizer
granules in the spreading disc, blades and air, build a kinematic model. However, there are few studies focus
on corn straw kinematic analysis. In the early stage, our research team designed a corn straw chopping and
spreading machine with spreading guide device to improve the straw spreading uniformity (Zhang et al.,
2017).

Therefore, based on kinematic analysis, this study analyzed the straw spreading motion characteristics
in operation of the corn straw chopping and spreading machine, built the straw kinematic equation,
researched the effect of various factors on straw spreading performance, and finally obtained structural
parameters with better spreading performance. This study provides theoretical and technical support for the
optimization and improvement of straw chopping and spreading machine.

MATERIALS AND METHODS
Test Materials

The self-developed straw chopping and spreading machine (fig.1 and fig.2) was selected to analysis the
straw spreading mechanism and test the spreading performance. The straw chopping and spreading machine
was mainly composed of shell, chopping device (included chopping knife shaft, chopping knife and stationary
knife), spreading device (included guide vane, deflector and guide vane regulating device) and transmission.
In the operation of the machine, the straw spreading width, distance and uniformity was changed by

regulating deflector and guide vanes.
1 2 3 5

Three-dimensional diagram
Fig. 1 - Structure of straw chopping and spreading machine
1.Suspension device; 2. Transmission; 3. Shell; 4. Deflector; 5. Guide vane; 6. Power input shaft;
7. Stationary knife; 8. Chopping blade; 9. Chopping blade shaft; 10. Walking device; 11. Guide vane regulating device
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Side view

Fig. 2 - Structure of straw chopping and spreading machine
1.Suspension device; 2. Transmission; 3. Shell; 4. Deflector; 5. Guide vane; 6. Power input shaft; 7. Stationary knife;
8. Chopping blade; 9. Chopping blade shaft; 10. Walking device; 11. Guide vane regulating device

Analysis of corn spreading process
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Fig. 3 - Two-dimensional surface trajectory of straw spreading process

In operation, after the straw had been chopped to pieces, the straw spreading process was divided into
three parts: straw up-spreading process (@:1>0), straw horizontal spreading process (¢:=0) and straw
down-spreading process (¢1<0). The initial velocity of straw in the X, Y, and Z directions was changed by
regulating the rotation angle of guide vane and deflector. Therefore, the straw spreading distance, width and
uniformity were transformed. In the previous study, the length range of straw chopped to pieces was about
0-10 cm, the maximum airflow speed was about 13.5 m/s in the outlet of machine shell (O’ point, initial point of
chopped straw leaving the machine shell) (Zhang et al., 2017). So, the effect of straw rotation, interaction

between straw, straw shape and angle between straw on straw spreading distance and width was small.
For simplifying the straw spreading model, the chopped straw was used as material point.
The straw initial velocity in the O’ point was calculated as:
Cotg,
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where:
Vg4 was straw spreading initial velocity, m/s;
Va1, Vaz and Vg2 were the initial velocity of straw in the X, Y, and Z directions, respectively, m/s;
@1 (spreading angle) was the angle between deflector and horizontal plane, °;
@2 (spreading deflection angle) was the angle between spreading initial velocity (Vq4) and X-axis, °;
@3 was the angle at which the guide vanes rotate around the X-axis,®;
0, a constant, was related to the structure of the guide vanes.

The air resistance was proportional to the square of the velocity in the study (Zhang and Chen, 2009).
The straw kinematic equation in spreading process was calculated as:

d2X dx,»

Xk, 2 -0 4
o kar () (4)
d? .

d?z n dz.»

dt_2+(_1) kar (a) +dJ =0 (6)

where:
x was the horizontal spreading distance of straw, m;
y was straw backward spreading distance, m;
z was the vertical spreading distance of straw, m;
t was the time of chopped straw from leaving the apparatus to falling on the ground, s;
kar was air resistance factor, m;
n was the direction coefficient of air resistance,
g was the gravitational acceleration, m/s2.

So, in the straw up-spreading process, the direction of air resistance was consistent with the direction
of gravity, n=2, while in the straw down-spreading process and horizontal spreading process, the direction of
air resistance was opposite to the direction of gravity, n=1.

The kar was affected by the straw characteristics, such as shape, size and quality (Liu and Qian, 2017),

calculated Eq. (7).
Ky = Pair Cair Aair @)
2mg

where:

mz was the mass of the chopping straw, kg;

Pair Was the air density, kg/m3;

Cair was the air damping coefficient;

Aair was the resistance area, m?.

Meanwhile, by referring to the study of Gorial et al (1990), m3=3.212x10* kg, A=1.823%10* m?,
Cair=0.81, pair=1.29 kg/m3, so ks=0.297m1.

According to equation (4) - (6), the straw position coordinate of the XOY plane in the spreading process
and motion time in the air can be obtained, thereby obtaining the straw spreading width Sy and spreading
distance Sq.

X(t) =Sy, =Wi, + kiln(1+ Ko Vgit) ®)

ar
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where:
Hq was height of guide vane, m;
Wi, was distance between guide vane and deflector centre line, m;
Sy was front distance of guide vane, m.

The equation (10), (11) and (12) were represented the straw motion time of up-spreading,
horizontal-spreading and down-spreading process, respectively.

Therefore, in the straw spreading process, it can be confirmed that the straw spreading width and
distance were affected by distance between guide vane and deflector centre line (Wm), height of guide vane
(Hq) and front distance of guide vane (S.).

Test site

According to analysis of spreading process, the straw spreading test was carried out in the Agricultural
Science and Technology Park of China Agricultural University, Hebei Province (115°56’'E, 39°28’'N) to obtain
the optimal working parameters of the straw spreading device (Wm, Hq, Sv).

The test site is wheat-corn cropping system, the row spacing, the plant spacing, average diameter,
average height and average moisture of corn were 620 mm, 234 mm, 19 mm, 2290 mm and 78.4%,
respectively. In the test process, the rotate speed of the chopping knife shaft was 2100 rpm (Zhang et al.,
2017).

Test plane

According to the theoretical analysis of straw spreading process and previous complete randomized
design, the SA (¢1), SDA (¢2) and HGV (Hg) were the main influence factors of straw spreading performance.
The working parameters (@1, @2, Hg) were changed by adjusting the guide vane regulating device position and
direction to obtain the different spreading width, distance and uniformity. Each group of straw test area was
measured along the width and distance of the machine to measure the spreading width and distance, and the
average width and distance of the straw was calculated. Six square test points with an area of 0.2 m x 0.2 m
were selected to test the weight of straw.

The percentage of straw weight in each area to the total straw weight of test site was calculated by
Christiansen Uniformity Coefficient to obtain the straw spreading uniformity (Sun and Feng, 2016, Kumhéala et
al., 2005), computed as:

6
Cu =[1- (Z|\Nsi _Wm|/6\Nm)] (13)
i=1

Where:
Wsiwas straw weight in i-th region, kg;
W was arithmetic mean of the weight of straw in 6 regions, kg.
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Orthogonal experimental design

According to pre-single factor experiment, the SA (¢1), SDA (¢2) and HGV (Hq) were selected as
influence factors, the spreading width, distance and uniformity were the response values. The test factor and
code levels were shown in Table.1. The design principle of Box-Behnken was used to design the test as Table

2 and per test was repeated 3 times. The test output was shown in Table 2.

INMATEH —Agei inceti

Table 1
Factors and code levels of tests
Coded Factor
value SA/° SDA /° HGV /m

Down level -1 -15 4 1.07

Zero level 0 25 47 1.10

Upper level 1 20 90 1.12

Table 2
Box-Behnken’s design and corresponding result
Influence Factors Response Values
ngfj;s SA/° SDA/° HGV/m | Width/m D'St;”‘:e/ Uniformity/%
A B C P1 P3
P2
1 -15 47 1.12 2.22 2.95 83.12
2 20 47 1.07 2.17 3.53 90.03
3 2.5 90 1.12 2.11 3.43 84.03
4 20 90 1.095 2.21 3.72 90.37
5 20 4 1.095 2.52 3.2 97.39
6 2.5 47 1.095 2.28 3.18 83.43
7 2.5 4 1.07 2.39 3.08 84.36
8 2.5 47 1.095 2.3 3.22 82.63
9 -15 4 1.095 2.39 2.73 87.17
10 -15 47 1.07 2.18 2.85 80.46
11 2.5 47 1.095 2.29 3.2 81.53
12 2.5 4 1.12 2.42 3.13 88.23
13 -15 90 1.095 2 2.9 88.18
14 20 47 1.12 2.46 3.62 90.23
15 2.5 47 1.095 2.24 3.19 80.43
16 2.5 47 1.095 2.33 3.21 79.63
17 2.5 90 1.07 1.98 3.34 79.34
RESULTS

Establishment of regression equations and significance analysis
The Design-Expert 8.0.6 software was used to perform multiple regression fitting and analysis of
variance on straw spreading test data (Table.2). A quadratic polynomial regression mathematical model was
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built for revealing the effects of the three factors on the straw spreading width (P,), spreading distance (P>),
and spreading uniformity (P3). The optimized mathematical regression model was equation (12) after deleting
the not-significant factors.

P;=2.28+0.071A-0. 18B+0.061C+0.063AC-0.043C2

P,=3.2+0.33A+0.16B+0.041C+
2 2 2 (14)
0.087AB-0.035A“-0.027B“+0.072C

P3=80.7+3.67A-1.9B+1.47C-2.01AB+5.72A%+3.82C2

where:
P1 was straw spreading width, m;
P, was straw spreading distance, m;
P3 was straw spreading uniformity, %;
A was SA (-15°<A<-20°);
B was SDA (4°<B<90°);
C was HGV (1.07m=C<1.12m).

The regression model variance was shown in Table 3. For the whole quadratic regression analysis, the
effect order of the factors to the straw spreading width were SDA (P<0.0001)> SA (P=0.0009) > HGV
(P=0.0022) which were extremely significant (P<0.01). The F value of SA and HGV were similar, indicating
that the two factors had similar effects on the straw spreading width and were smaller than the SDA. The
interaction between SA and HGV was significant (P=0.0114). The squared term of HGV had a significant
influence on the straw spreading width (P=0.0484). The effect of the factors to the straw spreading distance
were SA (P<0.0001, F=1573.78) > SDA (P<0.0001, F=352.82) > HGV (P=0.0016). The interaction between
SA and SDA was extremely significant(P=0.0001), the squared term of SA (P=0.0185), SDA (P=0.0467) and
HGV (P=0.004) had a significant influence on the straw spreading distance. The effect of the factors to straw
spreading uniformity were SA (P=0.0003)> SDA (P=0.011) > HGV (P=0.037). The F value of SDA and HGV
was similar, indicating that the two factors had similar effects on the straw spreading uniformity and were
smaller than SA. The interaction between SA and SDA (P=0.0378) was significant, the squared term of SA
(P=0.0002) was extremely significant influence on the straw spreading uniformity and the squared term of
SDA (P=0.0021) was significant influence on the straw spreading uniformity

Table 3
Variance analysis of regression model

Test Width P Distance P2 Uniformity P3

index F Value | P Value F Value P Value | FValue | P Value
Model 29.00 <0.0001 228.85 <0.0001 16.6 0.0006
A 30.07 0.0009 1573.78 <0.0001 42.88 0.0003

B 186.6 <0.0001 352.82 <0.0001 11.75 0.011

C 22.22 0.0022 24.59 0.0016 6.61 0.037
AB 1.18 0.3125 55.32 0.0001 6.53 0.0378
AC 11.57 0.0114 0.045 0.8378 0.61 0.4592
BC 1.85 0.2159 0.72 0.4234 0.068 0.80.16
A? 0.47 0.516 9.32 0.0185 53.69 0.0002
B2 1.28 0.2955 5.75 0.0476 22.6 0.0021
c? 5.7 0.0484 39.98 0.004 2.37 0.1675
Lack of fit 1.61 0.3201 3.83 0.1135 1.06 0.4605

Note: P<0.1was significant; P<0.05 was quite significant; P<0.01 was extremely significant.

Response surface interaction analysis
In order to visually analyse the relationship between the test indicators and various factors, the
Design-Expert 8.0.6 software was used to obtain the response surface of significant interaction factors

(Fig.5).
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Fig. 5 - Effects of test factors on test index

In the case of the SDA of 47°, the response surface of the significant interaction term on the test factors
was shown in Figure 5.a.

When SA was in the range of -15° to -8°in the response surface, the straw spreading width was
increased first and then decreased with the increased of the HGV and the increasing slope was smaller than
the decreasing slope. When the range of SA was 6° to 20°in the response surface, the straw spreading width
was increased with the increase of guide vane. When the range of HGV was 1.07 m to 1.08 m in the response
surface, the effect of SA on straw spreading width was small. When the HGV was larger than 1.10 m in the
response surface, the straw spreading width was improved with the increase of SA.

In the case that the HGV was 1.1 m, the SA was 20°, the straw spreading width was the largest with
2.46 m. Combined with the test situation, when the HGV was larger, the motion time of straw in the air was
larger, thereby increasing the straw spreading width. With the increased of SA, the collision between
deflection and straw was reduced, thereby indirectly increasing the straw spreading width.

When the HGV was 1.1m, the response surface of the significant interaction term on the test factors
was shown in Figure 4.b. With the increase of SA and SDA, the straw spreading distance was increased and
the effect of the SA on the spreading distance was greater than the effect of the SDA. As the SA increases,
the increase rate of spreading distance when the SDA was in the range of 80 °to 90° at higher level was
higher than when the SDA was in the range of 4° to 30°. Observing the overall trend of the response surface,
the whole image was steeper along the direction of the SA, and the direction along the SDA was placid.

Combined with the test situation, with the increase of SA and SDA, the straw velocity on the direction of
spreading distance was increased and finally the straw spreading distance was increased. Combined with the
test situation, with the increase of the SA and the projectile declination, the speed of the straw along the
spreading distance increased, which resulted in the increasing of straw spreading distance. When the SA was
20°, the SDA was 90°, the straw spreading distance was largest with 3.72 m. Therefore, in order to obtain a
higher spreading distance in actual operation, the SA and SDA should be kept at higher level.

Setting the height of guide vane as 1.1m, the response surface of the significant interaction term on the
test factors was shown in Figure 4.c. In the response surface, with the increase or decrease of SA, the
spreading uniformity was increased first and then decreased, and the increased rate of spreading uniformity
was higher than the decreased rate. When the SA was in the range of 2.5° to 20°, the spreading uniformity
was increased with the increase of SDA; when the SA was in the range of -15° to 2.5°, the straw spreading
uniformity was fist increased and then decreased with the increase of SA and the increased rate was higher
than the decreased rate. In the test process, when the SA was larger and the SDA was smaller, the angle
between the two guide vanes in the middle of the spreading device was greater than 90°, thus, in the straw
spreading process, most of straw was guided with larger velocity on the direction of spreading width to
increase the straw spreading range, thereby increasing the straw spreading uniformity.

Parameter optimization

When the spreading width and distance reached the maximum value, the range of straw spreading could
be maximized, which resulted in the improving of the straw spreading uniformity. In order to obtain the optimal
parameters of straw spreading device, the optimization model of Design-Expert 8.0.6 software was used to
solve the constrained target optimization of the regression model above.
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The equation (13) was as follow.
maxp1(A,B,C)
maxP=<maxp >(A,B,C) (13)
maxp 3(A,B,C)

and -15<A<20,4<B <90,1.07<C<1.12.

Where:

P1 was straw spreading width, m;

P, was straw spreading distance, m;

P3 was straw spreading uniformity, %;

A was SA; B was SDA; C was HGV.

The combination of the highest satisfaction parameter values by software were A=20°, B=11.51°,
C=1.12m, and the predicted values of the three evaluation indexes under this parameter combination were
P1=2.58m, P2=3.89m and P3 = 97.39%.

Test verification

In order to verify the optimal combination of straw chopping and spreading machine, the SA, SDA and
HGV were adjusted to 20°, 11.51° and 1.12 m respectively and the test was repeated three times.

The results were shown in Table 4.

Table 4
Test results verification
Number Distance (m) | Width (m) Uniformity (%)

1 2.57 3.68 94.5

2 2.62 3.85 96.2

3 2.46 3.4 96.7

Mean 2.55 3.79 95.8
Theoretical Value 2.58 3.89 97.39

The field test results shown that under the optimal combination of parameters, the straw spreading
distance was P;=2.55m, spreading width was P,=3.79m and spreading uniformity was P 3=95.8%. The error
between the test value and the theoretical prediction value was less than 5%, so the above prediction model
was reliable.

CONCLUSIONS

The straw spreading process determined the straw spreading quality of the straw chopping and
spreading machine. In this paper, the straw spreading process was deeply studied and the kinematic equation
of straw movement was obtained and verified by test. The specific conclusions were as follows:

1. The straw spreading process of straw chopping and spreading machine was divided to straw
up-spreading process, straw horizontal spreading process and straw down-spreading process. The kinematic
model of straw spreading process was built and the spreading angle, spreading deflection angle, height of
guide vane were the key parameters to effect straw spreading width, distance and uniformity.

2. Using the field test, the effect of SA, SDA and HGV on the straw spreading distance, width and
uniformity was determined by the Box-Behnken design response surface optimization method. The
regression mathematical model was used to optimize the analysis to obtain the optimal combination of
spreading parameters: SA was 20°, SDA was 11.51° and HGV was 1.12m. By field straw spreading test, the
result shown that spreading width, distance and uniformity was 2.58m, 3.89m and 95.8%, respectively. The
error between the test result and the theoretical prediction value was less than 5%.
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