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AAAE was [ormed for the general
advancement of the agricultural

engingering profession and ils practice

in all aspects, especially in Asia and the
Pacific region. Since its establishment |
in 1990, AAAE has played an
important role in promoting agrieulturai
engineering worldwide by means of
publishing the [nternational Agricultural
Engineering Journal (IAET), holding
biannual academic conflerences,
exchanging visits among its members,
ele. At present, AAAE has more than
260 members in the ficld of agricultural
engineering from 30 countries and
regions all over the world.
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its headquarters were shifled to China

in April 2010, During the previous
seven years, the Secretarial was located
in Chinese Academy of Agricultural
Mechanization Sciences (2010). Led by
AAAE former President Prof. Li Shujun
and Secretary General Prof. Zhang
Lanfang, the Association has expanded
its impacts through holding academic
events and wotking on IAEL In March,
2017, due to retirement of Prof. Zhang
Lanfang, Prof. Cheng Yonggiang from
China Agricultural University was
nominated as the Secretary General of
AAAE and Executive Editor-m-Chief of
TAEJ. Thanks to the solid foundation the
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former Secretariat has laid, AAAE
has grown to an influential platform
to enhance communication,
motivaie knowledge sharing among
experts in agricultural engineering
all over the world.

The Secretariat is now located
in College of Food Science and
Nutritional Engineering, China
Agricultural University with several
staff members working for AAAE
routine work. The AAAE Secretary
General Prof. Cheng Yonggiang is
an expert in food science and head
ol Department of Food Science and
Engineering, and has been an active
participant in international academic
activities in agricultural engineering,

He undertakes the administrative

duties aseociated with AAAFE in liaison |

with the President and the Executive
Council. According to the AAAE

Statutes, the Secretary General makes |

appropriate decisions in absence of
the President in consultation with the
Executive Council members.

College of Food Science and
Nutritional Engineering of China
Agricultural University will offer a
good platform for future growth of
the association. for its strength in
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academic researches and its intensive
cooperation with universilies,
institutes and enterprises in China and
abroad. Morcover, China Agricultural
University as the origin of modem
higher education of agricullure in China
that integrates agronomy, life sciences,

agricultural engineering and lood
sciences will provide strong support to
' the Association.

The Treasurer of AAAE is Ms,
Zhou Rong. She is responsible for
maintaining records of the income
and expenditures of the Association,
and providing an annual accounts
statement during the General Body
meeting of AAAE.

AAAE is one of the world’s
leading mternational academic societies

in the agricultural engineering feld.
The AAAE Secretariat will continue
to do a better job according to the
working plan made by the AAAE
President and approved by the AAAE
Executive Council meeting. The AAAE
Secretariat would like to work together
and collaborate with all its members
worldwide for the purpose of promoting
the advancement of agricultural
engineering to upgrade the quality of
life of people.
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Small tractor navigation system based on tandem PD control law

" f ES .
Tian Guangzhao, Gu Baoxing , Xu Weiyue, Zhou Jun
{(Engineering College, Nanjing Agricultural University, Nanjing 210031, China)

Abstract: In order to determine a useful and applicable navigation control system for autonomous agricultaral vehicles, a
Dongfanghong SG250 tractor was modified to use as an experimental platform. The original mamnal steering hydraulic
system was changed into an autonomous one that could be controlled by an MCU. Several sensors (speed, vision, steering
angle sensor and RTK GPS} were then fixed to the tractor to detect external environmental parameters and its current state.
Then, a steering model was constructed and an adaptive PD controller was used to direct the tractor’s steering precisely. Next,
another tandem PD controlier, which consisted of the steering controller and a lateral motion controller, was used as the
navigation coniroller, again without using a kinematic model of the tractor.  Finally, the performance of the mavigation
control system was evaluated for three kinds of navigation tasks: line tracking, obstacle avoidance and tumning. Experimental

results showed that without a kinematic model, the tractor could be controlled precisely only with the tandem PD controller,

which only used the lateral deviation as the system input without course deviation. This research provided an effective

solution to the agricultural vehicle navigation issue.

Keywords: agricultural vehicle, lateral deviation, navigation, tandem PD controller, sensor

Citation: Tian, G. 7., B. X. Gu, W. Y. Xu, and J. Zhou. 2017. Small tractor navigation system based on tandem PD> control law.
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1 Introduction

The rapid development of computer and electronic
technology has an impressive impact on agricultural

machinery in recent years. Autonomous tractors can help

farmers in improving work efficiency and reducing .

production costs. It is currently being researched by
engineers and researchers in the world.

During the past decade, enormous progresses in
tractor navigation technique have been made. Barawid et
al. (2006) developed an antomatic guidance system which
was capable in navigating an autonomous vehicle
between trees’ rows in real-time. Gan-Mor et al. (2007)
recorded the deviations from a predetermined route of a
three-point  hitch  implement mounted on a
RTEK-DGPS-based automatically guided tractor and
concluded that the implement deviation was strongly

dependent on the distance from the tractor rear axle.

Received date: 2017-02-11 Accepted date: 2017-10-17

* Corresponding author: Gu Baoxing, lectare of Engineering
College, Nanjing Agricultural University, 210031, P. R. China.
Email: gbx@njan.edu.cn, Tel: +8615077885303.

Subsequently, Kise et al. (2008) developed a stereovision
sensing system for 3D crop row structure mapping and
tractor guidance. Luo et al. (2009) developed a navigation
on RTK-DGPS for the
Dongfanghong X-804 tractor by using the wvehicle’s

control  system based
kinematic and steering model. Zhu et al. (2010) carried
out a research that focused only on PWM based
controlled spraying in an unmanned aerial vehicle. Two
helicopters were used in this work by inerfial
measurement unit, magnetometer and GPS. Gomez-Gil et
al. (2011) developed two new control laws for navigation
control of tractors, one for following straight lines and
another for tracking circular arcs. Xiang et al (2011)
designed and constructed an agricultural remote sensing
system based on an autonomous helicopter for field
image capturing. The main purposes were: developing a
ground base station for mission planning, flight command
activation and flight monitoring, developing a navigation
system and flight path planning method to determine the
necessary overlaps of images. Ismail et al. (2012}
designed a computer-controlled system to be mounted on
tractor  after

an  autonomous ¢lectromechanical
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meodifications. The system was designed and attached on
the tractor to direct it to move toward a desired position
automatically  through
Backman et al. (2012) developed a new kind of

navigation system for agricultural tractors, whose focus

operator-issued  commands.

was on trajectory control via Nonlinear Model Predictive
tractor path. Besides, Backman et al, (2013) discussed the
applicability of the ISOQ 11783 network protocol in a
distributed combined guidance system for tractors. Choi
et al. (2014) detected crops height using LRT for
autonomous navigation of a combine harvester. A
probabilistic model for navigation of the vehicle in maize
field using LRF was also developed based on a particle
filter.

The researches mentioned above are almost suitable
for large tractors, most of which, especially produced by
world famous agricultural machinery companies, preserve
an electro-hydraulic interface when assembled. In rural
areas of south China, small tractors are widely used as the
traction machineries to seed, fertilizer and harvest on
account of the long and narrow farmland topology. But
most of the small tractors have no electro-hydraulic
interfaces because of the cost. This research reported the
development of an autonomous small tractor which had
undergone electro-hydraulic and  multisensory
modification. Without the use of a kinematic model, the
tractor can be controlled precisely only through the
tandem PD control method, which, in the absence of
course deviation, uses lateral deviation as the system
input. This provides us a simple and applicable solution
that can be efficiently realized to deal with the small

tractor navigation in the long and narrow farmland

topology.
2 Structure of navigation system

In order to achieve autonomous navigation, specific
s;ansors need to be mounted on the tractor, while the
hydraulic steering system of the tractor also needs to be
modified. The main equipment and sensors used to
construct the tractor navigation sysiem are introduced
below.

2.1 Experimental platform
In this experiment, the Dongfanghong SG250 tractor

was used. Figure 1 shows a view of the tractor and Table

1 contains some of the tractor’s basic characteristics.

Figure 1 Dongfanghong SG250 tractor

Table 1 Main parameters of Dongfanghong SG250 tractor

Parameter Vaiue
Engine type Laidong KM385BT
Rated power, kW 18.4
Drive mode Two-wheel drive
Dimensions, mm 3490%1450%1550
Wheel base, mm 1690
Minimum turning radius, m 3.540.2
Speed range, km b 2.07-29.65

2.2 Speed sensor

A DjRVS II Doppler radar was used as the speed
sensor. As seen in Figure 2, the radar was mounted at the
front of the tractor at an angle of 35°#5°, The
measurement range of the radar was 0.53-107 km h™ with

an accuracy of £5%.

2.3 Vision sensor

In order to determine the location of obstacles, a
Bumblebee XB3 digital camera was fixed on the head of
tractor (Figure 3). The main characteristics of the camera
are as follows: a 1/3” CCD image sensor, a focal length

of 6 mm and 3 micro-lenses.
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Figure3 Assembly view of stereo vision camera

2.4 Angle sensor

The accurate determination of the front wheels’
steering angle is especially significant to navigation
system. In order to measure steering angle accurately, two
potentiometers were mounted on the front axle with a belt
connecting to a vertical shaft, which was welded to the
sicering knuckle (Figure 4). The angle sensors were with

an aceuracy of £0.5°,

Figure 4 Assembly view of angle sensor

2.5 Satellite position system

As seen in Figure 5, a GPS system was attached to the
metal shell of the tractor to obtain coordinate data when
the tractor was located in the field. Using two GPS
antemias, not only could the position data be retrieved,
but course information could be obtained as well. The
primary GPS antenna was located at the bonnet and
above the front axle of the tractor. The secondary antenna
position was 1 m from the primary one at the bonnet of
the tractor. The static location error of GPS was less than
2 cm. Angle direction ranged from -180° to 180°. The
course angle ranged from 0° to 180° when the direction
was changing from True North to True South and from
—180° to (° when the direction was changing from True
South to True North, with clockwise turning being

considered as an increase in angle value (Figure 6).

Figure 6 Course range

2.6 Hydraulic steering system

Originally, steering was performed by the driver using
the steering wheel. The original hydraulic system was
modified, as shown in Figure 7, so, after the modification,
the oil flow and the direction in the steering jack could be
adjusted wusing a proportional directional valve.
Two-position four-way valve worked at left position,
two-position three-way valve worked at right position and

proportional directional valve worked at middle position

1. Steering jack 2. Two-position four-way valve 3. Hydraulic steering gear
4. Two-position three-way valve 3. Fluid pump 6. Overflow valve 7. Oil
filter 8. Proportional directional valve

Figure 7 Schematic view of improved hydraulic steering system
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in initial state. Afler receiving control signals of MCU,
two-position four-way valve worked at right position and
two-position three-way valve worked at left position. The
original oil-way was blocked and the new oil-way was
unimpeded. Proportional directional valve would just the
oil flow and direction according to the bipolar control
signals which were given to the electro-hydraulic
proportional controller. In this manner, the wheels could

turn left or right.
3 Steering system design

3.1 Steering system maodeling

The steering system model could not be formulated
with the tractor at rest, as determination of the relevant
parameters required a drive signal. Thus, the steering
systern’s Micro Programmed Control Unit (MCU) was
programmed so that the proportional directional valve
changed the steering angle to the given value at a fastest
rate when the real steering angle was not equal to the
input signal.

A series of steering step signals with amplitudes g
equal to £10°, +15° and £20° were put to the MCU
with the tractor moving linearly at a speed of 0.5 m gt

and a direction of 0°. The step responses obtained are

shown in Figure 8 and Table 2.
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Figure 8 System step response under different input amplitudes

Table 2 Step response characteristics

Amplitude g,°  Peak time ¢, sec  Overshoot, ©  Overshoot percent o, %

10 1.04 4.97 49.7

15 1.23 451 30.1

20 1.39 4.53 22.7

-10 0.95 5.18 51.8

—-15 1.13 4.01 26.7

—20 1.28 4,56 228
Average 1.17 4.63 34.0

As evident from the corresponding 6 curves above,
the steering control system behaved like a second-order
system. The system damping factor { and natural
oscillation frequency @, were obtained using
experimental data, as shown in Equation (1}. Since 0<{<1,
the system was under-damped, and therefore
insufficiently attenuated. A PD controller, therefore, was
attached to the system to increase damping and improve
system’s variation prediction. The closed-loop transferred

function @(s) of the steering system’s model then became

as follows:
In’e

=,—=0.325 1
< " +In*o M
o, = Lz =2.84rad s’ (2)

N1
ar 8.07

D(s) = . = 3)

s +2w v 5 +1.855+8.07

where, s was the complex variable.
3.2 Steering controller simulation

The PD controller system was simulated using Matlab
to determine the most appropriate proportionality
coefficient K, and differential coefficient K; values using
a larger input angle, in this case g=20°. Empirical law,
which is commonly used in practical engineering, was
used to tune the PD controller parameters. Finally, it was
found that the system has a fast settling time and low
overshoot when the proportional coefficient XK,=20 and
differential coefficient K;=0.8. Figure 9 showed a portion
of the simulation results when K=038.
3.3 Experiments and analysis steering system

To verify whether the PD controller performed well
or not, a series of verification experiments were
conducted after the simulation. The amplitudes g of the
step response ioputs used were again +10°, £15° and

+20° respectively in order to facilitate the analysis. As
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shown in Figure 10 and Table 3, the step response of the
steering system improved considerably compared to the

initial behavior shown in Figure 8.
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using the PD controller

Table 3 Step response characteristics using the PD controller

Amplitude g, ®  Steady-date error, © Error, % Overshoot, % Overshoot s, %

10 0.41 4.1 1.82 18.2

15 0.25 1.7 1.63 10.7
20 0.32 1.6 1.53 1.7
-10 0.21 2.1 2,13 21.3
—15 0.28 1.9 2.20 14.7
20 0.45 2.2 1.87 9.4
Average 0.32 23 1.86 13.7

3.4 Design of adaptive P steering controller

All the experiments above were completed at a tractor

speed of 0.5 m s°. However, this speed may change

so the
relationship between different speeds and PD parameters

according to the different working demands,

must be established. Table 4 showed the corresponding

optimal K, and K; values obtained at four different speed

values using the same approach as described above.

Table4 Optimal PD controller parameters at

different speeds
Speed, ms™ £ Ky
0.2 s 1.4
0.5 20 0.5
G.8 18 0.6 -
1.1 15 0.5

Using the wvalues of Table 4, two models for
determining the relationship between PD parameters and
speed were established using cubic curve fitting. The

results were shown in Figure 11.
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Figure 11 Cubic curve fitting
In order to evaluate the accuracy of the models
mentioned above, the tractor was given a bipolar sine
signal as the drive signal, at two different speeds, 0.3 and
0.7 m s’ respectively. The experimental results were
presented in Figure 12. X, and K; equaled 22.76 and 1.14
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respectively when the speed was 0.3 mv/s, and 18.58 and
0.64 at 0.7 m/s. The corresponding average delay times
were (.81 and (.84 s, while the steady-state errors were
0.25° and 0.41°, respectively.
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Figure 12 Sine responses at different speeds

4 Navigation system design

4,1 Navigation control system
4.1.1 Structure

The navigation control system comprises the steering
and lateral motion control systems (Figure 13). The
steering controller was discussed in the previous section,
and here the lateral motion controller would be presented.

There were two closed-loop control systems in the
navigation control system. The primary loop was used to
control the lateral motion of the tractor using real position
data measured by GPS and continugusly comparing them
to the input trajectory. Then, the lateral deviation was
calculated and input to the lateral motion controller,
whose output was the angle control signal of the steering
system. Finally, the angle control signal was input to the
lateral motion model. The secondary loop was used to
contrel the steering of the tractor, where the expected
movement angle was provided by the lateral motion
controller. The real steering angle was measured by angle
sensors and compared to the expected movement angle.
The deviation between the two values was calculated and

input to the steering controller.

Disturbance 1 Disturbanece 2

Expected Actual
o Lateral steering Angle + steering Actual
Given line deviation Latffra] angle deviation Steering Stecring angle Lateral posilion
——®|  moticn — »  motion R
¥ controller model + +
- controller model
Angle sensor >

RTK-GPS -+

Figure 13 Tandem PD navigation control system

Both the steering and the lateral motion control
systems were second-order systems. Therefore, the two
systems, connected in series, were analyzed separately in
order to avoid producing a higher order system.

4.1.2 Navigation coniroller

The analysis of the steering controller was presented
in the previous section. The lateral motion model,
bowever, was unknown, so the lateral motion controller,
which was also a PD controller, could not be simulated.
Therefore, the corresponding parameters were again

obtained with empirical law which was common used in

engineering.

For these experiments, an original position of the
tractor was considered at 1.1=0.2 m away from the input
position. Then, the tractor was allowed to track the line.
Figure 14 showed the experimental results for K, and Ky
when the tractor speed was 0.2 m/s. Using a similar
approach as before, the optimal values for K; and K, were
obtained at speeds of 0.5, 0.8 and 1.1 m/s; the
corresponding values were shown in Table 5. Finally, the
determined relationship between the lateral motion

parameters and speed were shown in Equations (6) and (7).
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K, =-12.35/ +35.19%" —36.48v + 27.99 (6)
K, =-0.62v' +1.48* —~1.30v+1.05 (7

—— K, =00, K,=0.6
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—K,=20, K508
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Figure 14 Experimental results of line tracking with different

parameters

Table S Optimal PI¥ controller parameters at different speeds '

Speed v, m s K Ky
0.2 22 0.85
0.5 17 0,70
0.8 15 0.63
Il 14 0.60

4.2 Navigation experiments

In order to evaluate the performance of the navigation
controller, three different kinds of navigation experiments
were conducted. They were line tracking, obstacle
avoidarice and twmning.
421

Before the experiments, the coordinates of two points

Line tracking experiments

were selected using RTK-GPS, and the straight line
trajectory between the two points was formed. The initial
position of the tractor was 1.240.1 m away from the
target line with a steering angle of 0°+1° and a speed of
0.5 m/s. An analog signal within the range of —10 V to 10
V was provided by the MCU to control the steering
wheels. )

Figure 15 showed the experimental results. In Figure
15a, the solid line was the actual motion trajectory and
the dashed one indicated the target line. Starting from a
distance of 1.2 m, the tractor’s trajectory clearly
converged with the target line. The lateral devilation from
the target. line was shown in Figure 15b. After the tractor
reached a steady state, the maximum lateral deviation was
—0.134 m with an a‘-aerage of —0.037 m and a RMSE of
0.0687. Figure 15¢ showed the expected angle values
based on the steering controller’s model and the real

angle values obtained.
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4.2.2 Obstacle avoidance experiments

As noted above, a Bumblebee XB3 camera was used
to detect bulging obstacles in the tractor’s trajectory
(Figure 16). Massive feature points of the obstacles were
collected by the stereovision camera. Then we can get the
coordinate data of the points. According to the
coordinates of the feature points, dimensions and distance
of the obstacles can be calculated easily.

During the experiments, a big stone was put in the
middle of the target line. The tractor’s initial state was
0.320.1 m far away from target line with a steering angle
of 0°+1° and a speed of 0.5 m/s. The experimental results

obtained were shown in Figure 17, where (a) showed the
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expected and actual motion trajectories. First, the tractor
tracked its target line and then an obstacle was identified
using machine vision, whereupon the expected linc was
changed to another trajectory according to the obstacle
dimensions. Then, the tractor tracked the new target line.
Finally, after the obstacle has been cleared, the tractor
resumed tracking of the original line. After the tractor
returned to its steady status, the maximum lateral
deviation from the resumed trajectory line was 0.102 m
with an average of ~0.012 m and an RMSE of 0.0312.

Obstacle
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al L L 74

Figure 16 Obstacle patterns
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Figure 17 Experimental results of the obstacle avoidance

The lateral deviations were shown in Figure 17b.
Once the obstacle has been cleared, the tracked line was
changed back to the original target, which was indicated
by the two changes in lateral deviation in the figure.
Figure 17c showed the variations of the heading during
the obstacle avoidance procedure.

42.3 Turning experiments

After given two different turning radiuses, the tractor
could work with small line spacing. The large and small
radii were set to 4 and 3.5 m respectively for the turming
experiments. The tractor’s initial state was 0.1£0.1 m
from the target line with a steering angle of 0°+1° and a
speed of 0.5 m/s.

The motion trajectory is shown in Figure 18a. The
tractor tracked the first line until the end of the field.
Then, it tumed around with a radius of 4 m. After that,
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Figure 18 Experimental result of turning procedure
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the tracking line was moved to new coordinates, and the

tractor tracked the new line until the other end of the field.

Afterwards, the tractor turned again around, this time
with a radius of 3.5 m and the target line was moved
again and so on.

The lateral deviation measurements were shown in
Figure 18b. The reason for the several big deviations is
that the target line was changed back and forth when the
tractor was at the end of the field. During the line tracking
process, the maximuin lateral deviation was 0,082 m with
an average of 0.056 m and an RMSE of 0.0975. The
average line spacing was 1.03 m with an RMSE of
0.0816.

Variations of the course angle were shown in Figure
18¢. In this case, the sharp changes are due to that thé
+180° and —180° in the angle measurement domain

ceincide, as shown in Figure 6.
5 Conclusions

The present work investigated an autonomous
navigation system of a small tractor with a modified
hydraulic steering system. Several sensors were mounted
to the tractor to assess ground layout and the tracior’s current
state, The main conclugions are summarized as follows.

1) The steering controller which was constructed and
evaluated using simulations and it performed well in
experiments. Its adaptive behavior was calculated that the
optimal working parameters for the controller were tested
according to the various speeds.

2) The navigation controller, consisting of the steering
and lateral motion controliers, could direct the tractor to
accomplish three navigation tasks, i.e. linear trajectory
tracking, obstacle avoidance and turning around. Without
using a specific kinematic model, the tractor could be
controlled precisely only via a tandem PD controller,
which only used the lateral deviation as the system input
without course deviation, This provided us-a simple and
applicable solution to the agricultural vehicle navigation

issue.
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Abstract: The air flow characteristics of the tunnel drying room were investigated and optimized based on numerical
Results indicated that the air flow

velocity of the primary model presented downward trend along the height, while the values on both sides of the gaps were much

simulation. The original model and four modified models were presented for evaluation.
bigger than the other areas. Most volumetric hot air flowed through the gaps between wagon and wall of the tunnel drying
room. Closing up the short-cut of air flow had significant effect on the improvement of flow field uniformity in the modified
moedels.

And the distribution of air velocity at different heights was homogeneous. The locating position of the first

deflector had a decisive influence on the whole flow field distribution along with the radial direction. The optimum solution

of modeling was got under the baffle distance with double-dryer wagon width and the first deflector should be flush with the

fan.

relative error under different locations changed from 4.2% to 7.7%.

design of structures siniilar to the drying room.

The distribution trend of simulation resulis showed little difference compared to the experimental data and the maximurm

The results provide a reference for the optimization
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1 Introduction

Tunnel drying rcom is one of the most widely used
equipment for production of dehydrated fruits, vegetables,
noodles and Chinese herbal medicines due to its low
equipment and operation cost, simple structure and easily
controlled parameters (Mansell et al., 2002; Zhang et al,,
2005). Currently, many drying equipment with advanced
drving technology, such as ficeze drying, microwave
drying and far infrared drying, have been developed and
more and more applied to the different kinds of materials
extensively. But tunnel drying room, which belongs to the
type of convective air drying, would still occupy an
the

and

from
technical

important position for a long time

comprehensive  considerations  of
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econormical respects in China (Wang et al., 2009). And
many researches have been carried out to investigate the
drying kinetics of carrots (Wu et al, 2006), preserved

fruits (Han et al., 2010) and plums (Shen et al., 2010}, etc.

However, the existing problem of tunnel drying room at
present is mainly about the non-uniformity of whole
drying process. Nos-uniform distribution of airflow field
can cause inconsistence of materials quality, prolong the
drying time, consume more energy and reduce the
efficiency of drying operztion (Goyal et al., 2007). The
matenials of partial region in the drying room may even
generate decomposition for lack of the air flow. Therefore
it is essential to optimize the flow field structure of the
passageway in the tunnel drying room.

Cornputational fluid dynamics (CFD) is a common
tool for predicting the heat distribution and fluid flow
pattern. (Sonthawi et al.,, 2016). It can provide detailed
information on airflow patterns and ensure the convenient
design of agricultural equipment. So far, many

researchers and scientists have applied CFD in designing

»
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and performance evaluation of drying systems. Xu et al.
(2005) studied the optimization design of gas distribution
chamber in wall-mounted gas boiler. Zhu et al. (2007)
employed CFD to determine the optimal design of inlet

conduit for technical innovation of large pumping stations.

Tian et al. (2009) accomplished the improved design of
airflow distribution chamber in air-impingement oven
based on Fluent. Tekasakul et al. (2015) solved the
non-uniform flow and large temperature variation in a
natural rubber smoking room without air circulation by
CFD.

However, there is not significant liferature concerning
flow field optimization of the passageway in tunnel
drying room. In this paper, the CFD was used to simulate
the air velocity at various locations of the passageway
based on the differential equation and RNG k-g
turbulence model. And the optimal structural model
simulation and experimental results were also compared

and analyzed.
2 FExperimental setup and instruments

A schematic diagram of the tunnel drying room and
its accessories is shown in Figure 1. This tunnel dryer
consists of an axial flow fan mounted on the top side wall
for air circulation, a steam heater located behind the fan
for heating the airflow, the arc—s;haped wind deflector
mainly used for conducting the airflow direction and a
(ESCN,

proportional-integral-derivative  controller

Omron, Tokyo,

temperature and absolute humidity. In this system, there

Japan) to control the drying air

were 12 dryer wagons on the track to load the materials
and the dimensions of each were measured about 1.4x
0.5x1.3 m. The absolute humidity of the air flow could be
of the

electromagnetic valves connected to a positive pressure

regulated by changing the condition
area. Presh air was heated when it came and contact with
outer surface of heat exchanger tubes. The gap between
the end face of the wagons and the top surface of the wall
was about 10 cm, while the bottom spacing was about
5 cm. And both the distances on the left and right gap
were 10 cm, respectively.

The temperature of heat exchanger tubes was ke'ljt. at
60°C. And air velocity in the drying chamber was
measured” with Founder Probe Anemometer (Founder,
. The data

was recorded continuously using a data logger (Wisco,

Beijing, China), with the accuracy of +0.1 m s™

DIL.2200). The thermocouple signals, collected by an
SHT75 sensor (Sensirion, Shenzhen, China), were
multiplexed to a data acquisition card and shown in the
touch control screen (Weinview, Shenzhen, Cilina).
During the experiments, temperature and absolute
humidity of the surroundings changed from 18°C to
31°C and from 43 to 7.9 g kg, respectively. All
cxperiments were performed in triplicate and the

average values were used for determining the velocity

distribution uniformity.
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1. Axial flow fan 2, Sream heater 3. Removable guide plate 4. Fixed guide plate 5. Dryer wagon 6. Drying chamber 7. Moisture-removing exit 8. Freshas.rmlet

Figure 1

3 Simulation approach

3.1 Mathematical model

Mathematical model is based on provisions of

Schematic and grid diagram of tunnel drying room

continuum mechanies and represents a system of balance
equations that include mass, momentum, and energy
conservation equations. The govemning partial differential

equations are expressed below (Zhai et al., 2008; Li et al.,
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Continuity equation:
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Momentum equation:
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where, u; u; represent the velocity component vectors
(m s™); p is the pressure (N m); ¢ is time (s); p is the
densiﬁy (kg m™), and y is the dynamic viscosity (N s m™).

The RNG k-¢ turbulent model was chosen with the
constant parameters (C,=0.0845, C~=142, (,~1.68,
dy=0,~1.39) for the curved wall conditions. The equations
for the kinetic energy of turbulence (%) and its dissipation
rate (¢) are given as the additional parameters (Yuan et al.,
2006; Zhu et al., 2007).
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where x;, x; are both the coordinate components; Gy is the
addition item caused by energy of turbulence.

The total number of element mesh generation of the
original physical mode! with unstructured algorithm was
about 760000 using pre-processing software GAMBIT2.2.
The meshing grid density was set at low level because of
the complexity in the drying chamber and the restricted
resources. The standard wall function was used to
compute and amend in this simulation.

The segregated solver according to the SIMPLE
algorithm was used with the Gauss-Seidel relaxation
scheme and the second-order upwind convection scheme.
The convergence of the solution was assessed by the
residuals as well as b}lr monitoring the air velocity in the
drying chamber. Iteration errors should be negligible
since all simulations fulfill the convergence criteria of
max residuals less than 107,

3.2 Initial and boundary conditions

The iniet boundary was defined as velocity inlet with

the velocity value of 8 m s and the flow direction was

normal to the boundary. The inlet turbulence intensity

j| + C*ls %Gk - ngpg_

was estimated at about 2.67% according to the hydraulic
diameter and empirical equation. Pressure outlet was
chosen for the outlet boundary and its furbulence intensity
was set to be 5%.

Air properties were assumed to be constant; thermal
conductivity of 0.02 W(m K)*, the specific heat of
1.005 kJ (kg K)* and density of 1.06 kg m™.

3.3 Numerical computation and evaluation indicators

In order to estimate the distribution uniformity of the
air flow in the drying chamber, the speed deviation ratio
(E) and the non-uniform coefficient (M) were chosen as
the comprehensive evaluation indicators as follows {Lei
et al., 2011; Han et al., 2010; Li et al., 2010; Wang et al.,
2011; Dai et al., 2015).

The speed deviation ratio () is an important
parameter in describing the fluctuation degree of air flow
velocity along with the height direction of dryer wagons
using Equation (5):

=12 el 100% 5
v ( ()

where, ?L and Im/': are the mean of airflow velocity at

each layer and the population mean of whole cross
section, respectively, The magnitude of the speed
deviation ratio represents the wide difference intensity
between the above two factors.

The non-uniform coefficient (M)} is computed using

Equation (6) and expressed as the whole deviation level.

x100% (6}
where, g, is standard deviation, n is the number of layers,
and ¥; is the airflow velocity at each point. The
non-uniform coefficient is mainly used to evaluate the

local deviation sitnation of airflow distribution.
4 Results and discussion

As shown in Figure 2, the simulation results indicated
that the air flow velocity of the original model presented
downward trend along with the height direction at the
middle of trays in the dryer wagon, while the values on
both sides of the gaps were much bigger than the other
areas. This illustrates that most volumetric hot air flowed

through the space between the dryer wagon and the
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passageway of the tunnel drying room, and it was also
called the air flow short-circuit. The efficiency of heat
utilization was low and a great deal of energy has been
wasted. The airflow velocity passed through the interval
of dryer wagon above the materials ranged from 11.7 to

20.3 m/s under the design condition. The minimum value

was got in the tenth row. The M and E values of primary

model were calculated to be 0.18 and 0.41, respectively.
However, the velocity values through the gaps changed
from 24.2 to 28.1 m s™. This illustrates that the primary

model is far from perfect.

Airflow velocity,

Figure 2 Flow characteristics distribution of original structure

The path of air flow short-circuit in the modified
models was blocked with silicone rubber (Figure 3). The
interval distance was set to be integral multiples of the
dryer wagon length according to the flow field
characteristics. The results
showed that closing up the short-cut of air flow had
significant effect on the improvemeni of flow field
uniformity. The distribution of air velocity at different
heights was homogeneous in the modified models. And
the locating position of the first deflector had a decisive
influence on the whele flow field distribution along with
the radial direction. It might be due to the fact that the
wind resistance crossing over the trays was significantly
greater than that of the gaps. Hence the hot airflow would
rather choose the low flow-resistance path in the areas

with little flow field influence. And the air velocity would

decrease gradually with the increase of blowing distance.

From Figure 4, it can be seen that the velocity vector -

field of model with baffle distance at one dryer wagon
width got great improvement compared to the primary

model. The velocity distribution showed a general

of numerical modeling -

uniformity and the magnitude of airflow velocity in local
arca were Inconsistent. The value of velocity vector close
to the baffle was bigger than the other regions. This might
be because baffles blocked the path of short-cut of air
flow and hot air had to change the direction of the
previous movement. It imposed the effect on the flow
field of the passageway in the tunnel drying room. And
the average velocity at each layer ranged from 25.4 to
29.1 m/s.

Tigure 3 Prototype structure of the optimum design
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Figure 4 Velocity distribution of modified model with baffle
distance at one dryer wagon width

With the increase of baffle distance in different
models, the flow distribution of high values backward
migrates gradually. This phenomenon might be due to the
fact that the locating position of the first deflector was
closest to the above axial flow fan. And the magnitude of
the pressure vector in the position was greatest at the
same time. Thus, the air velocity close to the baffle was
significantly bigger than the others. The optimum
solution of modeling was got under the baffle distance
with double-dryer handcart width and the first deflector
should be flush with the fan. As shown in Figure 5, when
the velocity passed through the middle dryer wagon, it
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was changed from 25 to 26.8 m/s, which showed almost
the same state. The M and £ values were calculated to be

0.07 and 0.13, respectively.

Abrflow velocity,

Velocity vector distribution of optimization model

In order to verify the accuracy of the numerical
simulation, the verification test was carried out. A
Frequency Converter (ACS100) was used to vary the air
velocity. From Figure 6, it can be seen that the
distribution trend of simulation results showed liitle
difference compared to the experimental data and the
maximum relative error under different conditions
changed from 4.2% to 7.7%, showing an increasing trend
as mass flow increased. The results provide a reference

for the uniformity design of structures similar to the

tunnel drying room.
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Figure 6 Experimental performance curves of the

optimum design
5 Conclusion

The air flow characteristics of the tunnel drying room
were investigated and optimized based on numerical

simulation in this investigation. The air flow velocity of

the original model presented downward trend along with

the height direction at the middle of trays in the dryer
wagon, while the values on both sides of the gaps were
much bigger than the other areas. Most volumetric hot air
flowed through the gaps between the wagon and the wall
of tunnel drying room. Closing up the short-cut of air
flow had significant effect on the improvement of flow
field uniformity in the modified models. The locating
position of the first deflector had a decisive influence on
the whole flow field distribution along with the radial
direction. The optimum solution of modeling was got
under the baffle distance with double-dryer wagon width
and the first deflector should be flush with the fan. The
velocity passed through the middle dryer wagon changed
from 25 to 26.8 m/s at the design conditions and the M
and E values were calculated to be (.07 and 0.13,
respectively. The distribution trend of simulation results
showed little difference compared to the expertmental
data and the maximum relative error under different

Iocations changed from 4.2% to 7.7%.
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Simulation design and experiment of a directional seed-feeding

device
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(College of Engineering, China Agricultural University, Beijing 100083, China)

Abstract: A directional seed-feeding device was developed to meet the precision planting requirement of low sowing quantity
for non-circular seed. The kinematics analysis was carried out. The key parameters of the directional seed-feeding device
were designed and the structure of v-groove was optimized using EDEM.  Rice seeds of “Chang Lixiang” were taken as
research object. The Quadratic Orthogonal Rotation Combination. tests and verification tests under the conditions of
optimization parameters were performed. The results showed that the factors and interaction between the factors affected
directional transportation of seeds. The reasonable matching of seed-feeding frequency and seed-filling frequency was the key
The qualified index of

2+1 grains in per hole was greater than 90% and the index of single grain in per hole reached up to 85.05% when installation

to ensure the qualified index. The theoretical analysis was consistent with the experimental results.

angle, vibration direction angle, vibration frequency, amplitude and rotational speed of seeding wheel were 3.5°31.5°, 34.76 Hz,

3.7 Vp and 7 r min™, respectively. The working performance of the device can meet the precision planting requirement of low
p P ¥ ZP P p greq

sowing quantity for non-circular seed.
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1 Introduction

Precision seed-metering technology can save cost
and raise income, which is popular in modern agricultural
production (Yang et al., 2016). Especially with the rapid
development of breeding, seed processing and agronomic
cultivation technology in recent years, precision sowing
of a single grain has become the main feature and
development direction of modern sowing technology
(Peng et al., 2017; Zhao et al., 2015).

Currently, for round or nearly round seeds with
regular shape such as com and soybean, precision sowing
of a single grain has been realized (Yao et al,, 2016; Su et
al,, 2014; Singh et al., 2005). The research and
application of seeding a single grain are also increasing
for non-circular seeds such as rice, peanut, wheat (Liang
et al, 2001; Ma et al, 2010; Yang et al., 2014). At
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present wheat sowing of a single grain has not yet been
achieved. The planting method of close row spacing and
uniform sowing was studied in sowing of a single wheat
seeds in Hebei Agricultural University and some progress
has been obtained (Ma et al., 2010; Hou et al,, 2014).
Precision sowing of rice stresses the thin planting and

sowing of a single grain has been required, which can

‘promote tillering and increase the yield. But considering

the germination rate of seeds, missing-transplanting rate
and seedling injury rate, the seeding index is determined
as 1-2 grains in per hole (Li et al., 2014). Therefore, the
development trend of precision sowing technology is to
reduce the number of seeds in per hole. Increasing the
index of single grain in per hole and reducing leakage
index are still difficult for non-circular seeds in precision
sowing of low sowing quantity because of complex
seed-filling process.

There are two main types of precision seed-metering
devices: mechanical and pneumatic (Liao et al., 2014;
Wang et al., 2010; Wang et al., 2015; Shi et al,, 2015). In

fact, pneumatic seed-metering device is expensive. Also,
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blocking problem of suction needle plug has not been
resolved. The mechanical seed-metering devices are more
common applied. Especially the hole-type seed-metering
device has been widely used in the application of round
or near round seeds. But, the filling procession of wheat,
rice and other non-circular seeds is extremely complex.
To improve the index of single grain in per hole of
hole-type seed-metering device, it is an effective way to
control motion posture of seeds and make them arrange in
an orderly manner (Han et al., 2015; Yang et al., 2013; Qi
et al., 2014). In order to meet the requirements of the
precisicn seed-metering of the non-circular seed and
improve the index of 1-2 grains in per hole, a
directional seed-feeding device was designed by the
method of controlling the motion posture of seeds. The
working mechanism of the directional seed-feeding
device by vibration was analyzed theoretically, the key
parameters were optimized by the bench test to provide

reference for the machine design.

2  Structure and working mechanism of the

directional seed-feeding device

The directional seed-feeding device is the key to
achieve precision seeding, whose structure was shown in
Figure 1. It is composed of electromagnetic exciter and
the directional seed-feeding mechanism which consists of
seed box, high edge v-groove, low edge v-groove and
outlet (Figure 2).

T

1. Electromagnetic exciter 2 Dirsctional seed-feeding mechanism

Figure 1  Structure of the directional sced-feeding device

1. Seed box 2. High edge v-groove 3. Low edge v-groove 4. Frame
5. Qutlet

Figure 2 The directional seed-feeding mechanism

=
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Figure 3 Sorting effect of v-groove

The directional seed-feeding mechanism is connected
with the electromagnetic exciter. Seeds in the v-groove
shows slightly boiling state, and the small beating reduces
it internal friction. The design of v-groove structure
makes the seed to continuously adjust itself for “flat”™ and
“lateral” state of the minimum potential energy and
change the motion posture, which ensures that all of the
seeds in the v-groove are continuously, directionally,
uniformly conveyed in the long axis direction of the seeds.
When the seeds arrive at the end of the v-groove, they are
in parallel to the horizontal axis of the hole wheel under
the action of the outlet 5. The device helps to reduce the
number of seeds in per hole and improve the index of
single grain in per hole (Figures 6 and 7).

Rice seeds of “Chang Lixiang” were used for
designing the v-groove structure. The high edge v-groove
plays a transitional effect, whose depth is 5 mm and
length is 30 mm, slightly larger than the thickness of a
rice seed, in which 2-3 layers of seeds can be stored to
ensure uninterrupted flow of rice seeds. The low edge
v-groove plays the effect of combing seeds, whose depth
is 3 mm and length is 75 mm, in which the layer of
uniformly sorted seeds are stored. The sorted effect of
rice seeds was shown in Figure 3. The width of the outlet
opening is 1.2 times length of the seed long axis, the
bottom is inclined downwards, and the thickness is
slightly shorter than that of the seed short axis to restrict
seed posture so that the long axis of a seed is parallel to
the hole wheel axle. The outlet tail of v-groove is designed
into a round shape, which matches with the round wall of
the hole wheel to ensure that the seed posture does not be
changed. The gap between the outlet and the hole wheel

can ensure that the seed does not leak out.

'3 Kinematic analysis of a seed in the

directional seed-feeding mechanism

3.1 Motion condition analysis of a seed
The force of a seed in the v-groove was shown in
Figure 4. The positive direction of axis X is parallel to the

~working surface, the positive direction of axis Y is
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perpendicular to the v-groove. According to vibration
theory, (Wen ET AL., 2001), forward sliding index 1,
reverse glide index D,, and throwing index D were shown

in Equation (1), Equation (2), and Equation (3),

respectively.
2
p, = &A@~ f) )
gsin(g, —a)
2
D, = @ /’%cos(qoe + /) @)
sinf@, + o)
2 .
D= @A sin £ @)
geosa

where,  is vibration frequency, rad/s; 4 is amplitude in
the vibration direction, m; ¢, is equivalent static friction
angle, p~arctan {tanp/sind), ¢ is static friction angle; 26
is the included angle of the wv-groove, 70°, the test
variables were explained in Figure 4. The forward sliding
condition is p,>1, the reverse glide condition is D=1
the condition of not being thrown is D<1. To improve the
conveying efficiency and reduce friction, sliding up along
v-groove is hoped. Therefore, the limitation condition
without reverse glide is determined that D is two-three,
D, is one. In order to ensure the stability of conveying

seeds, the throwing index is less than one.

Note: m is the quality of a seed, kg; g is gravitational acceleration, m/s’; a is

instalfation angle of v-groove,(°); f§ is vibrator direction angle, (°); ¥ is positive

pressure force on the seed, N; Firis the frictien, force,N; § is amplitude, s
Figure 4 Motion of v-groove and force of 2 seed

3.2 Parameters selection and calculation
32.1

The vibration conveying requires that the maximum

Installation angle & and vibration direction angle §

lift angle is not more than 15° when the comnveyor is
inclined upward. The installation angle is designed to be
42, The material of the v-groove is nylon. The measured
friction coefficient between rice seed and v-groove is

0.47. 26 of included angle of the v-groove is 70°. g, of

equivalent static friction angle is 39.33° by calculating.
Dy 1s two-three and D, is one. f is from 26.5° to 34.5°
according to Equation (1) and Equation (2). The vibration
direction angle f is designed to be 31°.

3.2.2  Amplitude 1 and vibration frequency f

Electromagnetic vibration machine usually is applied
for high frequency and small amplitude. The larger
amplitude of the v-groove can cause the deviation
between the outlet and the hole so as to affect seed-filling.
According to the sizes of the outlet, hole and length of the
seed, 24 should be less than 1 mm. 4 is designed to be
0.35 mm. The vibration frequency is from 32.8 Hz to
37.8 Hz according to FEquation (1). The vibration
frequency f1is designed to be 35 Hez.

The forward sliding index D, reverse glide index D,
throwing index D are 2.49, 1 and 0.892 respectively,
accurately calculated by  Eguation (1), Equation (2) and
Equation (3) based on above design parameters. The
theoretical calculation results showed that the device
could stably convey seeds up into the v-groove, which
didn’t slide down and be throwed. The directional
seed-feeding device has good working performance of
uniform sorting, steady conveying and distribufion along
the axial of the hole wheel, which helps to improve the

index of single grain in per hole

4 Simulation optimization of the structure of
v-groove by EDEM

With the
technology, the discrete element method has been widely

development of computer simulation

used in the field of agricultural engineering research. In
order to verify the influence of design parameters of
v-groove on uniform sorting, steady conveying and
seed-filling effects, the vibration process of the v-groove
was simulated by EDEM. The structure of the v-groove
was optimized.
4.1 Creation of simulation model

One hundred rice seeds of “Chang Lixiang” with
uniform sizes and without awns were used, whose sizes
of length, width and thickness were measured.. The
average value of length, width and thickness were 9.09,
2.92 and 2.09 mm, respectively. The modeling method of
multi-balls element aggregate was adopted for creating

the discrete element model of an ellipsoid rice seed. An
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ellipse formed by the outsourcing line of 5 ball elements
was used, whose length of elliptical long axis and short
axis were 9.09 and 2.47 mm, respectively. The size of
elliptical short axis is average of width and thickness. The
radiuses of ball elements were 0.84, 1.125, 1.235, 1.125,
and 0.84 mm, respectively from left to right. The ball
elements were exactly symmetrical. The distance between
the sphere centre of left two ball elements and that of
middle ball element were 1.80 and 3.20 mm, respectively.
The model of multi-balls element aggregate was very

similar to the real contour of the rice seed (Figure5).

o {4, B, L TR

b. 3-D model of EDEM "
Figure 5 Model with mult-balls

Based on parameter design of the directional
seed-feeding device and study on the existing seeding
wheel, the geometric assembly model of v-groove and
seeding wheel was built using solidworks (Figure 6). The
modeling parameters of the directional seed-feeding
section 3.2. The
parameters of length, width and depth of an asymmetric

mechanism were referenced in

hole with inclined angle 45° are 11, 6.75 and 3.5 mm,

respectively. The diameter of seeding wheel is 220 mm.

gl

Figure 6 Geometry model of hole wheel with v-groove

4.2 Setting of simulation parameters

According to the physical characteristics of seeds,
non-sliding contact model of Hertz-Mindlin was selected.
The physical and mechanical parameters were self-tested
except the recovery coefficient and the static friction
coefficient between seeds and contact material (Lu et al.,
2016; Qiu et al., 2012; Ja et al,, 2014; Hu et al.,, 2014).
The density, poisson’s ratio, shear modulus of seeds are
1239 kg m?, 0.25, 181.5 MPa, respectively. The recovery
coefficient, the static friction coefficient and rolling
friction coefficient between seeds are 0.3, 0.56, 0.15,
respectively. The density, poisson’s ratio, shear modulus
of contact material (ABS) are 1080 kg/m’, 0.39,
318.9 MPa, respectively. The recovery coefficient, static
friction coefficient and rolling friction coefficient between
seeds and v-groove are 0.48, 0.55, 0.1, respectively. The
seed production rate was set to 7 particles/s. The
determined time step 18 25% using rayleigh wave method
and the total simulation time is set to 15 s.
4.3  Analysis of simulation results

Three-dimensional geometric model was loaded into
EDEM. The process of conveying seeds of the v-groove
of directional seed-feeding mechanism was simulated at
the rotational speed of seeding wheel of 7 t min”.
Simulation effect was shown in Figure 7a. The long axis
of the seeds was parallel to the horizontal axis of the
seeding wheel, which were in “flat” and “lateral” states in
the v-groove, The continuous rice seeds stream was
realized with the end to the end along the long axis
direction of the seeds. The good sorting and conveying
effect of the v-groove was verified. Parameters design is
basically reasonable. However, the array effect of the
single layer of seeds was not good to lead to non-uniform
seeds-feeding, so the ordered performance of seeds got
worse at the location of seed-filling because of multilayer
accumulation of seeds. Therefore, the trapezoidal
combing needle was installed on the lower edge v-groove
to remove accumulated excess seeds, ensure uniform,
sorting, steady conveying and improve the index of single
grain in per hole. The structure of the needle was shown
in Figure 7c. The effect of sorting and conveying of the
v-groove was shown in Figure 7b after the combing

needle was installed. The results showed that the combing
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needle didn’t affect the motion of the seeds at the bottom
of v-groove and combed away the excess seeds. The
design ensured that the seeds were orderly and
continuously delivered to the outlet. The problem of
multilayer accumulation of seeds was solved.

The combination of multiple groups of directional
seed-feeding mechanism can realize precision planting
requirements with different row spacing. The simulation
results of the combined mechanism (Figure 7d), which
consisted of 14 groups of the seed-feeding mechanism
and matched with a seedling tray of 14%31 holes, showed
that the index of single grain in per hole, the index of
multi-grains in per hole and the leakage index in per hole
were 93.15%, 2.98% and 3.87%. The preliminary design
showed that the device had good effect on precision

seeding and improved the index of single grain in per hole.

& Without needle for a row b. With peedie for arow

1.2

g =

3.7 b

d. With needle for 14 rows
Figure 7 Simulation results of directional seed-feeding

c. Stucture of the needle

5 Tests and parameters optimization

In order to study working performance of the
directional seed-feeding mechanism and optimize design
parameters, a test-bed was built. The tests were finished
at the sowing lab of College of Engineering, China
Agricultural University.

5.1 Test conditions

Rice seeds of “Chang Lixiang” with uniform grain
size and without awns were used, whose three dimengions
were shown in 4.1. The average moisture content was
measured as 10% by the drying box of “DHG-9140A".
The test-bed consists of the directional seed-feeding
mechanism, electromagnetic exciter, signal generator and
power amplifier of “WD.28-JZQ”, the hole-wheel

seed-metering device, high-speed photography system
(Figure 8, Figure 9). The directional seed-feeding
mechanism was processed using the 3D printer of
Elite” “Stratasys”. The

“Dimension produced by

high-speed photography  system of “PhantomV9.1”
produced by “Vision Research” was adopted to
capture image and analyze data. The hole-wheel

seed-metering device used in the 2ZBL-400P seedling

production line from our topic group was applied.

Figure 8 Test bed

Figure 9  Assembly diagram of the seeding wheel the directional
seed-feeding device

5.2 Testindexes and factors

The Quadratic Orthogonal Rotation Combination tests
were performed with five factors of installation angle o,
vibration direction angle f, vibration frequency f, voltage
value ¥V, (amplitude) and rotational speed of seeding
wheel. Comresponding coding factors were Zy, Zo, Zs, Z4,
Zs, respectively. Factors and codes were shown in Table
1. The ratio of the number of holes with one seed, the
number of holes with two-three seeds, the number of
holes with zero seed and the total number of holes are
marked as the index of single grain in per hole ¥y, the
index of multi-grains in per hole ¥; and leakage index T3,
respectively.
5.3 Results and discussion

The test results were shown in Table 2. The main
factors were screened out and regression equations of 17,

Y; and ¥; were taken by multiple regression fitting and
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variance analysis using Design-Expert 8.0.6 software.

Table 1 Coding table of levels of factors

Cade 4,0 X F,Hz Y N, t/min
-2 2 27 3l 16 4
-1 3 29 33 18 5
0 4 31 35 4.0 6
1 3 33 37 4.2 7
2 6 35 39 44 8

Table2 Experiment design and results

No. a° A° fHz V,V nrmn % % L%
1 5 33 37 4.2 7 5500 3917  5.83
2 5 33 37 3.8 5 4333 5250 417
3 5 33 33 42 3 5083 4583 334
4 5 33 33 3.8 7 7000 1000 2000
5 5 29 37 42 5 59.17 2833 1250
6 5 29 37 3.8 7 69.17  9.17  21.66
7 5 29 33 4.2 7 69.17 1235 18.33
8 5 29 33 38 5 65.00 1833 16.67
9 3 33 37 4.2 5 4917 4647 416
10 3 33 37 3.8 7 6333 30,83 584
11 3 33 33 4.2 7 60.83 2417 1500
12 3 33 33 3.8 5 4006 5.83 5417
13 3 29 37 4.2 7 6750 2833 417
14 3 29 37 3.8 5 56.67 36.67 666
15 3 29 33 4.2 5 52,50 4000 750
16 3 29 33 3.8 7 6833  21.67 1000
17 3 31 35 4.0 6 41.67 5417 416
18 2 31 35 4.0 6 5500 39.17 5.83
19 4 35 35 4.0 6 41.67 5500 333
20 4 27 35 440 6 6417  25.83  10.00

21 4 31 39 4.0 6 50.83 4417 500
22 4 31 31 4.0 6 53.33 1000 36.67
23 4 31 33 4.4 6 4150 4317 333
24 4 31 35 3.6 6 60.83 2417 15.00

25 4 31 35 4.0 8 66.67 225 10.83

26 4 31 35 4.0 4 4583 4667 7.0

27 4 31 35 4.0 6 52.50 4083 667

28 4 31 35 4.0 6 61.67 3333 500

29 4 3i 35 4.0 6 52,50 4250 5.00

30 4 31 35 4.0 6 56.67 3833  5.00

31 4 31 35 4.0 6 6833 2750 417

32 4 31 35 4.0 6 54.17 4083  5.00

33 4 31 35 4.0 6 5833 3417 7.5

34 4 31 35 4.0 6 5833 3750 417

35 4 31 35 4.0 6 46.67 45.00 833
36 4 31 35 4.0 6 46.67 50.83 250

¥1=53.72-0.132,—5.00Z,+0.557:—1.597,+6.1975—
2.7021Z5-1.052,Z5+1.56 2,751 572,750 707, >+

0.76Z+1.28Z; : (4)

¥,=41.33+0.482Z,+4.93Z,+6.74Z5+5.42Z,6.11Zs+
6.152,7y-3.127,75+4.58 2, Z5+2 08 Z,Z4—3 33 Zs Zu—
1.08Z,°4.412°-2.012-2.53Zs" (5)

Y3=4.950.35Z,+0.072,-7.29Z5-3.8124-0.08 Zs—
6152, 2542 707, Z5+4 172, Zs~4.58 25 25208 25 Z4—
1.562,Z:+3.332,Z4+1.5724Z5+0.70Z+1.08Z,%+
4.412;74+1.252,241.2575 ©)

F-test results of regression model of ¥, Y2 and Y3
highly (P<0.01).
orthogonal design eliminates the comelation between

were all significant Regression
coefficients and the absolute value of regression
coefficient indicates the importance of the factors. The
results of regression equation and variance analysis
showed that the important factors affecting ¥; were
rotational speed of seeding wheel, vibration direction
angle, amplitude, vibration frequency and installation
angle in turn, and rotational speed of seeding wheel and
vibration direction angle presented highly significance;
the important factors affecting ¥, were vibration
frequency, rotational speed of seeding wheel, amplitude,
vibration direction angle and installation angle in turn,
and vibration frequency, rotational speed of seeding
wheel, amplitude and vibration direction angle presented
highly significance; the important factors affecting Y3
were vibration frequency, amplitude, instailation angle,
rotational speed of seeding wheel and vibration direction
angle, and Vibratién frequency and amplitude presented
highly significance interaction between the factors had
different effects on the evalvating index, which indicates
that seeds motion process is complex, and different
factors and interaction between the factors affects
directional seeds transport.

There were no more than three grains filling in one
hole in the experiment, and the filling effect of 1-2 grains
in one hole was better, so it was significant to reduce the
leakape index. Regression analysis showed that effects of
vibration frequency and amplitude on the leakage index
was highly significant, the forward shding index is
proportional to the square of the vibration frequency,
which is in agreement with the analytical conclusion as
described in Equation (1). The effects of vibration
frequency on conveying seeds is especially sensitive.
Combined with the motion analysis of seeds, vibration
frequency, amplitude, installation angle and vibration
direction angle affect the forward sliding index of seeds,
seed-feeding frequency and conveying effect. The
reasonable parameter design is the key to convey sceds
uniformly, improve the seed-filling performance. The
rotational speed of seeding wheel affects seed-filling
frequency, so reasonable matching of seed-feeding
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frequency and seed-filling frequency is the key to ensure
the qualified index. The theoretical analysis is consistent

with the experimental results.

6  Multi objective parameters optimization and

experimental verificatien

In order to further improve the index of single grain in
per hole, reduce the index of multi-grains in per hole and
leakage index, the mathematical model was established
based on the boundary conditions of the factors, as
followed in Equation (7).
maxE(a,ﬁ,f,Vp,n)
min¥, (a, 3, .V, n)
minY(a, g, f,V,.n)
st 2°<a<6°

27° £ F535°,
31< f <39,
36=Vp<4.4;
4<n<i

Y

™ e ipdoi okt G STEL Al

7 Conchusions

1) The directional seed-feeding device was designed,
the strzcture of v-groove was optimized and feasibility of
structure design was verified using EDEM.

2) Based on kinematic analysis, the Quadratic
Orthogonal Rotation Combination test was performed
with five factors. The nonlinear regression models of
relation between the text indexes and factors were
established and the influence of the factors on the test

indexes was analyzed.

Design-Expert 8.0.6 was used to optimize the
parameters in the range of test factors by Response
Surface Methodology. The index of single grain in per
hole, the index of multi-grains in per hole and leakage
index were 84.37%, 9.76% and 5.87%, respectively when
installation angle, vibration direction angle, vibration
frequency, amplitude and rotational speed of sceding
wheel were 3.5°, 31.5°, 34.76 Hz, 3.7 Vp and 7 rv/min,
respectively.

To verify optimization results, optimized parameters
were adjusted and the validation test was repeated for 10
times under the conditions of continuous running five
cycles. The average values of the index of single grain in
per hole, the index of multi-grains in per hole and leakage
index were 85.05%, 8.75% and 6.20%, respectively,
which was basically consistent with optimization results.
The qualified index of 2+1 grains in one hole was 93.8%.

The results of high-speed photography (two cycles) are

shown in Figure 10.

i, A 6T

Figure 10 Seed-filling effects diagram taken by high speed photography

3) Multi objective parameters optimization was
carried out, and the results showed that the index of
single grain in per hole, the index of multi-grains in per
hole and leakage index were 84.37%, 9.76% and 5.87%,
respectively when installation angle, vibration direction
angle , vibration frequency, amplitude and rotational
speed of seeding wheel were 3.5°, 31.5°, 34.76 Hz, 3.7 /]
and 7 t/min, tespectively. The results of experimental
verification showed that the qualified index of 2 = |
grains in one hole was greater than 90% under the

optimized parameters combination, and were basically
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consistent with the optindzed resulis.
4y The of the

seed-feeding mechanism can realize precision planting

gombination of multi-groups

requirements with different row spacing. The study
provides the basis for the optimization design of precision
seeding device of low sowing quantity suitable for

non-circular ellipsoid seeds.
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Membrane-soil separation for the shovel-screen type residual

plastic film collector

Zhang Yaping, Hu Zhichao', You Zhaoyan, Shen Cheng, Gu Fengwei, Wu Feng

(Nanjing Research Institute for Agricultural Mechanization, Ministry of Agriculture, Nanjing 210014, China)

Abstract: The membrane-soil separation technigque based on shovel-screen type residual plastic film collector (hereafier
referred to as shovel-screen collector) has been studied, a kind of multi-stage membrane- soil separation device was designed to
enhance the membrane-soil separation effect from four aspects, including installing the soil-breaking device, increasing the
screening distance, installing the soil-guiding device, and adjuséing the inclination angle of back-screen. By applying the
above devices, the structure of IMCS-100 type residual plastic film collector (hereafter referred to as 1IMCS-100 collector) was
optimized. The type of the vibrating scresns was sawteoth screen, whose spacing was 15 mm, minimum screening distance
was 1300 mm, amplitude was 48 mm and vibration frequency was 3.7 Hz. The width of sawtooth bar was 18 mm, whose
tooth height was 5 mm and the thickness was 1.5 mm. The length of the soil-breaking roller was 920 mm, of which the outer
diameter was 170 mm, and the inner diameter was 150 mm. The inclination angle of back-screen was 10 degrees, and the
minimum distance between soil-guiding device and the back-screen surface was 30 mm. Taking the recovery rate of residual
film and {ilm soil ratio as evaluation indexes, a field contrast test of the non-optimized machine and the optimized machine was
carried out. Test results showed that the average recovery rate of residual film and average film soil ratio of non-optimized
machine were respectively 83.87% and 0.14, the corresponding values of optimized machine were respectively 85.72% and 0.5.
The results indicated that the average recovery rate of residual film of optimized machine just had a slight improvement, but the
film soil ratio was significantly improved, which demonstrated the structure optimization of IMCS-100 collector was cffec.tive,
and the multi-stage membrane- soil separation device is distinctly useful for the enhancement of membrane-soil separation
effeot.  This study can not only provide reference for the research of membrane-soil separation, but also be helpful to reduce
the agricultural pollution.

Keywords: shovel-screen, residual plastic film collector, membrane-soil separation, verification test
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become one of the main agricultural pollution sources in
China (Da, 2015). If the waste agricultural plastic film

1 Imtroduction

Film mulching cultivation in China was an cannot be recycled with effective treatment, along with
agricultural planting model introduced from Japan in 80,  the-increase of film mulching cultivation year, the amount
and the usage amount of agricultural plastic film in China of residual plastic film in the soil will continue to increase,
increased about 4.1 million tons from 2010 to 2014. Film which will impede the permeation of soil capillary water
mulching cultivation is increasing production and and natural water, affect the absorption of soil moisture
gaining agricultural economic benefits, but it is also and block the movement of water, thereby destroy the soil

bringing a series of envirommental problems at the same  grycture, lower the fertility levels and impede the growth

tirne. Nowadays, agricultural plastic film pollution has and development of crops, even lead to secondary

salinization of soil and the difficulty of the groundwater

Received dates 2017-07-19  Accepted date: 2017-09-20 to seep, eventually result in a substantial reduction of
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Agriculture of the P.R.C., 210014 China. Email: nfzhongzi@ Therefore, the efficient recovery and reuse of residnal

163.com. Tel: +86-025-84346246, Fax: +§6-025-84346236. plastic film have become a new challenge for researchers
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(Yan et al., 2016).

In order to solve the problem of agricultural plastic
film pollution, many kinds of residual plastic film
recycling machines have been developed both at home
and abroad. The typical residual plastic film collecior in
foreign couniry is film winding machine (Zhang, 2015),
such as Plastic Mulch Lifter Wrapper-PR2500 produced
by Australian CropCare Company, which recycled the
residual plastic film with 2 good operation effect, by
way of the combination of the soil loosening shovel, the
film lifting wheel and the film winding roller. The
harvesting effect of domestic film winding machine is
unsatisfactory, because the agricultural plastic film used
in China is generally thin and easily broken {You et al.,
2016). In view of the above sitnation, many domestic
resecarch institutes have developed a variety of
shovel-screen collectors which were simple in structure
and reliable in operation, especially suitable for sandy
(Yan et al, 2017).

Membrane-soil separation is the key techmnology of

soil or sandy loam soil
shovel-screen collector, and it’s also the difficult point
of research and development (Lyu et al., 2015). Both
domestic and overseas researchers have done relevant
work on membrane-soil separation of residual plastic
film collector. Manlio et al. (1978) developed an aculei
type film picking device, including an endless belt
conveyor which carries on the surface thereof a plurality
of aculei that pick out plastic film containing waste
material placed on the surface of the conveyor belt.
Brooks et al. (1993) developed a mulch film recycling
baler, including a grid screen which separated the soil
from the mixture, a hydraulic-driven conveyor belt which
to a hopper ftype

transported the plastic film

film-collecting basket for package processing. Zhang et al.

(2013} developed a membrane separation and
transportation device, inchiding many discs installed on a
support frame with an inclination angle of 40 degrees,
which was driven by sprockets. During working, residual
plastic film and broken soil were stirred up to the discs by
the film- taking mechanism of the collector, then the
broken soil fell to the ground under the operation of
gravity, and the residual plastic film moved along the

outer circle of the discs to the film-collecting box at the

back of the device. Wang (2003) conducted a research on
separation and dithering transmission system device of
the polythene film collector, in which the type of
vibrating screen was determined as rod screen, the
frequency and amplitude of the vibrating screen and the
inclination angle of the screen surface were calculated. In
this study, aiming at the problem of low efficiency of
membrane-soil separation for shovel-screen collector, the
membrane-soil separation technology was studied and
analyzed with the research object of 1MCS-100 type
residual plastic film collector, which was developed by
Napjing  Research  Institute for  Agricultural
Mechanization, Ministry of Agriculture, and then the
structure optinuization of 1MCS-100 type collector was

carried out based on the research findings.

2 Design of multi-stage membrane seoil

separation device

The operation of shovel-screen collector should
undergo three processes: film lifting, film transporting
and film collecting. The shovel will dig up many clods in
the process of film hifting, and the remaining plastic film
in the membrane-soil mixture will be fed into the film-
collecting basket after the vibration screening of the film
transporting stage. Incomplete separation will lead to the
increase of film soil ratio, which will be unfavorable to
the recovery and utilization of residual plastic film (Wang,
2005). difficulty of

mernbrane-soil separation are that the clods cannot be

The main reasons for the
broken sufficiently, the screening time is not long enough,
and the resistance of screen surface is too high etc. In
view of these reasons, the multi-stage membrane-soil
separation device has been designed, which promoted
separation of membrane-scil from different aspects at
different stages of operation. The specific technical
means are as follows: install soil-breaking device,
increase screening distance, install the soil-guiding device
and adjust the inclination angle of back-screen.
According to the above measures, the 1MCS-100
collector (presented in Figure 1) was improved, and the
IMCDS-100B (hereafter
IMCDS-100B collector) (presented in Figure 2) was

collector referred to  as

obtained.
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2. Hitch frame 3. Transmission device
4. Eccentric block 5. Frame 6. Unjoading device 7. Film-collecting basket
8. Vibrating screen 9. Depth stop  10. Digging shovel

IMCS-100 type residual plastic film collector

1. Vibration driving device

Figure 1
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1. Hitch frame 2. Transmission device 3. Soil-breaking reller 4. Digging
7. Depth stop
11. Unloading

shovel 6. Fore-screen

10. Film-collecting basket

5. Vibration driving device
9. Ball stud
device 12. Soil-guiding device

Figure 2 1MCDS-100B type residual plastic film coliector

8. Back-screen

2.1 Insiallation of the soil-breaking device

The past tests showed that some large clods and
residual film were mixed together during the operation,
because these clods with large volume were unable to be
sifted through the vibrating screen, in contrast, they were
transported to the basket with the residual plastic film
together. By installing the soil-breaking device, some
clods will be broken to a great extent before the end of
the film-collecting process, which will contribute to the
membrane-sotl separation. For the shovel-screen collector,
there are two methods for soil breaking in the process of
film lifting and film transporting: first, install the soil-
breaking roller (presented in Figure 3) at the front and the
top of the digging shovel (Wang et al., 2011), which will
break the clods before they reach the vibrating screen. For
instance, IMCDS-100B type machine was equipped with
a roller in front of the machine, whose length was

920 mm, outer diameter was 170 mm and inner diameter

was 150 mm; second, use a vibrating screen with the
capacity of soil breaking. Thus, soil breaking and
membrane-soil separation can be carned out at the same
time. For example, the collectors of type 1MCS-100 and
IMCDS-100B, were all equipped with sawtooth screen
(presented in Figure 4) of the same specifications. The
width of sawtooth bar was 18 mm, whose tooth height
was 5 mm and thickness was 1.5 mm. During operation,
the sawtooth crashed clods to break them due to the
vibration of screen surface, and small pieces of soil

leaked from the screen gap easily.

Figure 3 Soil-breaking roller

Figure 4 Sawtooth screen

2.2 Increment of the screening distance

Screening distance is the track length that the
membrane-soil mixture passed from reaching the screen
surface to leaving it. When the moving speed of the
mixture on the screen surface is constant, the larger the
screening distance is, the longer the effective screening
time is, and the more thorough the membrane-soil
separation is. By extending the length of the vibrating
screen, the screening distance can be increased.
IMCDS-100B collector was equipped with a vibrating
screen of double-screen structure, which prolonged the
length of the screen surface indirectly, and the screening
distance was the sum of the track length of the mixture on
the fore-screen and back-screen under this circumstance.
In other words, when the length of fore-screen is £; and

the length of back-screen is L,, then the minimum
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screening distance L equals L; plus L, (I= L, + L,, for the
IMCDS-100B collector, L = 1300 mm). During operation,
the residue plastic film was screened through the
fore-screen and the back-screen in sequence, and finally
collected into the film-collecting basket. The fore-screen
and back-screen were both composed of a screen bed and
a screen plate, wherein the screen bed was fixed with the
vibration driving device, and the screen plate was
connected with the screen bed through bolis to faciiitate
disassembly and replacement. The front screen bed and
the back screen bed were arranged. in parallel. The fron:
screen bed was on the upper part, and the back part of the
fore-screen was overlapped with the front part of the
back-screen to prevent falling of the residual plastic film
from the junction of fore-screen and back-screen.
2.3 Installation of the soil-guiding device

It was found in the experiments that some big clods
had been rolling back and forth on the vibrating screen
and couldn’t be sified out. In order to solve this problem,
the soil-guiding device was installed above the vibrating
screen, .and its operation principle diagram is shown in
Figure 5 (the arrow indicates the direction of motion).
The soil-guiding was mainly accomplished by a baffle
shaped like “V”, including a left baffle, a right baffle and
an arc baffle, which played the role of preventing winding.
The thickness of the baffle was 2 mm, the radius of the
arc baffle was 50 mm, and the angle of “V” was 90
degrees (the commissioning test showed that when the
angle was about 90 degrees, the movement of big clods
was smoother and the end of “V” baffle was close to the
bilateral openings). During operation, when the machine
was moving forward, some big clods directly discharged
from both sides of the machine to the ground under the
guidance of the V-shaped baffle. The remaining little
broken soil and residual plastic film, passing through the
gap between the V-shaped baffle and the screen face,
were further transported for subsequent screening. The
minimulm gap between the V-shaped baffle and the screen
surface was adjustable between 10-120 mm, and the
soil-guiding device and the frame were bonded by a
U-shaped bolt.
2.4 Adjustment of the inclination angle of back-screen

For the double-screen type residual plastic film

collector with sawtooth screem, most of the soil in the
membrane-soil mixture could be sifted out from the gap
of sawtoath bar on the screen surface. Some soil slided to
the ground from the interface of the fore-screen and the
and the

movement of this soil was greatly influenced by the

back-screen under the action of gravity,

mclination angle of back-screen (Zou et al., 2010). If the
angle is too small, the soil cannot be slid down to the
ground and will be transported to the film-collecting
basket with the residual plastic film, which will lead to
the increase of filin soil ratto. On the contrary, if the
angle is too large, the residual plastic film on the
back-screen cannot continue conveying back. Therefore,
in order to have a better effect of membrane-soil
separation, it is necessary to enlarge the inclination angle
of back-screen in a reasonable range. The Equation (1)
was obtained through the force analysis of the goil which
was slipped from the interface between the fore-screen
and the back-screen (shown in Figure 6).
mg-sina > f
f=uN (1)
N =mgcosa

Machine '/’
o

Big clods

Doil guiding device

Residual plastic fifm )Q
& little broken goil Big clods

Figuwre 5 Operation principle diagram of seil-guiding device

Back-screen

I

/

mg

Figure 6 Force analysis of soil on back-screen

From Equation (1), the condition of soil sliding down

was obtained:
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tana >y (2)

According to the same method above, the residual

plastic film on the back-screen was subjected to force

analysis, and the condition of the backward transportation
of the residual film was obtained:

| tanar <u, ' 3)

Referring to the Equations (2) and (3), in order to
ensure the smooth slide of some soil down to the ground
trom the junction of fore-screen and back-screen and the
smooth delivery of the residual plastic ﬁ;im, the
inclination angle of back-screen needs to meet the

following condition:
arctanu, <« <arctanu, 4)

Under the condition of Equation (4), it is beneficial
for the soil to slide down from the interface of the two
screens under the action of gravity, so as to heighten the
effect of membrane-soil separation. The inclination angle
of back-screen can be adjusted by the ball stud, as is
shown in Figure 7a, and the ball stud was composed of a
ball head and a bolt bar. There was a groove of a certain
depth at the bottom of the ball head, and the bolt bar
could rotate around the center of the ball head, so as to
ensure the bolt bar is always perpendicular to the screen
bed. Figure 7b is the installation diagram of the ball stud.
The ball head of the ball siud was welded with the angle
iron at the rear of the back-screen, the ball stud was
connected with the screen bed through three nuts. The
back-screen bed was clamped by two of the three, which
were respectively arranged at the upper and the lower
sides of the back-screen bed,r and another nut was located
at the upper end of the bolt bar to tighten the ball head.
When the back-screen plate is not raised, each ball stud
only needs one nut to be tightened from the lower side of
the screen bed. By adjusting the ball stud, the position of
the rear end of the back-screen can be raised or pulled
down so as to realize the step-less regulation of the
inclination angle of back-screen surface in the range of
0-10 degrees. During the field operation, in order to
achieve the best effect of membrane-soil separation, the
angle should be adjusted to the appropriate value
according to the different operation objects and working

environment.

——— Fore direction
1. Ballhead 2.Boltbar 3.Nut 4, Flat washer 5. Spring washer
a. Ball stud

1

2

1. Screen plate 2. Screenbed 3. Ball stud
b. Iustallation diagram of the ball stud
Figure 7 Ball stud and its installation diagram

3 Verification test

According to the above plan, 1IMCS-100 collector
was optimized, and 1MCDS-100B collector was obtained,
as is shown in Figure 2. In order to verify the
effectiveness of the optimization scheme, the field
contrast test was conducted on the non-eoptimized
machine and optimized machine.

3.1 Test condition

In September 2016, the residual plastic film recycling
test was carried out in Liuhe Experimental Base of
Jiangsu Academy of Apgricultural Sciences (Figure B).
The soil type of experimental field was sandy loam, soil
moisture content was 9.6%, and soil hardness was
116 kPa. The preceding peanut was planted with the
mode of one ridge two rows film mulching cultivation.
The ridge distance was 80 cm, the ridge height was 15 cm,
the film thickness was 0.008 mm, and the film width was
700 mm. The parameters of the vibrating screen affect the
performance of the two machines directly, for example, if
the spacing of sawtooth bar is too la:fge, the film leakage
will lead to a low recovery rate of residual film. On the
contrary, if the spacing is too smé.ll, the film soil ratio
will be reduced. In order to select the proper parameters,

the commissioning test was camried out before the
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verification test. The type of vibrating screens for the two
machines were determined as the sawiooth screen, whose
spacing was 15 mm, amplitude was 48 mm, and vibration
frequency was 3.7 Hz. For 1MCDS-100B collector, the
inclination angle of back-screen was adjusted to 10
degrees (the rear end of back-screen was about 50 mm
high). The minimum distance between the soil-guiding
device and the back-screen swrface was adjusted to
30 mm, to ensure the large clods, whose diameter was
more than 30 mm, would not be able to convey
backwards through the back-screen surface. The power
source of the two tesied machines was the Huanghai
Jinma 304A tractor, which provided power and traction
for the two machines. The tractor has four gears, and an
H-L gear {switch high speed or low speed). The gear of
tractor was set as low 3th, and the machine forward speed
was about 0.66 m/s under this condition. The field
contrast test was conducted umder the above test
conditions, and the operation performance of the two

machines was relatively stable.

Figure 8 Fieid test

3.2 Testindex

The recovery rate of residual film and the film soil
ratio were taken as the test indexes in this experiment. On
the premise that the recovery rate of the residual film met
the standard reguirements, the test was mainly focused on
the film soil ratic and compared the effect of
membrane-soil separation on the two machines. Referring
to the PRC standard {GBT 25412.2010), the recovery rate
of residual film and the film soil ratio were calculated
according to the Equations (5} and (6}
321

Ten measuring poinis were took respectively before

Recovery rate of residual film

and after the recycling operation, and each measuring

point was 5 m in length, 700 mm in width, and 150 mm

in sampling depth. The agricultural plastic films of all
measuring points were picked out, then washed, dried and
weighed respectively, and the recovery rate of residual
film at each measuring point was calculated according to
the following Equation (5):
X

77=le><100% (5
where, # is the recovery rate of residual film, %; X is the
weight of the agricultural plastic film in the measuring
point area after working, g; X is the weight of the
agricultural plastic film in the measuring point area
before working, g.
3.2.2 Film soil ratio

In the process of the recovery of the residual plastic
film, when the film-collecting basket is filled with
materials, it needs to stop film wnloading. After unloading
the film, the discharged materials were collected and
weighed. The filins were picked out from the mixtare, then
washed, dried, and weighed. Materials selected at random
for 10 times while unioading were weighed separately.
Then, weigh the net weight of the agricultural plastic film
according to the above processing method, and calculate
the film soil ratio by the following Equation (6):

=YY, -Y) (6)
where, 718 the film soil ratio; ¥ 1is the net weight of the
agricultural plastic film, g; ¥, is the weight of the film
and the soil, g.

3.3  Testresults and analysis

The test results are shown in Table 1, after processing
the experimental data by data analysis software, Figures
9-11 were obtained. Analysis of Table 1, Figures 9-11
showed:

The average recovery rates of residual plastic film of
IMCS-100 collector and 1MCIDIS-100B collector were
83.87% and 85.72% respectively. The former was slightly
lower than the latter, and the overall performance of two
machines was of little difference. All of them met the
standard requirements (topsoil recovery rate >80%). The
average film soil ratios of 1IMCS-100 type collector and
1MCDS-100B  type collector were 0.14 and 0.50
respectively. The latier was about 3.6 times as much as
the former, and its effect of membrane-soil separation

was better.
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Table 1 Test resuits

1MCS-100 type 1MCDS-100B type
residual plastic film residual plastic film
collector collector
No.
Recovery rate  Film Recoveryrate  Film
of residual soil of residual soil
film, % ratio film, % ratio
1 87.22 0.17 84.44 0.36
pA 84.16 0.12 80.25 0.47
3 86.25 0.17 84.29 0.62
4 81.66 0.15 87.28 0.38
5 8225 0.14 85.67 0.44
6 79.57 0.11 B8.62 0.51
7 80.58 0.13 83.66 .46
8 83.64 Q.16 86.45 .45
9 87.76 0.13 87.33 0.61
10 85.59 0.15 89.25 .49
Average value 83.87 0.14 85.72 0.5
Standard deviation 2.83 0.02 267 0.08
Coefficient of variation, % 137 1429 311 16
L 90 {5 Recovery rate of residual fitm - B Film soil ratio S1.0
S 85.72 £
& as) 83.87 108 &
b E {06 &
8F s} £
e B {045
] )
2B st g
§ = 0.14 -~ 0.2 {“;
<
- ]

e 0
IMCDS-100B type residual
plastic film collector

IMCS-100 type residual
plastic film cotlector

Figure 9 Comparison of average residue plastic film recovery
rates and average film soil ratios between IMCS-100 collector and
IMCDS-100B collector
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Figure 10 Comparison of residue plastic film recovery rates
between IMCS-100 collector and 1MCDS-100B collector
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Figure 11 Comparison of film soil ratios between 1MCS-100
collector and IMCDS-100B collector

The test showed when the two machines both met the
requirements of recovery rate of residual film, the
of 1MCDS-160B
collector was better than that of 1IMCS-100 collector.

membrane-scil  separation  effect
This proved that the optimized scheme was effective and
feasible, and the application of membrane-soil separation
technology has a remarkable influence on improving the

membrane-soil effect of

scparation shovel-screen

collectors.
4 Conclusions

1) The structure of 1MCUS-100 collecior was
optimized by multi-stage membrane-soil separation
device, and IMCDS-1008 collector has been obtained.
The contrast test showed that the film seil ratio of the
optimized machine was about 3.6 times as much as that
of the non-optimized one, and the effect of optimization
was remarkable.

2) The multi-stage membrane-soil separation device
can heighten the membrane-soil separation effect of the
shovel-type collector, which is conducive to the recovery
and reuse of the residual plastic film and has a great
significance on solving agricultural plastic film pollution,
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Abstract: Weeding is one of the most difficult tasks in rice production. To avoid adverse effects from chemical methods,
mechanical weeders have been introduced. To improve worker comfort, a pulling-type mechanical weeder was developed
and studied te acquire information for optimal application and also for the design of a tractor-drawn mechanical weeder:
The prototype of pulling-type weeder weighed 18.6 kg
performance of the mumber of weeding passes, the equipment’s Wsight- and their combination. The weeder needed 136 N draft

Three tests were conducted to study the effects on weeder

to pull en the first pass and even more for successive passes. The speed of movement reduced on successive passes. Weeding
efficiency increased with an increasing number of passes up to 89.2% after four repetitive passes. On the other hand, weeding
efficiency could be increased by adding more weight to the weeder, With a total weight of 30.6 kg, the weeder worked with
an efficiency of 88.3%. The combination of four repetitive passes and a weight of 30.6 kg resulted in the highest weeding
cfficienoy of 95.8%. Howsver, weeding with 30.6 kg weight for two passes was not significantly different from four passes.
Keywords: mechanical weeder, pulling-type, paddy field, weeding efficiency
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1 Introduction

Rice is one of the important food crops for the world.
Thailand has the sixth-largest amount of land under rice
cultivation and is ranked as the second-largest exporter
globally (Cai, 2015). Weeding is one of the critical stages
in rice cultivation and affects the yield and quality of rice.
Weeds decrease crop yields from 15% to 50% depending
on the species, density and weeding time through
competition with the main crop for light, water and
putrition (Hasanuzzaman et al., 2009). Weeding is labor
intensive requiring between 10 to 15 persons per hectare
in paddy fields, depending on the weed density and
species. Haq and Islam (1983) reported that weeding
amounted to 21.6% of rice production costs in

Bangladesh. The shorfage of labor resulting from
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migration from rural to urban areas has made it difficult
to meet peak demands for paddy production (Abubakar et
al., 2011). However, this could be aided by introducing a
mechanical weeder. In addition to labor reduction, the use
of a mechanical weeder should be accelerated due to the
concerns  over environmental degradation and the
growing demand for non-chemical weed control that
ensures food safety.

Many researchers have developed mechanical
weeders. The Cono-weeder, a mechanized weeding
(manual) method, is capable of weeding about 0.18
ha/day. Parida (2002) modified the IRRI conical weeder
and evaluated its performance in paddy fields and
reported that under experimental conditions, the field
capacity and field efficiency of the weeder were 0.2 ha/h
and 80%, respectively. Other relevant studies showed that
the application of a weeder would increase the field
capacity and decrease the time and cost of the weeding
operation (Gite and Yadav, 1990; Kumar et al., 2000).
Manuwa et al. (2009) designed and developed a power

weeder with a working width of 0.24 m for weeding in



34 December, 2017

International Agricultural Enginecring Journal

Vol. 26, No. 4

row-crop planting. The effective field capacity, fuel
consumption and field efficiency of the machine were
0.53 ha/h, 0.7 L/h and 95%, respectively. Fazlolallh et al.
(2001)

mechanical weeders in rice: mechanical weeder with

conducted the resecarch to compare two
engine power and mechanical weeder without engine
power. They reported that both provided effective and
economical weed control resulting in good yield. Victor
and Verma (2003) designed and developed a power
operated rotary weeder for wet land paddy by using a
0.5 hp petrol driven engine with a reduction gear box.
They concluded that with 200 mm spacing, the field
capacity varied between 0.04-0.06 ha/h and weeding
efficiency was 90.5%. Reviews of these reports showed
that all mechanical weeders are of the pushing types
which are tough work and quickly make the workers
exhansted. Operational difficulties and a slow weeding
ratc may lead to major drawbacks with this kind of
weeder, particularly in large-scale cultivation.

Therefore, the main objective of the current study was
to develop a pulling-type mechanical weeder and to study
the falctors affecting its performance and efficiency in
weeding in order to serve as the basic information for

designing a tractor-drawn mechanical weeder.
2 Materials and methods

A pulling-type mechanical weeder was developed.
The main components were similar to those on a
conventional mechanical weeder except for the handle
attachment and the weight container. The handle of a
conventional weeder is attached to the frame on the rear
portion. On the other hand, the developed weeder had a
fixed joint between the handle rod end and the front part
of the frame. A weight container was added to provide
vertical load a'djustmen‘t. The developed weeder itself
weighed 18.6 kg. Figure 1 shows the main components of
the developed mechanical weeder and Figure 2 shows a
rotor with its toothed configuration.

Field experiments were conducted in paddy fields to
evaluate the new weeder. The pulling angle was set as
low as possible in order to avoid any lifting force acting
on the weeder. Figure 3 shows a person pulling the
weeder at an angle of the handie of about 20° which was
the least angle still comfortable for the worker. The

draft

equipment weight and the number of passes by the

parameters assessed were the requirernent,
weeder. Draft force was measured by a portable
elecironic scale (Angyu) with capacity of 50 kg and
resolution of 10 g. A square loop (0.25 m®) was randomly
thrown to locate the experimental plots and the number of
weeds included in the loop was counted before and after
weeding. The weeding efficiency or weeding index was
calculated using the following formula (Remesan et. al.,
2007):

- W,

Weeding Efficiency =
"

(1)

where, W; - Number of weeds before weeding; W -

Number of weeds after weeding.

T Bandle
.\‘\\
LY
\ ‘\
N
\ \ Weight container
Fleat
Frame
Figurel Pulling-type mechanical weeder

Figure 2 Rotor with fized testh

Figure 3 Pulling-type mechanical weeder during testing in
paddy field
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3 Results

3.1 Weeding with different numbers of passes

Under its own weight of 18.6 kg, the developed
weeder was pulled in the paddy field for different
numbers of passes over the same area. Four test plots
were used that were different in terms of weed size and
number. The average numbers of weeds were 10.5, 18.5,
36.5 and 166.0 for plot 1 to plot 4, respectively (Table 1).
The average lengths of the weeds in the plots were 34.8,
23.5, 15.8 and 5.3 cm, respectively. Plot characteristics
affected the speed and draft of the weeder but not its
weeding efficiency. The average speed for all plots was
0.43 m 5™ and was the lowest on plot 1 and the highest on
plot 2 with a relative difference of 63.64%. The average
draft for all plots was 156.8 N. Plot 4 required the least
draft of 111.2 N for weeding, with the highest draft in
plot 3 of 1,84 times higher.

Tablel Weeding data of different plots for the test of

different numbers of passes

Plot No. No. of weeds Speed, m/s Draft, N Efficiency, %
1 10.5a 0.33a 134.4b 73.0a
2 18.5a 0.54¢ 176.5¢ 65.3a
3 36.5a 0.40b 205.1d 74.8a
4 166.0b 0.43b 111.2a 70.8a

Note: Figures in the same column with the same letter are not significantly
different using Duncan’s multiple range test {<0.05).

Pulling the weeder in the paddy field for different
numbers of passes affected the working performance
{Table 2). The average speeds for one pass and two
passes were significantly higher than those for three and
four passes, and the highest difference was 36.36%. For
all passes, the average speed was 0.38 m/s. The average
draft for all passes was 165.1 N, with one pass need the
lowest draft of 136.0 N. The average draft increased with
the number of passes. The average draft for four
repetitive passes was 34.04%, higher than that for one
pass. The average weeding efficiency was 71.73%. The
highest was 89.2% after four repetitive passes.

3.2 Weeding with different weeder weights

By adding dead weight, it was possible to determine
the effect of changes in the weeder weight of 18.6, 26.6
and 30.6 kg. The average numbers of weeds in three
tested plots were 18.4, 19.5 and 129.1, respectively
(Table 3). The average lengths of the weeds in the three

plots were 22.6, 283 and 5.1 cm, respectively. Plot
characteristics also affected the weeder’s speed and draft
but not its weeding efficiency. The average speed for all
plots was 0.38 m s” and was the lowest for plot 1. The
average draft for all plots was 184.5 N, with plot 3 having
the least draft of 169.0 N required for weeding, while the
greatest drafi found in plot 2, which was 17.04% higher.

Table2 Performance for different numbers of passes by the

weeder
No. of passes Speed, ms™ - Draf, N Efficiency, %
i 0.41b 136.0a 59.0a
2 0.45b 164.3b 62.7ab
3 0.34a 177.8be 76.0bc
4 0.33a 182.3¢ 8%8.2¢

Note: Figures in the sarne colwmn with the same letter are not significantly
different using Duncan’s multiple range test (5<0.05).

Table 3 Weeding data of different plots for different weight

tests
Plot No.  No. of weeds Speed, m/s Draft, N Efficiency, %
1 18.4a 0.30a 186.6b 71.8a
2 19.5a 0.42b 197.8c 69.8a
3 129.1b 0.42b 169.0a 76.9a

Note: Figures in the same column with the same letter are not sigpificantly
different using Duncan’s multiple range test {#<0.05).

The weight of the weeder affected its weeding
performance. The speed decreased with increased weeder
weight. In cbntrast, the draft requirement increased with
increased weeder weight. The average draft for all
weights was 182.8 N. The 30.6 kg weeder needed 63.46%,
more draft than the 18.6 kg weeder. The weeding
efficiency also increased when the weight increased. The
average weeding efficiency was 73.23%, while the

maximum efficiency was 88.3% of the 30.6 kg weeder.

Table 4 Performance of different weights weeders

Weight, kg Speed, m/s Draft, N Efficiency, %
B 18.6 0.44c 136.0a 59.0a
26.6 0.37b 196.0% 72.4b
30.6 031a 222.3¢ 88.3c

Note: Figures in the same column with the same letter are not significantly
different using Duncan’s multiple range test (p<0.05}.

3.3 Weeding under a combination of weeder weights
and number of passes

Twelve treatments of weeding were genefated by the
combination of four passes and three different weights of
the equipment. Table 5 shows the treatments and working

efficiency arranged in increasing order of working
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efficiency values. There were different efficiencies under
different combinations. The minimum efficiency occurred
with the combination of one pass and the lightest weight
(W1P1) while the maximum efficiency was for the
combination of four passes and the heaviest weight
(W3P4) with an increment of 88.95%,.

Table 5 Working efficiency of different weeding treatments

Treatment Efficiency, %
) WiPl 50.7a
Wwip2 53.5ab
WiP1 59.9abe
Wwap2 66.5bcd
WIP3 72.5¢de
W2P3 74.7de
W3P1 81.0¢
W3Pp2 83.6ef
W1P4 84.0ef
W3P3 84.0ef
W2P4 86.1ef
W3ipd 95.8f

Note: Figures in the same column with the same letier are not significantly
different using Duncan’s multiple range test (p<0.05).

W and P stand for equipment weight and number of
passes, respectively, and their values increase by the
number after each of the letters.

The pulling-type weeder developed in the study
seemed to work efficiently under certain situations and
had similar performance statistics under different weed
sifuations in the different study plots. One pass of the
weeder seemed to destroy less weeds and a greater
number of repetitive passes was needed to obtain a higher
weeding efficiency. However, the weeder speed reduced
with the higher numbers of passes dﬁe to the soil being
more difficult to walk on in the successive passes. In
addition, the average draft increased since the soil may
have increased in resistance to the weeder with each
successive pass. On the other hand, using the weeder for
one pass could produce a higher working efficiency by
increasing the weight of the weeder. With a total weight
of 30.6 kg, one pass of the weeder seemed to show good
weeding efficiency as four passes of the weeder with no
weight added. From the tests involving a combination
between the number of passes and the equipment weight,
there were no significant differences with a total weight

of 30.6 kg with either two, three or four repetitive passes

and these options should be suitable to use a pulling-type
weeder that can obtain a working efficiency higher than
80%.

The average speeds in the tests were in the range of
0.31-0.45 m/s and were considerably higher than the
of the TNAIUl pushing-type
According to the test results presented by Shakya etal.
(2016), the TNAU Cono-weeder developed by Tamil
Nadu Agricultural University had a speed of 0.278-
0.286 m 5. It is easier walking in front of the pull-type

speeds Cono-weeder.

weeder as the operator is on firmer soil compared to using
a pushing-type weeder and this advantage may resuli in a
higher working speed. This effect was confirmed by the
fact in the current study that the speed reduced with
higher numbers of repetitive passes. Another factor may
result from the applied force characteristics. An operator
has to apply both horizontal and veriical forces with a
pushing-type weeder. The horizontal force moves the
weeder forward while the vertical force pushes the
weeder’s teeth into the weeds in the soil. On the other
hand, an operator only has to apply horizontal force when
operating the pulling-type weeder. Shakya et al. (2016)
reported that the weeding efficiency was 77.41% with the
TNAU Cono-weeder. Mohammad (2011) also reported a
similar weeding efficiency of 73.2% with a conical
weeder while hand weeding resulted in a weeding
effictency of 96.7%. Weeding by the

pulling-type weeder with one pass had a low weeding

developed

efficiency of 59.0%. It needed three repetitive passes or
increasing the weight to 26.6 kg to achieve efficiency
comparable with earlier research reports. The average
drafts for pulling the developed weeder were in the range
of 136.0-182.3 N which were lower than the 285.7 N
pushing force of the TNAU Cono-weeder reported by
Shakya etal. (2016). The TNAU Cono-weeder weighed
about 6 kg while the developed pulling-type weeder
weighed 18.6 kg. In addition to the horizontal force, an
operator of a pushing-type weeder can apply vertical
force to push the weeds into the soil. This vertical force
also affects the horizontal force. On the other hand, the
vertical force for a pulling-type weeder is equal to the
weight of the weeder and the operator cannot apply more

vertical force to the weeder.



December, 2017

Development and evaluation of a pulling-type mechanical weeder for paddy fields

Vol. 26, No.4 37

3.4 Design parameters applied to development of a
tractor-drawn mechanical weeder '

The test result could be applied as basic information
for the design of a tractor-drawn mechanical weeder. The
parameters taken into consideration should mclude the
weight of weeder and number of passes. From the test
result, the best weeding cfficiency derived from the
weeder weight of 30.6 kg and passage mumbers of two or
more. Therefore, the weeding unit should provide vertical
ioad more than 300.2 N (30.6x9.81) and compose of twin
rotors in tandem. Since rice transplanter is ©O-rows
working width, the developing weeder should have seven
weeding units. The test results recommended that the
weedsr might need draft force of more than 1556.1 N
(7%222.3).
have total weight of about 220 kg with seven weeding

Summarily, the developing weeder should

units. It can also be attached to a small tractor.
4 Conclusion

The developed pulling-type weeder weighed 18.6 kg.
It needed 136 N draft for the first pass and more for
successive passes. The weeder speed was reduced with
successive passes. With its own weight, the weeding
efficiency was quite low at 59.0% for one pass and this
increased with an increasing mumber of repetitive passes
up to the highest efficiency of 89.2% with four repetitive
passes. On the other hand, high weeding efficiency with
one weeder pass could be achieved by adding more
weight to the weeder. With an increased total weight of
30.6 kg, the weeder could work as efficiently with fewer
passes than it did with four repefitive passes and no
weight added. The combination test indicated that
working with the 30.6 kg weeder for two repetitive passes
could achieve a weeding efficiency not significantly

different from working with four repetitive passes.
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Comprehensive effect of different subsoilers on fuel consumption,

soil condition and yield based on field experiments and linear

weighted model

Liu Junan, Wang Xiaoyan, Li Hongwen, He Jin, Wang Qingjie,
Niu Qi, Hu Hongnan

{(College of Engineering, China Agricultural University, Beijing 100083, Ching)

Abstract: Subsoiling tillage is widely applied in most areas of China because of its soil condition improvement and vield
increasing effects, Researches have been conducted on reducing soil resistance and saving energy for subsoiling tillage.
Some stndies have also been done on soil condition and yield improvement effects of subsoiling treatments. It is necessary to
conduct the research considering energy saving, yield increasing and soil condition improvement together to identify relatively
better subsoilers for specific soil conditions in terms of reducing energy consumnption in the mean time of increasing crop yield
and improving soil conditions. A series of subsoilers with different tine shapes and structural parameters were evaluated by
field tests in this paper. Commonly used chisel-shape subsoiler (C8), arrowhead-shape subsoiler (AS) and wing-shape
subsoiler (W5) were tested, together with the treatment non-subsoiling (NS), in field for 3 years in annmal spring tnaize planting
area of Northeast China, where the soil type is brown loam soil.  Soil bulk density, moisture content, cone index at 0-40 depth,
maize root and yield characteristics were measured for tillage treatments with different subsoilers. In addition, a linear
weighted math model was developed based on the indexes of fuel consumption, soil condition improvement and yield inerease
rate to analyze the comprehensive effect of different subsoilers. The results indicated that: subsoiler tine shape had significant
The fuel consumption for CS was lower than that for AS and WS by 57.29% and 132.96%
respectively,  All the three subsoilers treatments significantly improved soil condition and maize yield, compared with NS,
annual average yields of CS, AS and WS treatments were increased by 24.82%, 20.43% and 19.86%, respectively., While the

effect on soil condition improvement of different subsoilers had no ebvious difference.

impact on fuel consumption.

The evaluation on the comprehensive
effects of the three subsoilers on fuel conswmption, soil condition improvement and yield increase showed that CS subsoiler
was the relative best subsoiler of the three types in this experimental condition for it was more energy saving than WS and AS
subsoiler with similar effect level on soil condition and yield as WS and AS. This research provided some methods to
evaluate comprehensive effects of subsoiling and further to select or optimize subsoiler types for specific soil condition.

Keywords: Subsoiler, linear weighted model, soil condition improvement, fuel consumption, energy saving, vield increase,

comprehensive effect
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1 Introduction

Subsoiling tillage 18 widely applied in most area of

China becanse of its soil condition improvement and
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yield increasing effect (Williams et al. 2006; Jain et al.,
2006). Subsoiling tillage has been being actively
promoted by government in the form of tillage subsidy in
arid and semi-arid regions of North China. As indicated
in the available literature and research achievement, the
rescarch about subsoiling tillage is mainly in - the
following two aspects in China: Cne aspect is about

energy saving and fraction resistance reduction of
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subsoiling. To reduce the traction resistance of subsoiling
tillage, the shape and key parameters of subsoilers were
designed and optimized based on simulation experiments
(Mootaz et al., 2004; Mak et al., 2012), biological profile
modeling (Li et al., 2016), mathematical modeling (Yu et
al., 2007), vibration subsoiling (Li et al., 2012; Xjrui et al.
2016} and regression experiment (Zhu et al. 2009; Abdul
et al., 2002). Another aspect is about effect of subsoiling

3

on yield increasing and soil condition improvement
compared with tillage method such as rotary tillage,
no-till seeding and ete. (Li et al.,, 2014; Hassan et al.,
20607). Nowadays, the types of subsoilers are growing
with the development of subsoiling research and
application area of subsoiling technology. It appears to be
niecessary to conduct the research comibining energy
saving and vyield increasing amd soil condition
Improvement icgether.

He Jin et al. (2006) made a comparative study on the
effect of subsoiling and conventional tillage on soil
effect by

continuous experiments in Shouyang and Linfen in

condition improvement and economic
Shanxi province and Daxing in Hebei province,
respectively. Some studies have also been done on the
relationship between the toral energy input and total
biomass output of different agriculiural production
practices (Demircan et al. 2006; Yalcin et al., 2006;
Hamzei et al, 2016). A series experimenis were
conducted by Raper et al. (2007) to investigate the yield
increasing and fuel consumption in different operation
depths. The result showed the vield increase effect of
site-specific subsoiling (25, 35, or 45 cm depths
subsoiling) +was statistically equivalent to that of
uniform-depth (45 cm) subsoiling, while it was more
energy efficient than uniform-depth subsoiling. However,
the research focusing on the comprehensive effects of
different fypes of subscilers on fuel consumption, soil
condition improvement and yield was relatively few.

(CS),
subsoiler (AS) and wing-shape subsoiler (WS) were the

Chisel-shape  subsoiler arrowhead-shape
most common subsoilers in Northeastern China (Wang et
al., 2011). Research conducted in spring maize producing
region in Liaoning province proved that soil disturbance

and traction resistance were significantly affected by the

change of subsoiler tine shapes (Liu et al., 2017). It was
easier for CS to break soil hardpan for its narrower tine
shape, WS may cause wider french cross-sectional area
and needed higher fuel consumption for its wider tine
shape (Liu et al,, 2017). In spring maize producing area
in Northeastern China, where the climate is windy and
dry in spring, rainy season concentrated from June {o
September, subsoiling followed by rotary tillage before
seeding is the commonly used itillage practice. If the
subsoiler tine shape was too narrow, the soil might not be
effectively subsoiled and the effects of subsciling on
improving soil conditions, promoting crop growth and
increasing yield might not be achieved. WS subsoiler
could obtain more soil disturbance but it may not bring
significant differences on the further wvield increase,
while WS higher fuel

consumption comparing with CS subsoiler for its wider

subsoiler would cause
tine shape. Excessive soil disturbance might have
negative effect on soil moisture-holding capacity in
windy and dry season.

Therefore, to determine the comprehensive effects of
different types of subsoilers, the commonly used CS
subsoiler, AS subsoiler and WS subsoiler were tested in
this paper in brown loam soil condition in Northeastern
China. What’s more, to evaluate the comprehensive
effects of those subsoilers, a linear weighted math model
{(Zhow, 2010; Elahi et al., 2014) was developed based on
6 indexes concerning fuel consumption, soil condition
mmprovement and yield increasing effect of subsoiling.
According to the 6 indexes, a comprehensive coefficient
would be obtained for each type of subsoiler by the model
to identity which subsoiler is the most suitable one for the
specific soil conditions.

The purpose of this paper was to estimate the
comprehensive sffect of three subsoilers (CS, AS and W§)
on fuel consumption, soil condition and vield attribute, to
investigate whether the change of subsoiler tine shape has
significant effect on yield increase and subsoiling effect,
and then to optimize the tine shape of subsoiler in
experimental area in Northeast China. This research could
provide some methods to evaluate comprehensive effects
of subseiling and further to select or optimize subsoiler

types for specific soil condition.
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2  Materials and methods

2.1 Experimental treatmenis design

Three different types of subsoilers (CS, AS and WS)
were chosen as subsoiling implements for three
subsoiling treatments, respectively, and non-subsoiling
was set as NS treatment, and every treatment was
replicated three times, therefore with 4 treatments of 3
replications, 12 experimental plots in total were set up
with size of cach plot 2.4 x 40 m. According to Liu et al.
(2017, the optimmized structural parameters (Figure 1) of
subsoiler were selected as shown in Table 1. Where, o
was rake angle, § was wingspan angle for AS and WS, ¥
‘was width of subsoilers. According to the local tillage
practice and subsoiling operation requirements, the
subsotling depth was set as 40 em with working velocity
of 3 km ' during subsoiling operation. The subsoiling
machinery type wag 15200, and four straight shanks

were installed on the subsoiling machinery.

a

¢. W85 subsoiler

b. AS subsoiler

a. CS subsoiler

Figure 1  Structural diagram of three types of subsoilers

Table 1  Structural Parameters of Subseiler tings

Subsoiler tine shape Rake angle o, (*)  Wingspan angle £, (*}  Width #, mm

CS subsoiler 21 — 80
AS subsoiler 21 60 120
WS subsoiler 21 a0 300

© 2.2 Site description

In April 2013, the field subsociling experiment was

conducted in Wufeng town of Zhangwn County
(122°25'E, 42°15'N) in Liaoning province, China before
'maize.seeding, The soil pH value was 7.9 and the soil
type was brown loam soil. The annual average rainfalls
from 2013 to 2015 were 788.1, 362.9 and 573.2 mm,
.respectively. The weather was quite dry from 2014 to
2015, and the rainfall always concentrated in June to

September. Natural rainfall was the only meisture source

for crop without irrigation. Before field subsoiling
experiment, the maize straw cover rate on soil surface

was below 10%, and soil bultk densities at 0-20 and 20-
3

El

40 om depths were 154 g cm” and 1.69 g cm
respectively. Soil gravimetric moisture contents were
19.2% and 20.8%, respectively. Soil cone indexes at 0-10,
10-20, and 20-40 cm depths were 603, 1136 and
1250 kPa, respectively. The amount of fertilizer was same
in each experimental plot.
2.3 Measurements indices and methods

The fuel consumption of subsoiling operation of three
types of subsoilers was measwred during subsoiling
operation. According to local faﬁhing practices, field
subsoiling experiment was followed by shallow rotary
cultivation before maize seeding. The soil properties
indices and maize growth and yield characteristics were
tested during the key growing stage for three years from
2013 to 2015.
2.3.1 Fuel consumption

The measurement of fuel consumption was carried
out by using the integrated field testing system (designed
by China Agricultural University, Beijing, China} and
suspension bracket (Qiaocet al., 2013) (Figure 2). The
integrated testing systern consisted of test platform
{powered by M304 Lovol tractor), sensing system, and
data acquisition system. The sensing system included fuel
(measuring  fuel

consumption measurement system

consumption), six-compoment test force device
(measuring draft) and the other sensing equipment. The
data acquisition system was used to collect and transmit
experimental data to PC by wireless wansmitting device.
During the field experiment, the subsoiling suspension
bracket was connected to the test platform by three-point
linkage. The experimental subsocilers were mounted on
traverse beam of the suspension bracket and could be
adjusted up and down according to the subsoiling
requirements.

Fuel consumption O of each subsoiling treatment was
measured by the sensing system (Qiao et al. 2013) which
consisted of FZ-2100 continuous mass flowmseter and
FM-2500 flow readout box. According to the Coriolis
principle (O' Banion 2013), the fuel consumption was

measured by the mass flowmeter. The fuel consumption
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was different between the load test value ¢, and the
no-load test value gq. 'The measuring area for each set
subsoiling experiment plot was 2.4%40 m, ie. the last
read data were (g1—g0)g/(2.4%x40 m). Since the weight of 1
L diesel was 0.84 kg (GB/T19147-2003), the fuel
consumption data could be converted to liters per hectare,
based on Equation (1), the fuel consumption was
presented by Equation (2),
g B 10° g _ 1 kg

40mx24m 10°x40mx24m 4x2.4 hm® (1)
1 L 1 1 L
96 084 hm’

8064 hm

o-th-a)g (g -a)L
24 mx40m  8.064 hm®

@

Figure 2 Field integrated test system

232 Soil condition improvement

To estimate the effect of these subsoilers on the
change of soil condition, the indices like soil bulk density,
soil volumetric moisture content and cone index were
measured n each field plot.,

(1) Soil bulk density and volumeiric moisture content

According to GB/T50123-1999, the soil bulk density
and volumetric moisture content in 0-10, 10-20, 20-30
and 30-40 cm soil layer in each plol was measured in
three key growing stages (seeding stage, elongation stage
and ripe stage) in 2013-20185, respectively. Since the
ridge center was the most densely growing area of maize
root, ridge center was chosen as main sampling location
of soil cores. Based on bulk density data, the soil
moisture was presented by Equation (3) (Yi Yanli 2003).
(m, —m,)

Y

where, C' was the soil volumetric water moisture (%); m;

C= x100% (3)

and m, were the weights of wet and dry soil, regpectively
(g); V1 and p were volumes of soil sampling ring (cm’)
and water density {g/cm’), respectively.

(2) Soil cone index

Soil cone index was determined by soil compaction
nieter (Field Scout TM SC-900, Spectrum Technologies,
Aurora, USA). The value of cone index was recorded at
each 2.5 ¢m interval of soil depth. Both in subsoiling
treatment plot and NS plot, cone index was measured in
0-45 cm soil layer. Due to seil compaction and rainfall
penetration, the cone index at crop ripe stage was
relatively higher than that at other growing stage {Zhang,
1993; Lin et al., 2009), thus the cone index was measured
at ripe stage, and the measuring point was same to the
acquisition point of soil sample, which was in between of
each two maize plants on the ridges.
233 Maize root characteristics and yield

{1) Maize root characteristic

The maize root characteristic of each replicated
treatment was checked at ripe stage by digging maize root
sample. The digging space was a circular area with a
radius of 30 cm to the depth of 50 ¢m and the root center
was the center of the circle. In each plot, 3 roots, which
were in the same ridge row and close to each other, were
randomly chosen as samples. Root samples were cleaned
carefully in water and ensured no break as much as
possible. The length and dry root weight of each plot was
recorded, respectively (Gong et al., 2009).

(2) Maize yield

In ripe stage, maize yield Y and hundred seed weight
M were determined by manual harvesting, threshing and
air-drying the grain to moisture content of 14% with
maize ears taken from 10 m lengihs of two rows selected
randomly from each of the replicated treatment. Eight
maize ears were chosen randomly in same tidge row as
samples. The number of seed rows on maize car A and
number of seeds on seed row B were recorded, the yield
was presented by Equation (4) (Mahapatra 2010).

¥ NxAxBxM

x 10000 €Y]

axbx2x100
where, ¥ is maize yield, kg hm?; N is the number of
effective ears in the sampling rows; M is the 100-seed

weight, kg; 4 and B are the number of rows and kermels
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long per ear, respectively; a and » are the length and
width of each row (m), respectively.
2.4 Evaluatien method for comprehensive effect of
subsoiler

Linear weighted model is a comprehensive evaluation
and analysis method for the evaluation of objectives with
multiple different types or different order of magnitude
indexes. This method is widely applied in agricultural
2015) and other research fields
{Zhou, 2010G; Elahiet al., 2014). Based on the data of

subsoiling field experiments, the comprehensive effect of

engineering (L1 et al.,

CS, AS and WS subsoiler was analyzed and evaluated by
using the linear weighted model. According to the
analysis results, the mfluence of parameters of subsoiler
tine shapes on the comprehensive effect was discussed
and the relative optimum subsoiler shape was identified
for the research region.

2.4.1

The comprehensive effect of subsoilers was a

Evaluation indexes

comprehensive mamifestation of the effect of various
aspects of subsoiling operation. In this paper, the
comprehensive effect of subsoiling mainly included three
2010}, soil

conelition improvement, crop growth and yield (Li et al,,

aspecis: fuel consumption (Zambillo et al.,

2000; Raper et al., 2009). Fuel consumption index was
cost-type indicator and the value was expected to be as
lower as possible, and soil condition mmprovement and
crop growth and yield effects indicators were effective
indicators and the value was expected to be as higher as
possible( Jin et al., 2015).

In order to quantitatively analyze the comprehensive
effect of the different subsoilers, according to the analysis
2000; Zhang et al.,

2013), the 3-year average values of soil moisture content

of the existing literatures (Li et al.,

increase rate (compared with CK), soil bulk density
reduction rate at 10-40 cm sail layer (compared with CK)
and soil cone index reduction rate at 10-30 cm (compared
with CK) were obtained as the evaluation indexes to
indicate scil improvement effect. The 3-year average
values of yield increase rate and root length increase rate
of different subsoiling treatments (compared with CK)
were tested as indicators for effect on yield and crop

growth, Therefore, six indexes were determined and

selected to form the indexing system: fuel consumption,
bulk density reduction rate, soil moisture content increase
rate, soil cone index reduction rate, root length increase
rate and vield increase raie.
2.4.2 Standardization of indicators

1} Uniformization of indicator type

According to the classification criteria of producer
expectation, fuel consumption was ‘minimum’ indicator
(the lower the better), while the other five indicators were
‘maximum’ indicators (the higher the better). Each
indicator type should be uniformed before performing the
intcgrated weighting calculation. The reciprocal method
was used to convert fuel consumption Q into ‘maximum’
indicator as shown in Fornmla (5). After uniformization,
the indicators were recorded as x;1, X3, X5, X, Xis, Xig;
i were 1, 2, 3, representing CS subsoiler, AS subsoiler

and WS subsoiler, respectively.
Xy = (5}

2) Standardization of evaluation indicators

Since the unit of fuel consumption () was different
from the other five indicators, in order to avoid the
impact of the difference of units of the indicators and the
problem of "large number submerge small numbers”, the
6 individual indicator needed to be nondimensionalized
by the standard deviation method (Martineili et al, 2012),
then be used for comprehensive evaluation. As it was
shown in Equations 6-8, the standardization of each
indicator was based on average value of each subsoiling
treatment, each index value was compared with the
average value, If the standardized indicator was negative,
it meant the original value was lower than the average

level; otherwise, it was higher than the average level.

R A
K, =t (6)
S
—_— 1 )
xj.:g x; (7
i=)

1 3., _ % )
’ =[§Z(xy ) } 1,2,3,4,5,6 (8)
where, x; was the original index value; x;' was the
standardized index value; Z was the average value of

the j-th index of the three kinds of subsoilers, and §; was
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the standard deviation of the j-th index.
2.43 Weight of evaluation index

To ensure the evaluation results of comprehensive
evaluation model could reflect the difference of each
evaluation object and to eliminate the impact of
difference of dimension of each indicator, the weight of
each evaluation index was determined by the variation
coefficient of each indicator (Elahi et al., 2014; Jian et al,,
2015). The calculation method of weight was presented
by Equations (9, 10).

[
o,=C /¥, )
J=1
S, '
C == (10)
X;

where, C; was the coefficient of variation of the j-th index;
and w; was the weight coefficient of the j-th index.
244 Construction of comprehensive evaluation model
Comprehensive effect evaluation model of subsoilers
included 6 indicators in fuel consumption, soil condition
improvément and effects of crop growth and yield
increase, which belonged to multi factor evaluation
system. Therefore, a multi factor linear Weightéd
comprehensive evaluation model was adopted (Elahi et
al., 2014; Zhao et al., 2016), LWM; value Equation (11)
was as follows:

LWM, =f(xy):;@fxg’ 1)

=ox,' +toyx, +ox, +o,x, +ox +ox,

where, LWAM; was the comprehensive effect coefficient of
subsoilers i, by which the comprehensive effect of
various type subsoilers was evaluated. Since individual
indicators x;’ was “maximum value”, and weights (e;)
were between 0 and 1, so LWM; was also expected to be
the higher the better. The higher the LWM; value was, the
better the comprehensive effect of the corresponding
subsoiler would be. According to LWM; value and
positive and negative of individual standardized indexes,
comprehensive. effect of each subsoiler could be divided
into the following level standard: '

First level, LWM;>0 and standardized values of the 6
indicators were all positive, This meant that fuel
consumption of the subsoiler was lower, yield increase

and soil improvement indexes

were higher, and

comprehensive effect of the subsoiler was better than any
other subsoilers in this evaluation system;

Second level, LWAM; >0 and some of standardized
values were negative. One or several effect indicators of
subsoiler were lower than the average value, but
comprehensive effect was higher than the average value;

Third level, LWM;= 0. This result” meant two
possibilities: all effects indicators were equal to average
value or effects indicators had both positive and negative
values with positive values offset negative values, so
LWaL; value Was. zero. It was indicated the comprehensive
effect of the subsoiler were on the average level;

Fourth level, LWM; < 0. All or some of the
standardized values of the 6 indicators were negative. It
meant several or all effects indicators were below the
average level, and comprehensive effect were below the
average level.

2.5 Data processing

To analyze the experimental data, Microsoft Office
Excel and SPSS 19.0 statistical analysis software (SPSS
Inc., illinois, USA) were used in one-way ANOVA
analysis and LSD method was used to perform the
significance test (P=0.05).

3 Result and discussion

3.1 Fuel consumption

The fuel consumption value and variance analysis
result of each subsoiler were presented in Figure 3 and
Table 2. The fuel consumptions of CS, AS and WS
subsoilers were 14.89, 23.42 and 34.69 L hm?,
respectively. The fuel consumption of CS was found to be
statistically lower than those of AS and WS by 57.29%
and 132.96%, respectively, and the fuel consumption of
AS was lower than that of WS subsoiler by 48.10%
(P<0.05). This result indicated that the change of tine
shape had a very significant impact on fuel consumption.
The ftillage traction resistance was one important
determining factor of fuel consumption, higher traction
resistance resulted in higher filel consumption (Jin et al.,
2006).

The effects of CS, AS and WS subsoiler on soil
disturbance and traction resistance had been investigated

at the same experimental field, where the soil condition
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was the same to this paper (Jin et al., 2006). The trench
cross-sectional area of three subsoilers were shown in
Figure 4. The Ty (trench cross-sectional area) for WS
was significantly greater than that for CS and AS by
49.8% and 30.0%, respectively, and T4 for AS was
greater than that for CS by 15.3% (P<0.05). The widths
of CS, AS and WS subsoilers were 80, 120, and 300 mum,
respectively, the soil disturbance and fuel consumption

were increasing when the subsoiler tine was wider.

Fuel consumption, L hm™

Figure 3 Fuel consumption of different subsoilers

Table 2 Variance analysis of fuel consnmption

Sum of Degreeof Mean

Fvalue P-value  Frit
squares  freedom  square

Sources

Inter-group 7596.169 2
Inner proup 139.5591 6
Total 7735728 8

3798.085 163.2893 5.87E-06 5.143253
2315984

a. CS trench shape

b. AS trench shape

Note: The black color area in each Figure represent non-subsoiling soil hard pan,

¢. WS trench shape

diagonzl line area in each figure represent non-subsoiling area.

Figure 4 Subsoiling trench shape of different subsoiling tines

Qi et al. (2015) analyzed the effect of tine shape on
traction resistance. The result showed that the connect
area between subsoiler and soil was different with the
varied tine shape, which resulted in the differences of
shear force and normal force, the traction resistance
increased with the increase of the area of shovel tine.
Meanwhile, wider tine shape of subsoiler would have a
greater range of disturbance on soil, which would request
higher power consumption.

3.2 Seil condition
32,1 Soil bulk density

The bulk density in 0-10 cm soil layer and mean
bulk density in 10-40 cm soil layer were presented in
Table 3. It indicated that, in 2013-20135, the soil bulk
density in 0-10 cm soil layer of each treatment was
1.23-1.49 g/cm’, and no significant difference was found
among the four treatments. The main reason might be
the rotary cultivation operation conducted before
seeding in each treatment plot. However, in seeding
stage in 2013, in 10-40 cm soil layer, compared to NS
{reatment, the soil bulk densities of CS, AS, and WS
subsoiling treatment deceased by 9.74%, 9.74% and
10.38%, respectively.

The mean values of decreasing rate of bulk density
compared with NS in 1040 cm soil layer were presented
in Figure 5. As it could be seen from Figure 5, in the
three years (2013-2015), mean values of reduction rate of
bulk density of three subsoiling treatments (CS, AS,
WS)compared with NS were 6.19%, 6.53%, and 7.68%,

respectively.

Table3 Soil bulk density of 0-40 cm layers in key growing siages of spring maize under different treatment

gem
Soil layer, S 2013 2014 2015
¢ Seeding stage Elongation stage Ripe stage Seeding stage Elongation stage Ripe stage Seeding stage Elongation stage Ripe sfage
NS 1.39° 1.44° 142° 133 141° 136" 1.29* 1.43° 1.36*
Cs 1.23° 1.41% 1.36° 1.21* 137° 1.34° 1.24* 1.38" 1.46°
o0 AS 1.29% 1.40° 141° 1.30° 148° 1.32° 1.38 1.49% 1.38°
WS 1.38" 1.38° 1.34° 1.38° 137 1.36* 1.22* 1.39* 1.41°
CK 1.54* 1.64° Le7* 1.55° L67 . Ler 159 1.66" 1.68°
Ccs 1.39° 154 L3570 1.49" Ls7 156 1498 157 1.60°
1040 AS 1.39° 1.53° 1.58° 1.48° 1.52° 1.57° 1.49° 1.55° 1.60°
ws 1.38° 151 1.54b 1.45° 1.54° 1.55° 1.50* 1.52° 1.56"

Note: Same superscript letter in same vertical line means no significant difference between treatments for every soil layer (P=0.05). Data comparison was just within the

same soil layer.
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- Figure 5 Reduction rates of soil bulk density in 10-40 cm soil layer in maize growing stage

3.2.2 Soil cone index

As shown in Figure 6, the curve of cone index of each
treatment was taken to quantify soil strength. Soil cone
index value of every treatment in 2013-2015 varied with
depths, increasing from surface to the depth around 15-
25 cm then decreasing as depth increases. At 15-25 cm
depth, the curve of NS treatment exhibited the maximum
values of cone index, mainly resulting from soil

compaction in previous years, and the maximum value

was up to more than 4000 kPa. Down to the depth of
30 cm, the gap of cone index values between subsoiling
treatment and NS treatment were rapidly closing. The
decrease rates of soil cone indexes of CS, AS_ and WS
treatment, comparing with NS treatment, were shown in
Figure 7. The mean values of cone indexes of CS, AS and
WS treatment were statistically lower than that of NS
treatment by 41.25%, 39.87% and 32.87%, respectively

{(P<0.05).
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Figure 6 Soil cone indexes of 0-45 cm layers in ripe stage of spring maize under different treatments
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Figure 7 Decreasing rates of soil cone indexes of different

subsoiling treatments in 10-30 cm depth

3.2.3  Soil volumetric moisture contenf

Table 4 showed the soil volumetric moisture content
in 0-10 cm soil layer and the mean value of soil moisture
content in 10-40 cm soil layer, which was used to
evaluate the ability of soil moisture storage of different
subsoiling treatments. The increasing rate of volumetric
moisture content at the depth of 10-40 ¢cm was shown in
Figure 8. The data showed that in 10-40 cm soil layer, the
volume moisture contents of subsoiling ireatments were

higher than that of NS by 0.48%-4.53% in the whole
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growing season in 2013 and in the elongation stage in

2014 (Figure 8). From the ripe stage in 2014 to the ripe

The annual mean values of increase peicentage of the
moisture content of CS, AS and WS were 6.08%, 6.07%

stage of 2015, the moisture content of subsoiling and 7.15% in 2013-2015, compared with NS,
treatments was higher than that of NS by 2.46%-16.44%. respectively.
Table 4 Volumetric soil water moisture in key growing stages of spring maize under ditferent treatments %
Soil 2013 2014 2015 Average value of every stage
layer  Treatment . . . . . . : . .
Seeding Elengation  Ripe Seeding  Elongation Ripe Sgeding  Elongation  Ripe Seeding Elongation Ripe
fem p g J2¢ by
stage stage stage stage stage stage stage stage stage stage stage stage
NS 28.89% 28.82% 28.64° 27.04* 28.93° 24.74° 26.19" 24.66° 16.10° 27.37 27.47 23.16
010 Cs 29.98° 29.02° 26.73% 28.53* 29.00° 24.14° 26.31° 25.49° 16.14% 2827 27.87 2234
AS 29.23° 29.55° 28.34° 28.07° 29.15" 24.83° 27.21° 25.21° 14.62° 28.17 27.57 22,60
W3 29.95" 29.72° 29.34° 2817 29,84° 2337 27.81° 25.41° 15.99° 28.64 28.32 22.90
NS 29.27% 30.31° 29.96° 2937° 29.81* 23.03% 28.47° 25.76* 15.52° 29.04 28.63 22.84
1040 Cs 30.60° 30.82° 30100 3007 30,93° 26.81° 29.17" 27.85° 1777 2998 29.87  24.89
AS 3056 3L10° 30.51*  30.08" 31.49° 25.60° 29.91° 27.58° 1775 3018 3006 24.62
WS 30.46° 31.31° 30755 30.40° 31.12° 26.51° 30.64° 27.72" 18.01° 3050 3005 25.09

Note: Same superscript letter in same vertical line means no significant difference between treatments for every soil layer (P=0.05). Data comparison was just within the

same soil layer.
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Figure 8 Increasing rates, compared with NS, of soil moisture content of 10-40 cm soil layer in key growing stages

3.3 Maize root growth and yield
33.1
Maize root characteristics of different treatments in

the ripe period of 2013-2015 were shown in Table 5 and

Maize root characteristic

Figure 9. Significant differences in the root length and
root dry weight wers found between subsoiling and NS
treatment. The root length for subsoiling treatments
statistically increased by 8.90%-54.45% compared to
those of NS treatment, and the root dry weight of
subsoiling treatments was heavier than that of NS
treatment by 5.5%-14.7% (P<0.05). An important reason
was that the soil condition improved by subsoiling was
more conducive to root growth compared to NS treatment.
The increase of root length and dry weight indicated that
subsoiling could effectively promote root growth by
improving soil condition and providing relatively enough

moisture-and air for maize growth (Mullins et al., 1994,

Zhang et al.,, 2015). According to Table 5, the annual
mean values of root length increase rates for CS, AS and
WS treatment compared with NS were 17.05%, 16.59%
and 26.83%, respectively.

Table 5 Root characteristics under different treatments

Root Rootlength Stem  Dryroot Dry root
Year Treatrnent lemgth, increase Diameter, Weight, weightincrease
cm rate, % mm g Tate, %
NS 307 21° 3421
2013 Cs 38.5°  2541%B 228 37.73° 420%*
AS 363" 18.24%" 22! 36.79° 1.60%*
WS 382" 24.43%% 230 3795 181%*
NS 202° 21° 3535
»014 cs 31.8°  850%” 24* 39.17° 4.87%"*
AS 134 1438%2 23* 37.28° 1.15%*
w8 40.1°  3733%° 22* 38.45° 2.95%"
NS 3.5 19° kP i
2015 Cs 368" 16.83% 22 39.89° 8.40%*
AS 369°  17.14% 21° 38.76° 541%™
WS 374°  18.73%E 23° 37.41° 1.74%

Note: Same superscript letter in same vertical line means no significant difference

between treatments (P<0.05). Data comparison was just within the same year.
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a. C8 root

b. AS root ¢ WS root d. NS root
Figare 9 Spring maize reot under different treatments in 2014

3.3.2 Maize yield

Maize yield and the characteristics of maize eat in
different treatments were shown in Table 6. According to
Table 6 and variance analysis, from 2013 to 2015, the
average yields of CS, AS and WS treatments were higher
than that of NS by 24.82%, 20.43%, and 19.86%
(F=0.012533), respectively. It was seen the hundred seeds
weight of CS, AS and WS treatment increased by 6.8%,
7.4% and 6.5%, respectively (£<0.05). The increase in
the hundred seeds weight was the direct reason for the
increase of yield. Tt has been found that a good soil
condition and adequate moisture were important factors
for the increase in hundred seeds weight (L1 et al., 2013;
Tan et al., 2011). This result proved that subsoiling could
significantly increase the yield of maize (Li et al., 2000;
Jin et al., 2607),

Table 6 Maize ear characteristics and yield of different

treatments
Number of Ear Seed Hundred . Average
Year Treatment maizeecar T1ow, number S'?Ed Yleldfg yield
ineachrow Hne perrow We;ght, kghm kghm?
NS 31° 16.0° 347 3032° 16127.1°
oz 8 3z 155 351%  32.06° 116327
AS 31" 165 334 32,16° 114514
w3 30° 1600 335 3293 110376
NS 31° 17.1° 2980 2977 9021.6°
worg S 31 175 304°  3272° 11246.6°
AS 308 17.3°  293*  31.41° 10619.9°
W8 32° 174 301°  31.47° 10992.4°
NS 26° 185" 274  2021° 8058.2° 9069.0
S0 CS 32° 120" 29.7°  31.49° 10872.1° 112505
AS 31° 187° 2060 30.42° 10516.0° 108624
WS 32° 18.6°  28.6°  31.39° 10373.5° 10801.2

Note: Same superscript letter In same vertical line means no significant
difference between treatments (P=0.05). Data comparison was just between
different treatments in same year.

3.4 Comprehensive effect of different subsoilers

Based on the experimental data above, a linear

weighted model with 6 indexes was applied to evaluate
the comprehensive effects of subsoilers in terms of soil
condition, vield and fuel consumption. The original
indexes values of every evaluation object (CS, AS and
WS subsoiler) were exhibited in Table 7. According to
Equations (5)-(11), the standardized indexes value and
the corresponding weight value were caléulated and
presented in Table 8. The values of comprehensive
effect coefficients (L M) of CS, AS and WS were shown
in Figure 10 and the LWM values of CS, AS and WS
subsoilers were 0.329, —0.308 and —0.021.

Table 7 Original index value of each evaluation object

Soil Bulk Soil Water Scil Cone  Root

Snbao;ler corf‘sls;e density content index length in‘gf::ise
R - redaction  increase  decrease  increase rate. U

. ate, % rate, % rate, % rate, % > 70

C8 14.9 6.19 6.08 41.25 17.05 24.82
AS 234 6.53 6.07 39.87 16.59 20.43
WS 347 7,68 7.15 32.87 26.83 15.86

Table 8§ Standard value and weight of every evaluation ohject

(subsoiler)
No. ' *'a x's X x'is x'g
Weight 0.361 0.099 0.083 0.099 0.083 0.108
[o4] 1.078 -0.781 ~0.569 0.724 -0.569 1.148
AS -0.180  —0.346 —0.585 0.417 —0.585  0.469
WS -0.898 1.127 1.155 —1.141 1.155 —0.679

On the basis of comprehensive effect coefficient
judgment level standard that constructed in 2.4.4 section,
it could be seen from Table 8 and Figure 10 that the
LWM; value of CS was the largest, the comprehensive
effect of CS treatment belonged to the second level. This
meant comprehensive effect level of CS was higher than

the average level of the three types of subsoilers, while

soil bulk density reduction rate and the increase rate of

water content and root length of CS were lower than
those of other two subsoilers. The LWAL; value of WS was
close to zero level, which meant the comprehensive effect
of WS was close to the average level. The LWA; value of
AS belonged to fourth level, this indicated the
comprehensive effect of AS was below the average level
and as shown in Table 8, except soil cone index, all the
effect indexes of AS were belo.w the average level.
According to the six-individual index and LWM; value
analysis, the results indicated that the comprehensive
effect of CS was relatively higher than the other two
subsoilers, for its yield increase rate was the highest while
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the fuel consumption was the lowest. Though the root
length increase rate of WS treatment was highest and the
ability of improving maize yield of WS was statistically
equivalent to CS subsoiler, the maximum traction
resistance of WS resulted in maximum fuel consumption,
which leading to the reduction of the comprehensive
effect for WS treatment.
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Figure 10 Comprehensive effect evaluation index of every
subsoiler

Existing reéearch (Liu et al., 2017; Qi et al.,, 2015)
showed that WS subsoiler produced widest range of
disturbance at-the depth of 20-40 cm, compared to AS
and CS subsoilers. Therefore, WS subsoiler was suitable
for inter-row and overall subsoiling, if just to acquire the
effect on soil condition improvement without considering
if taking the

comprehensive - effects, consisting of fuel consumption,

about +the - rest indexes. However,

soil condition improvement and yield increasing into

consideration, -the most desired comprehensive effect for

subsoiling operation was to obtain relatively highest yield
and soil improvement effect with relatively lowest fuel
consumption. Analysis results in this paper indicated that
the advantage of WS

improvement and crop growth promotion could only last

subsoiler in soil condition

until the next year of subsoiling. What’s more, the fuel
consumption of WS was significantly higher than that of
AS and CS, and its yield increasing effect was just
statistically equivalent to that of CS subsoiler. The fuel
consumnption of AS was also higher than that of CS
subsoiler; though its effect on soil condition improvement

and yield increase was equivalent to CS subsoiler.

The negative effect of soil compaction on crop growth
could often be alleviated by subsoiling. However, the
subsoiling operation was often conducted at unnecessarily
soil depths or width, wasted energy and excessively
disturbed surface soil (Raper et al., 2006). Raper et al.
(2007) found that site-specific subsoiling in 25-45 cm

- depth had same level of yield increasing effect compared

to the traditional deep uniform subsoiling to 45 c¢m, while
its fuel consumption was significantly lower than that of
uniform deep subsoiling conducted at 45 cm depth. The
reduction of fuel consumption for site-specific subsoiling
was because its total soil disturbance was Iess than that of
uniform deep subsociling, which, therefore, led to the
reduction of traction resistance. Similarly, in this paper,
the lowest fuel consumption of CS subsoiling was mainly
due to its minimum soil disturbance. Ibrahim Akinei et
al.(2004) also found two-pass subsoiling had more
significant effect on the improvement of soil condition,
while its effect on yield increase was equivalent to
one-pass subsoiling and statistically insignificant.

Summarily, according to the above analysis, it was‘
indicated that, fuel consumption was significantly
affected by the change of subsoiler tine shape, and the
difference of subsoilers on soil condition improvement
could last to the next one or two vears after subsciling
operation, but the change of tine shape had little effect on
the yield increase. Taking the comprehensive effect on
fuel consumption, soil condition improvement and yield
increase into consideration, CS subsoiler was proved to
be the relatively best subsoiler type compared to WS and
AS subsoilers for the experimental region of this paper.

4 Conclusion

(1) The effect of subsoiler tine shape on fuel
consumption was evaluated in experimental field at
40 cm depth and 3 km h™ speed. Result indicated the
change of subsoiler tine shape had significant impact on
fuel consumption. Fuel consumption increased with wider
tine, and the fuel consumption of CS was 57.29% and
132.96% (P<0.05), lower than that of AS and WS,
respectively.

{2) From the field test in 2013-2015 and exist

research, it was found that subsoiling significantly
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improved soil condition in terms of soil bulk density, soil
moisture and cone index at 10-40 depth. Compared to NS
treatment, soil bulk density statistically decreased by
4.97%-16.1% (P<0.05) after subsoiling. Cone index was
statistically lower than that of NS treatment by
32.87%41.25% (P<0.05) at 10-30 cm depth. Soil
moisture content, especially when it was dry (2014 and
2015), was statistically improved by 2.46% —16.44%
through subsoiling.

(3) Based on the analysis of the effects on fuel
consumption, seil condition improvement and yield
increase, the comprehensive effect of three subsoilers was
evaluated by linear weighted math model. The LWA;
values of CS, AS and WS were 0.329, —0.308 and 0.021,
respectively. CS subsoiler was proved to be the relative
best subsoiler type in this experimental soil condition for
it was more energy saving and had statistically similar
soil condition improvement and vield increase effect as
WS and AS subsoiler.
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Abstract: The mechanical weeding technology is fmportant in reducing the usage of herbicide and ensuring organic rice

production in paddy field. It is an effective approach to replace chemical and manual weeding. The main objective of this
research was to solve the problem of mechanical weeding device for paddy ficld injuring rice seedlings and to study the
The main structure and working

The burying mechanism of weeding

changing regulation of force which can remove weeds without injuring rice seedlings.
principle of a rotating and burying weeding device for paddy field were stated in detail.

device was analyzed and the comprehensive dynamic model about that machinery and weeds affected mutnally was developed.
Refer 1o actual environmental characteristics of paddy ficld, a real-time test measurement system was designed and built using
sensor testing technology for studying rice seedlings injured force. On this basis, single factor tests were conducted to analyze
The machine forward velocity,
cutter-dise rotational speed and distance from soil surface to spring-tooth end were selected as the experimental factors. And
The results showed that, under the condition that

the machine forward velocity was 0.14-0.56 m/s, cutter-disc rotational speed was 95-135 r/min and distance from soil surface to

the influences of these factors on rice seedlings injured rate and rice seedlings injured force.
then the comesponding regression equations were obtained by analysis.

spring-tooth end was 6-36 mm, the cutter-disc rotational speed had a significant influence on two experimental indexes. The
rice seedlings injured force had a linear increasing trend with the increase of three experimental factors. And the rice
seedlings injured rate decreased with the increase of machine forward velocity while increased with the increase of another two
factors. This paper could provide an important theoretical basis for improvement and optimization of mechanical weeding
device.

Keywords: paddy field, mechanical weeding, burying mechanism, rice seedlings injured force, measurement system,
experiment
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1 Imntroduction

Mechanical weeding in paddy field is the advanced
technology that kills weeds by burving, cutting or
uprooting during suitable growth period of rice seedlings
(Ma et al.,, 2011; Zhang et al., 2015). It can locsen soil
around seedling roots, improve the physical properties of

s0il and reduce environmental pollution compared to the
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chemical weeding and manual weeding. According to its
working status, it can be divided into inter-row weeding
and intra-row weeding (Gobora et al, 2013). The
intra-row weeding system in paddy field relates to paddy
soil, plants, operating machinery and other units which
interact with each other and change dynamically. And the
plants have characteristics of slim stems, entangling roots,
irregular geometric shapes. All of these can result in low
operation efficiency and high injure in weeding process.
The field applications on the previous weeding equipment
showed that inter-row weeding rate can reach 70%, but
intra-row weeding rate is very low (less than 60%) and

rice injured rate is high (higher than 10%) in Northeast
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China (Tao G X et al,, 2015; Yang S M et al.,, 2014).
Intra-row weeding is the way of controlling mechanical
parts to kill weeds without injuring rice seedlings
according to the different depths of root between rice
seedlings and weeds. In recent years, many scholars
around the world have conducted researches on intra-row
mechanical weeding technology (Ishii et al,, 2006; Lamm
et al,, 2002; Zhang et al., 2012). And then the key parts
were developed and optimized, such as duckfoot, rotary
bladed harrow, powered totary hoe, staggered comb and
control arc, etc. (Zhang et al., 2017; Astrand et al., 2002;
Slaughter et al., 2008). At present, the studies of weeding
machines are mostly focused on its structure, but the
studies of its weeding mechanism, influencing factors and
mechanical properties are inadequate relatively.

The research on the mechanical properties of rice
seedlings or weeds is an important foundation for the
design of agricultural machinery. It also provides basic
data for the improvement and optimization of kesr(, pa1its.
Researchers have also reported their work on mechanical
properties of rice seedlings. Ma et al. (2005) measured
rice seedlings’ fracture force and pulling force sp_routed.‘in

plastic cell-trays using .self-regulating -measurement
system. Wang et al. (2014) stugdied tensile strengfh of rice
seedling and barnyard grass from trays during weeding

period using universal testing machine, In the process of

mechanical weeding, hardware parts of weeding device

are directly contacted with rice seedlings or weeds. And

Rice seedling

B N

e R = e

I Mud igiyer
3 30-50 mm

»

""" oot depth of |
wead 30-50 mm,

80-100 mot

Root depth of rice

Soil layer  |g
160-180 mm

mechanical injury of rice seedlings is one of key factors
that restrict the development of weeding technology that
requires attention during weeding. Therefore, this work
aimed to seek the optimal force range for removing
weeds without injuring rice seedlings.
In fhis case, this paper took a rotaﬁng and burying
. weeding device for paddy field as the research object, and
its burying mechanism was analyzed. The comprehensive
dynamlc model about that machinery and weeds affected
mutually Waspstabliéhed. On this basis, a real-time test
measurém::gt: éyste_m was designed and built using sensor
testing technology for studying rice éeed}jngs injured rate
and rice seedlings injured force to estimate the éffects of
some factors on the experimental indexes, so as to
provide an important theoretical basis for designing and

controlling mechanical weeding device.

2 Agronomic characteristicsr and methods of

weeding

2.1 Agronomic characteristics
Weeding

hybrid system which includes rice seedlings, weeds

environment in - paddy field is a
(barnyard grass as main type), soil and water, etc. The
paddy field soil that consists of mud layer and soil layer
1s very complex. Depths of mud and s6il layers are 30-50
and 160-180 mm, respectively. Sow spacing and row
spacing 6f rice seedlings are 100-120 and 300 mm,

respectively, as shown in Figure 1. -

Sow spacing
100-120 mm *

Row spacing
300 mm

Figure 1 Weeding environmental system in paddy field

The temperature gradually increases from early June

in Nértheast China. Weeds grow quickly along with the

growth of rice seedlings. The vertical root depths of rice
seedlings and weeds are 80-100 and 30-50 mm in the
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weeding period, respectively. As reported in previous
literature and actual field operation, the optimum weeding
time are the 7th day and 14th day after transplanting or
sowing. {Liu et al., 2012; Dirk A G Kurstjens, 2007; Guo
et al., 2016).
2.2 Mechanical methods

Based on. the working principles of various
mechanical weeding devices, there are fhree kinds of
controlling methods, burying, uprooting, and cutting (Van
Der Weide et al., 2008; Jolmson III et al., 2012). Burying
refers to putting soil layer upon weeds to restrict their
photosynthesis. Uprooting is . breaking the contact
between soil and weed roots: Cutting involves physically
shearing off part of weed plants. Burying typically occurs
during seedbed preparation, cultivation or after crop
emergence. Uprooting and cutting only occur during
cultivation or after crop emergence. This paper mainly
studied the burying mechanism of weeding device in
paddy field, which established theoretical foundation for

the ensuing chapters.
3 Structure and principle of weeding device

3.1 Main structure

As shown in Figure 2, the rotating and burying
weeding device for paddy field mainly consists of
cutter-disc and weeding spring-tooth (Wang ct al., 2016).
Some screw holes are designed on the cutter-disc with
different installation diameters and angles (its diameter
range is R;=50-100 mm and angle range is ¢=30-90%). A
number of spring-tooth are bolted directly to the
cutter-disc (its range is 4-12). The weeding spring-tooth
is made of No_45 steel with high elasticity and toughness

\
\ &

5, iy
\\ 000 y
\g;

DO
=]
Gl

1. Cutter-disc 2. Weeding spring-tooth
Figure 2 Rotating and burying weeding device for paddy field

(its diameter is 5 mm). And the length of weeding
spring-tooth is L = 300 mm according to actual
requirements of penetrated depth. The end of spring-tooth
is designed by using arc-shaped segment to improve the
weeding performance. Respectively, the length /, wrap
angle o and radius » of arc-shaped segment are 40 mm,
43° and 72 mm.

3.2 Working principle

According to the soft degree of paddy soil and other
environmental characteristics in different fields, adjust
the initial depth of the whole weeding spring-tooth
system before weeding. In the weeding process, single
spring-tooth contacts with crops directly in point to
reduce the contact area with rice seedlings and increase
the contact slip area with soil (Wang et al., 2017). By
adjusting the numbers and installation angles of
spring-tooth, it can adapt to various operating conditions.
The whole weeding spring-tooth system mounted con the
cutter-disc with the following compound motion: the
circular motion of the cutter-disc, which is konown as the
relative motion (its relative rotational speed e also known
ag the peripheral speed), the other is the convected motion
in which the cutter-disc travels along with driving
machine (its convected speed v). Each weeding
spring-tocoth would contact with crop row twice during
one rotational period, which can effectively prevent
unilateral lodging after weeding. The effective working
part of spring-tooth is the arc-shaped segment in scil. The
operation areas and trajectories of two endpoints could be
obtained by analyzing, as shown m Figure 3.

In order to analyze the influences of different factors
on operation areas and trajectories, the ratio 1 of the
relative cutter-disc rotational speed to the convected
machine forward velocity was given {(Wang et al., 2016;
Wang et al., 2017). By adjusting the ratio 4, it can
increase the area of weeding operation and improve the
burying performance to meet agronomic requirements of
weeding. When the ratio A is less than 1, the horizontal
velocity of spring-tooth is greater than zero, that is, the
direction of horizontal velocity is consistent with that of
driving machine, and the trajectory of spring-tooth is
short amplitude outer cycloid (trajectory III in Figure 3).
Under this condition, the spring-tooth has larger effects
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on soil and the operation area is relatively - dispersed. and the frajectory of spring-tooth is trochoid (irajectory I

When the ratio 4 is greater than 1, the horizontal velocity in Figure 3). Under this condition, the operation area is

of spring-tooth is less than zero, that is, the direction of relatively distributed and the weeding performance is

horizontal velocity is opposite to that of driving machine, beiter.

. P \>/.
AVIZANNY

N I
Trajectary of B, p
Trajeclory of P22

Note: Py and P, represent the two endpoints of arc-shaped segment of spring-tooth, T, II and 111 regions represent the weeding control areas of ‘
spring-tooth in different conditions, respectively. The circles and triangle represent the weeding control trajectories of spring-tooth in different

conditions, respectively. 4; is the minimum range of trajectories caused by two endpoints of spring-toath. 5 is the distance from soil surface to
spring-tooth end. v is the machine forward velocity. o is the cutter-disc rotational speed.
Figure 3 Operation area and trajectory of weeding device

4 Materials and methods based onthe material mechanics. According to the
simplified model of actual weeding process, as shown in

4.1 Analysis of burving weeding mechanism

In order to analyze the burying mechanism of
weeding device and research the effects of some factors
on weeding performance, the comprehensive dynamic
model about that machinery and weeds affected
mutually was established. And then the deflection

bending parametric equation of weeds was expressed

¥

Figure 4, the weed can be simplified as a homogeneous
cantilever beam with free end at top and fixed at base.
Taking the center point O of the weed root as the origin
of rectangular coordinate system, the positive direction
of axis x is along the horizontal soil interface and the

positive direction of axis y is along the weed stalk

&
=
e

¥

before bending.
AA
¥a Deflection bending madel
dx 48
=]
—_/ 9
o e
) > X
»
dé

Note: I, I and 11 regions represent the mud layer, the toot dense layer and the soil layer, respectively.
Figure 4 Comprehensive dynamic model of weeding device
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Based on material mechanics, the bending weed stalk
is simplified as deflection curve, the coordinate of
arbitrary point on the curve is @ (x, ¥} and the parametric
equation of curve was given by:

y=fx) (1)

According to plane aséumption of Bending
deformation (Wang et al.,, 2015), the cross section of
beam always remains perpendicular to the axis of beam
before or after bending deformation, and the angle 4
between the axis x and the deflection curve could be

expressed:
dy
# = arctan(—-) - 2
( ) (2)

Under the - pure bending condition, the relation
between bending moment and curvature should meet:
1M
p EI

where, M is the bending moment acting in cross section

of weed, N'm; E is the elastic modulus of weed, MPa; [ is -

the section inertia of weed, mm".

The Equation (2) was transformed as foliows:

ﬁ=£€dx=i{arctan(@—ﬂ£ 4
ds dxds dx dx ) |ds
ds=[1+[9§ij } dx (3)

where, ds is the intersection of two orthogonal tangents, -

that is the center of curvature, and the radius of curvature
p could be obtained.

Combining Equations (4) and (5), the nonlinear
deflection equation of weed stalk after bending
deformation could be derived the following formula:

& ,
dx” M

It performed pseudo-linear transform of Equation (6)

(6)

to simplify solution process. When the weed is buried

into the soil layer, the angle # could be approximated to:

Hztané’:%:f’(i) S (7?“

From Equations (6) and (7), the approximately

3)

differential equation of deflection curve after weeding is
buried into the soil layer could be transformed into
Equation (8):
2
| ey ®
On this basis, the dynamic characteristic of weeding
spring-tooth was researched to analyze the effects of
some factors on weeding performance. When a single
spring-tooth contacts with weed stalk in point directly,
the moment on arbitrary cross seetion could be expressed:
F(h—x)
 cosf
(9)

where, F is the resultant weeding force, N; & is the

M =—[Fgcos8(h—x)+ Fgsin6(h—x)tan ] =

distance from force point to soil surface, mum.
Combining Equations (8) and (9) derived the

following formula:

’ " F(h—x)

10
cosf (19)

ED"=M =~

And then Equation (10) which is carried out two
integrals could be transformed into:

L F , Fh

Ely= ¥ -+ Cx+D 11
Y cos@ 6 2 ), (D

where, C and D are constant terms. When the force point

is the origin of coordinate, that is x==0, the constant
terms are C=D=0..

The approximately differential equation of deflection
curve after weeding is buried into the soil layer could be
expressed:

1 (f_ ¥ - ﬁ xZ
cosf 6 2

For one particular crop, the values of elastic modulus

Ely=

)y (Osx<H) (12)

and section inertia remain constant. From Equation (12),
the value of angle @ decreased with the weeding force by
spring-tooth increasing under the condition that the
distance A remained constant. That is, the bigger the
wee.ding force is, and it shows that the wced.ing
performance is better, The value of angle & increased with

the distance A increasing under the condition that the

. weeding force F remained constant. That is, the higher

the distance is, and it shows that the weeding

“performance is worse.

Based on above analysis, the weeding force by

spring-tooth is one of the most important factors for
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weeding performance, and it also has significant
influence on rice seedlings injured problem. When the
weeding force is too large, the working efficiency of
weeding device will reduce, and the rice seedlings injured
rate will increase. When the weeding force is too small,
the weeding performance will degrade. The value of
weeding force is related to the machine forward velocity,
cutter-disc rotational speed, distance from soil surface to
spring-tooth end and so on. In this follow-up experiment,
in order to seek the optimal force range for removing
weeds without injuring rice seedlings, a real-time test
measurement system was designed and built using sensor
testing technology for studying rice seedlings injured
force to estimate the effects of some factors on
experimental indexes.
4.2 Test measurement system

Refer to the actual environmental characteristics of
paddy field and feasibility of measuring rice seedlings
injured force (Qi et al, 2015; Zheng et al, 2017), a
real-time test measurément system was designed and built
using sensor testing technology for studying rice
seedlings injured force. The overall configuration of test
bench was shown in Figure 5. The test measurement
system consistéd of JC4B type dynamic strain gauge
(China Academy of Building Research, its range of input
signal was +10000ue, sampling frequency was greater
than or equal to 2kHz and the testing accuracy was
0.1%F.8.), signal acquisition system(two groups of
BX120-0.5AA type foils strain gauge sensors connected
fully-bridged connection, which was attached to the end
of spring-tooth), collector ring, computer, rotating and
burying weeding device for péddy field, main frame,
transmission system, traction motor, drive motor and soil
bin, etc.. - |

In the test, the mﬁin frame (1) was driven by traction
motor (2) along soil bin, and then the rotating and
burying weeding device for paddy field (3) was driven for
weeding by the drive motor (6). The forward velocity and
rotational speed of weeding device could be adjusted by
frequency converting system. The strain gauge sensor
was attached to the end of spring-tooth for signal
acquisition. Tiny deformation appeared in the local of the

spring-tooth in the burying process. The deformation

signals were transmitted to dynamic strain gauge (7) by
collector ring (5} which could prevent the cable wrapping
problem of weeding device during rotational motion. The
dynamic stress-strain recorded real-time dynamic strain
curve by using computer software to analyze the
changing regulation of rice seedlings injured force. The

measuring principle of system was shown in Figure 6.

a. Test bench model

b. Actual configuration
1 Mam frame 2. Traction motor 3. Rotating and burying weeding device for

paddy field 4. Transmission system 5. Collector ring 6. Drive maotor
7. D)}naﬁ:jc strain gauge 8. Soilbin 9. Computer
Figure 5 Test measurement system

[ Weeding device '—b Rice seedling

’ | Strain gauge sensor I

T +
" L Collector ring |

’ Dynamic strain gauge —; .

Injured force I‘——i Computer —H . Micto strain curw:‘]

.. Figure 6. " Flow chart of méasm'emént system

Tn ofder ‘to‘-ensure the, measurmg accuracy, the signal
acqmsmon system was composed of two groups of
BX120-0.5AA type foﬂs stram gauge seénsors connected
fully—bndged ccnnechon ‘as shown “in "Figure 7. The
parameters of BX120-0.5AA type foils strain gauge

sensor were shown in Table 1.
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. pe =144.93F —39.814
X % ) (14)
. ) R® =0.9999
R, R . where, pe 1s the micro strain of calibrated spring-tooth;
L T is the loading force, N.
% . Table 2 Calibration results
PN
{ \k Loading force T, N Micro strain jg
— 1.46 ' 168
R}\\\ R, 3.29 442
5.54 764
6.92 G965
a. Fully-bridged connection mode 7.99 1124
431 1299
: 11.61 1641
Strain gauge 15.37 2191
SENS0r B
Spring-ipoth
2300
2000
e
= 1506 -
o
3
b. Physical diagram § 160G -
Figure 7 Signal acquisition system =
500 +
Table1l Paramelers of sirain gauge sensor
— - T G L 1. L H I 1 1 A l‘
Type Resistance, € Sensitive grating Scnm'trﬂty 0 2 4 6 g i 12 14 16 1%
tuler, mm coefficient, % Loading force, N
BX120-0.5A4 119.9:0.1 0.5x0.5 2,081 Figure 8 Calibration curve

Figure 7a showed that the tension signal could be
filtered and received by the strain gauges R; and R, and
the pressure signal could be filtered and received by the
strain gauges R; and R4. The strain gauges R; and Ry, R,
and R; all showed symmetrical distribution along the
center of elastic components. According to the arrayed
rule of strain gauges and Hooke’s law, the measured
strain data could be tramslated into the values of rice
seedlings injured force (Wang et al., 2017; Jin et al,
2015). The transforming relation was as follows:

_ EWe a3)
2L, - L)
where, £ is the strain value of spring-tooth; W is the
section modulus in bending of spring-tooth, mm’; £ is
the elastic modulus of spring-tooth, MPa; L, and L; are
the distances from force point to two groups of strain
gauges, respectively.

For eliminating the system error, the test
measurement system was calibrated. The calibration data
and curve were shown in Table 2 and Figure 8. The

regression equation of the calibration curve was:

The determination coefficient R® of regression
equation that micro strain changed with loading force was
0.9999. After the value'was displayed by computer, the
rice seedlings injured forces were obtained using
Equation {14).

4.3 Test materials

Rice variety “Longyang 12”7, widely planted in
Northeast China, was chosen as the test material. Heights
and diameters of 100 rice seedlings were measured on the
7th day after transplantation (the first weeding period).
The average height of rice seedlings was 226.5 mm, and
the average diameter was 2.1 mm. Experimental field was
in Houzhangjia Village, Xingfu Town, Harbin City of
China. Rice ftramsplaniation was performed manually.
Before rice transplantation, the field was not treated with
fertilizers nor chemical herbicides. Other paddy fields
were managed in accordance with the agﬁculturai
production of local actual condition. In order to make the
test more convenient, the test seedlings were transplanted
to s0il bin in Northeast Agriculture University before test.

In the process of transplantation, enough soil was put
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around roots of rice seedlings from beginning to end,
ensuring growth enviromment of roots consistent with that
m the field. The rice seedlings situations in paddy field

and soil bin were shown in Figure 9.

a. Paddy field

b. Soil bin
Figure 9 Rice seedlings situations in paddy field and soil bin

4.4  Test factors and indexes

Based on the above-mentioned theoretical analysis
and actual agronomic requirements of weeding, the
machine forward velocity, cutter-disc rotational speed
and distance from soil surface to spring-tooth end were
selected as the experimental factors on condition that the
structure parameters of weeding device were given.

According to the different depths of root between rice
seedlings and weeds, when rice seedlings got injured by a
certain force, weeds must be buried nto the soil. Aiming
for estimating the effects of factors on rice seedlings
injured rate and rice seedlings injured force, this study
analyzed and tested emphatically the critical injured
conditions of rice Combined  with
pre-expernimental study, this paper defined three kinds of

seedlings.

mechantcal injured states:

1) The sterns and leaves of rice seedlings were buried
into soil after weeding, and no photosynthesis could take
place in soil.

2) The position of rice seedlings moved more than
20 mm after weeding.

3) The position of rice seedlings moved less than

20 mm after weeding, but the stems of rice seedlings

were buried into soil.

On this basis, the rice seedlings injured rate and rice
seedlings injured force were selected as the evaluation
indexes. The rice seedlings injured force could be
obtained by test measurement system. And the calculation
equation was as follows:

¥ :%XIOO% (15)
where, y; is the rice seedlings injured rate, %; K| is the
number of rice seedlings before weeding; K, is the
number of rice seedlings injured after weeding.

4.5 Test methods

Aimed for analyzing the effects of factors on the
éxperimental indexes and studying the . changing
regulation of force, the single factor tests were carried out
and the corresponding regression equations were obtained
(Zhang et al., 2015; Lan et al., 2017). Combined with
above theoretical analysis, pre-experimental study and the
requirements of actual weeding operation, this paper
determined the varation ranges of three factors. The
factors and levels were shown in Table 3. In single factor
tests, ensuring the machine forward velocity was
0.38 m/s, cutter-disc rotational speed was 120 r/min and
distance from soil surface to spring-tooth end was 24 mm.
In the tests, the soil bin was divided into 3 zones,
adjusting zone, testing zone and buffering zone. The
whole length of testing zone was 50 m, and the lengths of
adjusting and buffering zone were 5 m. The tests for each
condition were repeated three times, the averages of data
were processed as the final results. The results of
pre-experiment showed that, there was the phenomenon
which couldn’t bury rice seedlings, and it was not
effective weeding. Thus, this paper defined it as invalid.

Table 3 Factors and levels of tests

Factors
Levels Machine forward ~ Catter-disc rotational Distanee from soil surface
velocity, m 5™ speed, r min™ to spring-tocth end, mm

1 0.14 95 4]
2 0.20 105 12
3 0.26 110 18
4 0.32 115 24
5 0.38 120 30
6 - 044 125 36
7 0.50 130

8 0.56 135
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4.6 Analysis of strain curve

In the process of test, the real-time data recorded were
stored in computer and processed by using the analysis
software Excel, and then the varying tendency of
micro strain with time could be obtained. A test case was
conduct to analyze the mechanical property of rice
seedlings. Under the condition that the machine forward
velocity was 0.32 m s, cutter-disc rotational speed was
120 r min™' and distance from soil surface to spring-tooth
end was 20 mm, the micro strain-time curve of rice
seedﬁngs was analyzed, as shown in Figure 10. Due fo
the compound motion of weeding device was composed
of the forward motion along with driving machine and the
rotational motion about central axis, and the speed varied
as the cosine with time, all these reasons resulted in the
value of micro strain fluctuate between the maximum and

minimum. (Jam, 2013)
2500 -
2000
1500

100G

Micro strain je

500

~500 Time, s

Figure 10 Micro strain-time curve of rice seedlings

Figure 10 showed that the microsirain of rice
seedlings increased to the maximum and then rapidly
decreased, finally came to the steady state. The actual
significance and changing cause of curve in each stage
were analyzed. In 0-2 s, the weeding spring-tooth
remained still, and the value of micro strain fluctuated
around Ouge. In 2-6 s, the weeding spring-tooth started to
rotate, its end had no direct contact with soil, and the
micro deformation of weeding spring-tooth generated by
the inflyences of frame vibration and air medium. In 6-
10 s, the value of micro strain rapidly increased with the
spring-tooth gradually contacting with soil. When the
spring-tooth contacted with the hybrid system and buried
the rice seedlings into soil, the micro strain and force
reached the maximum. Thus, the maximum micro strain

and force~were the critical values which could remove

weeds without injuring rice seedhngs.
5 Results and analysis

Based on the single factor tests results, the
corresponding regression equations were obtained by
analysis, and the effects of each factor on rice seedlings
injured rate and rice seedlings injured force were
analyzed according to the phenomena and results of tests.
The schemes and results of single factor tests were shown
in Tables 4-6. The tendencies and comesponding
regression equations of experimental indexes were shown
in Figures 11-13.
5.1 Machine forward velocity

The effects of different machine forward velocities on
the experimental indexes were shown in Figure 11. The
results of single factor tests showed that, the rice seedlings
injured force increased and the rice seedlings injured rate
decreased with machine forward velocity increasing as
machine forward velocity was 0.14-0.56 m st As
machine forward velocity was 0.14-0.38 m s, the rice
seedlings injured force had an increasing trend with the
increase of machine forward velocity. And machine
forward velocity had no significant influence om rice
seedlings injured force as machine forward velocity was
more than 0.38 m s’. Under the condition that the
cutter-disc rotational speed was 120 r/min and distance
from soil surface to spring-tooth end was 24 mm, the
determination coefficients R of regression equations that
rice seedlings injured force and the rice seedlings injured

rate changed with machine forward velocity were 0.9658

and 0.9844, respectively.

Table 4 Results of single factor tests of maching forward

velocity
Mackine  pioe seedlings injured force, N Rice seedlings injured rate, %
forward
elocity,
v m S_ty 1 2 3 Average 1 2 3 Average

0.14 791 802 8.13 8.02 692 687 6.65 681
0.20 8.67 901 881 8.83 562 589 576 576
0.26 9.87 995 1002 955 504 511 481 499
0.32 13.67 13.51 139 13.69 43% 4352 424 438
0.38 1445 1497 1478 1473 392 400 385 3%
0.44 1532 1548 1579 1553 340 372 360 357
0.50 1576 1587 1592 1585 308 291 320 3.06
0.56 16.56 1699 16.73 16.76 2.68 234 248 250
Note: The cutter-disc rotationai speed was 120t min” and the distance from soil

surface to spring-tooth end was 24 mm.
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Figure 11  Effects of machine forward velocity

According to the corresponding phenomena and
results, the ratio A of the relative speed to the convected
speed decreased with machine forward velocity
increasing. The agitation of spring-tooth on paddy soil
was more significant and the interaction with spring-tooth
and hybrid system was stronger. Statistical analysis
showed that, the weeding rate increased first and then
decreased with the increase of machine forward velocity.
The weeding rate was the minimum as machine forward
velocity was 0.38 m/s. The contact time of spring-tooth
and rice-seedling root reduced and the weeding control
area of single spring-tooth decreased resulted in no
effective completion of burying operation. .
5.2 Cuiter-disc rotational speed

The effects of different cutter-disc rotational speeds
on the experimental indexes were shown in Figure 12.
The results of single factor tests showed that, the rice
seedlings injured force and the rice seedlings injured rate

had a linecar increasing trend with the increase of

cutter-disc rotational speed. Under the condition that the
machine forward velocity was 0.38 m/s and distance from
soil surface to spring-tooth end was 24 mm, the
determination coefficients R* of regression equations that
the rice seedlings injured fofce and the rice seedlings
injured rate changed with cutter-disc rotational speed
were 0.9883 and 0.9995, respectively.

Table 5 Results of single factor tests of cutter-disc rotational

speed
?gtt;z;i:f Rice seedlings injured force, N Rice seedlings injured rate, %
speed,
rmin’! 1 2 3 Average 1 2 3 Average

95 876 890 899 8.88 522 334 576 551
100 9.88 971 1003 987 671 663 687 674
105 11.65 1098 1132 1113 751 768 792 7.70
110 1222 1231 1213 1222 840 824 804 823

115 13.07 1321 1313 1314 930 %70 969 9.56
120 1397 1393 1418 1403 1035 1002 1040 10.26
125 1487 1503 1475 1488 1107 11.60 1124 11.30
130 1593 1602 1595 1597 1197 1234 1201 1211

Note: The machine forward velocity was 0.38 m s” and the distance from soil
surface to spring-tooth end was 24 mm.
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Figure 12 Bffects of cutter-disc rotational speed

According to the corresponding phenomena and

results, the ratio 1 of the relative speed to the convected

speed and the weeding control area of single spring-tooth

all increased with cutter-disc rotational speed increasing,
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and the contact time of spring-tooth and rice-seedling root
reduced. Statistical analysis showed that, the weeding rate
increased with the increase of cutter-disc rotational speed,
but the rice seedlings ipjured rate also increased
correspondingly. In the actual field operations, the
reasonable cutter-disc rotational speed should be adjusted
to improve the weeding performance.
5.3 Distance from soil surface to spring-teoth end
The effects of different distances from soil surface to
spring-tooth end on the experimental indexes were shown
in Figure 13, The resuits of single factor tests showed that,
the distance from soil surface to spring-tooth end liad
significant influence on rice seedlings injured force, but
tower significant mfluence on rice seedlings injured rate.
Under the condition that the machine forward velocity of

driving machine was .38 mw/s and cutter-disc rotational

1§~

speed was 120 r/min, the determination coefficients R of
regression equations that rice seedlings injured force and
the rice seedlings injured rate changed with distance from
soil surface to spring-tooth end were 0.9850 and 0.9837,
respectively.

Table 6 Results of single factor tests of distance from soil

surface to spring-tocth end

Distance OM  pice seadlings injured foree, N Rice seedlings injured rate, %
soil surface to

spring-tooth
end, mm 2 3  Average | 2 3 Average
6 10.18 10.01 1032 1017 147 111 130 129
12 1193 11.88 1201 1194 151 180 221 197
18 12.95 1286 13.01 1294 271 293 311 2492
24 1411 14.05 14.18  14.11 3.60 346 378 3.6l
30 17.03 17.02 1698 17.01 439 480 457 4359
36 17.89 18.01 1834 18.08 521 5.64 3540 542

Note: The machine forward velocity was 0.38 m/s and the cutter-disc rotational

speed was 120 r/min.
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Figure 13 Effects of distance from soil surface to spring-tooth end

According to the corresponding phenomena and
results, the contact arez between spring-tooth and soil
increased with the distance from soil surface to
spring-tooth end increasing, and the friction in the
operation increased. These reasons increased micro strain
of spring-tooth. Statistical analysis showed that, the
weeding rate increased first and then was relatively stable
with the increase of distance from soil surface to
spring-tooth end. The effects of distance from soil surface
to spring-tooth end had practical guiding significance for

production designers to select working parameters.
6 Discussion and conclusions

6.1 Discussion
* In this paper, the changing regulation of force which

can remove weeds without injuring rice seedlings was

studied based on a kind of designed real-time test
measurement system, so as to provide a method for the
research on mechanical properties of crop. Due to the
operational characteristics of rotating and burying
weeding device for paddy field, this study simplified the
injured force as the horizontal force for establishing the
comprehensive dynamic model. This simplification had
some effects on the results of tests: And there was
systematic error due to the artificial definition to the
several mechanjcal injured states. This 1s the inadequacy
of this study, and it has yet to be further improved in
subsequent research work.
6.2 Conclusions

A rotating and burying weeding device for paddy
field was selected as the research object, and a real-time

test measurement system was designed and built using
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sensor testing technology for studying rice seedlings

injured force rtefer to the actuzal environmental
characteristics of paddy fields. Single factor tests were
conducted using the factors of machine forward velocity
(0.14-0.56 m/s), speed  (95-

135 r/min) and distance from soil surface to spring-tooth

cutter-disc  rotational

end (6-36 mm), which significantly affect rice seedlings
injured force and rice seedlings injured rate. The
cutter-disc rotational speed had a significant influence on
fwo experimental indexes. The rice seedlings injured
force had a linear increasing trend with the increase of the
three experimental factors. And the rice seedlings injured
rate decreased with the increase of machine forward
velocity while increased with the increase of another two
factors. This paper could provide an important theoretical
for the

basis improvement and optimization  of

mechanical weeding device.
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Design and test of a new reinforced plastic film collector
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Abstract: The pollution of residual plastic film has now been a difficult problem for farmlands in Xinjiang and mechanical
collection is still the main solution by far. In order to raise the collection rate and efficiency, a new kind of plastic filmwas
developed by reinforcing mechanical properties of the side and middle parts of the film. To collect the film mechanically, a
new collector that can recycle the weinforced Slm entirely has been researched. The function of film rolling was applied to the
collector. The results of our field experiment showed that the mean rate of collecting residual reinforced films is 98.57%,
while the mean working efficiency is 0.22 hm?® h'; both the traveling speed and the rolling speed have significant effect on the
collection rate, which, however, was slightly affected by the digging depth. The tesults suggested that the film is of tensile

strength after its mechanical properties have been reinforced, which greatly improved the collection of the side and middle parts
of the film that were difficult to be collected and, as a result, increased the collection rate. The ex;ien'.ment also showed that
such reinforcement could raise the collection efficiency and has contributedtobetier collection performance, with achieving
function of preserving moisture and increasing temperature of the soil.

Keywords: pollution of residual plastic film, field experiment
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1 Tntroduction which caused by residual plastic films in Xinjiang has

become a key subject that needs to be solved immediately

The south Xinjiang is the most important production
base of high quality cotton in China, owing to the long
sunshine duration and large difference in temperatures
between day and night in this region (Hu et al., 2017).
With the pollution of residual plastic film becoming
increasingly serious, however, planting environment and
sustainable development of cotton production have been

severely affected due to the residual film pieces

accumulated in the fields over the years. According to the -

research statistics, the yield of cotton decreases by 10.8%
on average when the density of the residues is 400 kg/hm®
(Liu et al,, 2016; He et al., 2009; Dong et al., 2013), In

recent years, comprehensive treatment of the pollution
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{Hou et al., 2002).

At present, there are two techmical solutions on the
comprehensive treatment: biodegradation and mechanical
collection (Kyrikou et al., 2011; Dai et al., 2016). The
former is still under research, it is also hard to give
solutions to the problems of filming mulching cycle and
under film temperature. The latter becomes one of the
applicable technical solutions so far. In the developed
countries, thick films produced in Europe are usually
used to improve the mechanical collection (He et al.,
2009; Yan et al., 2006; Liu et al., 2015). This gives us an
inspiration to improve the effect of the mechanical
collection by reinforcing the mechanical properties of the
film itself, which, after being recycled, is more complete,
cleaner and can be reused (Yin et al, 2014). Hou
developed a spring-tooth. film collector, and their field
experiment showed that the collection rate was 72%-82%

(Hou et al., 2012). Agricultural Mechanization Research

Institution of Xinjiang Academy of Agricultural Sciences
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designed a machine (4JSM-1800) that combined cotton
stalk pulverizer and residual film collector. The machine
can realize the pulverization of coiton stalks and the
collection of residual films at the same time, with the
collection rate reaching 85% (Polat et al., 2011; Zhao et
al., 2017).

Research results proved that reinforcing mechanical
properties of the film itself is an effective way to raise the
collection rate. For this issue, a new try of reinforcing the
mechanical properties of the side and the middle parts of
the film to facilitate the collection was done. To perform
the mechanical collection, a machine that was applicable
to collect the reinforced films was investigated. The
machine can collect a complete piece of the film,
therefore, it gave a solution to get rid of the pollution of
the residual films.

2 Idea of designing the reinforced film

Film reinforcement is a new concept. It is to reinforce
mechanical properties of an ordinary film, which
enhances the strength of the film so as to facilitate the
cellection. In this paper, a reinforcement rib was studied.
It is a transparent and plastic tape, made by coating a
layer of pressure-sensitive adhesive emulsion on the
substrate of BOPE (biaxially oriented polyethylene)
(Meng et al., 2013). The reinforcement rib, with the
thickness of 0.012 mm and the width of 10 mm, is of
strong adhesive property, which made it quickly bonded
with apiece of ordinary film. The rib should be adhesive
on the one hand, and high strength and ductility on the
other hand.

For cotton plantation in Xinjiang, there are three
spacing modes: 760 mm, (680+80)%100 mm and
(660+100)x100 mm. The reinforcement rbs were
distributed on the sides of the spacing to avoid cotton
seeds being sowed on the ribs. Figure 1 showed the
schematic plot of the reinforced plastic film that 1s
suitable for the (660+100)x100 mm spacing mode.
Before film mulching, the mechanical properties of the
reinforced plastic film were measured. The average value
of the failure load was 19.4 N, and the tensile strength
was 44.42 MPa, which was much higher than that of the
ordinary plastic film.

—

. Reinforcement rib - 2. Ordinaryplastic film  3.Row spacing

Figure 1 Schematic diagram of reinforced film
3  Overall structure and working principle

3.1 Overall structure

Figure 2 showed the design of the reinforced plastic
film collector, which consisted of a frame, a power
transmission system, a suspension umit, a loosening
shovel unit, a film slitting unit, film unfolding unit, a
supporting unit, a film roiling unit and a film unloading
unit, among which the loosening shovel unit was made of
shovels, handles and a plate which was used to adjust the
depth. The film rolhng umt was made of a frame,
supporting rollers, a spindle and a film roller. The film
slitting unit was made of a slifting disk, an adjustment

lever and a junction plate.

1

3 i i_l I’R\ 3 1 ;J
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1. Film rolling unit and a film unloading unit 2. Supporting unit 3. Film
unfolding unit 4. Ground wheels 5. Frame 6. Power fransmission system

7. Loosening shovel unit 8. Film slitting unit 9. Suspension unit

Figure 2 Reinforced plastic film collector

3.2 Working principle of the collector

Figure 3 showed the working principle of the
reinforced film collector which was connected to a tractor
through a suspension unit. When the tractor moved
forward, the ground wheels transferred the power to the
supporting roller through a chain wheel. The film rolling

unit was placed on and was tangent to the supporting
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rollers, and was driven by the friction between them.
When start working, the residual film was manually
picked up and put on the rolling unit. During the work,
the film was cut by the shitting unit and shoveled up from
the middle as well as from both sides. Then, the film was
unfolded by the unfolding unit and twined on the roiling
rod. After the diameter of the reel of the film reached a
certain value, the spindle was removed from the film
roller to take off the reel of the film to finish the
collection. When the film was cut by the slitting unit, the
soil and other matters on the film can effectively fall from
the cutter. So, they would not be carried to the roller,
which increased the efficiency of the collection. The film
roller rotated along the direction that was opposite to the
rotation of the ground wheels.

Wy
A

-

o

Figure 3 Working principle of the reinforced film collector

When the suspension unit moved forward at the
velocity of V1, the ground wheels rotated at the angular
velocity of w; and, through the driving chain, the
supporting roller 1 and 2 rotated at the angular velocity of
o3 and o3, respectively. The film rolling unit was placed
on and was closely tangent to the supporting rollers, and
was driven by the friction between them to coilect the
residual film,

ﬁ;:cos[j’*RI*w] (1)
where, R; is the diameter of the chain wheel which is
connected to the ground wheel; A is the angle between the
chain and the velocity of the chain wheel; and ¥, is the
linear velocity of the chain. The vahies of ms and ws can
be determined from V; and the diameters of supporting
roller 1 and 2. Our design supporting roller 1 and 2 have
the same diameter and are both driven by the chain that
moves at the velocity of V5. Therefore, they also have the

same angular velocity, which is:

Design and test of a new reinforced plastic film collector
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T cos B*R,
where, R; is the diameter of supporting roller 1 or 2; and
w4 18 the angular velocity of film roller 3, which is driven
by the frction between them. The effect of the slide
between the film roller and the supporting rollers can be

@)

ignored, so we have:
V.
@, = m 3)
where, R; is the diameter of the excircle of film roller 3,
supporting roller 1 and supporting roller 2. The value of
R3 keeps changing as the film roller is collecting the

reinforced film and, as a result, the value of w4 is also

. changing.

4 Design of major units

4.1 Loosening shovel unit

The loosening shovel unit, a key component of the
collector, is used to loosen the soil hardened on the film,
so as to pick up the film and ensure a smooth collection.
It consisted of shovels, handles and depth adjustment
plate, as showﬁ i Figure 4 (Ghasem et al., 2013).

1. Loosening shovel 2. Handles 3. Depth adjustment plate 4. Rakeangle
Figure 4 Loosening shovel unit

This unit was connected to an appropriate position of
the frame through bolts (Manoj et al, 2016). The
triangular shovels were welded with the handles, and the
conmection part of the shovel and handle was a circular
arc.. The depth of the shovel in soil can be adjusted by
controlling the handle and the depth-adjustment plate, and
the range of the adjustment along the vertical direction
was 20-110 mm.

4.2  Film rolling unit
The film rolling unit, mainly being used to roll the

residual film, consisted of a frame, supporting rollers, a
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spindle and a film roller. The two supporting rollers were
placed in the same horizontal plane. The film roller,
which contained a spindle was put on the supporting
rollers and was driven by the friction between them. The
reel of the film will become larger and larger with the
rotation, but the linear wvelocities of these rollers are

always the same. Figure 5 showed the structure of the

film rolling unit.

1. Splc 2. Supporting rollers 3. Filmroller 4. Frame
Figure 5 Film rolling unit

The design of the film roller has a direct effect on the
collection of the machine. In our design, therefore, the
film roller was conveniently retractable, which achieved a
function of removing the film collected on the roller
quickly and avoided a secondary pollution caused by
improper operation. The design principle was: cut the
roller into two parts along the axial direction, and one of
them was cut at the quantity of 20 mm, also along the
axial direction, then the two parts were connected

together by using hinges, as shown in Figure 6.

a. Scalable

b. Compressible
Figure 6 Film roller conveniently retractable

Before the collection, the spindle is inserted into the
film roller. Supported by the spindle, the diameter of the
film roller reaches its maximum. At first, the residual film
is manually twined on the film roller. To take off the film
after the collection is finished, the supporting spindle is
pulled out from the film roller, and the diameter of the
film roller becomes smaller under compression, which
makes it convenient to take off the film from the roller.
4.3 Film slitting unit

As proved in our experiment, the machine cannot

work contimuously and normalty if there was soil

hardened on the reinforced film. For this reason, the film
slitting unit was designed to solve this problem.

The main function of this unit 1s to cut the reinforced
film to allow the soil and other matters to fall off the film,
s0 as to ensure a regular and continuous collection. The
unit was made of a slitting disk, an adjustment lever and a
junction plate. The bolted connection hetween the lever
and the disk allowed the adjustment of the horizontal
position of the disk, while the bolted connection between
the lever and the plate allowed the adjustment of the
vertical position of the disk. Figure7 showed the structure

of the film slitting unit.

1. Adjastment lever 2. Junction plate 3. Slitting disk
Figure 7 Film slitting unit

5 Field experiment of the prototype

5.1 Experiment materials

A prototype of the reinforced film collector was
fabricated according to our design: During the early stage
of the experiment, the prototype was tested in a soil-bin
lab in Tarim University. Before the test, the reinforced
film was paved in the lab by using a film layering sower,
as shown in Figure 8. After finishing the prototyping
testing, we started the field experiment of the collection,
which was conducted in 2# filed in Tarim University. The
soil in the experimental field was clay, and the moisture
content was 68%. The film mulching condition was
consistent with that of the ordinary plastic film. The
reinforced film used for the experiment had been treated
in insolation weathering for 6 months. The field, with the
length of 20 m, was paved with the reinforced films.
Figure 9 showed the experiment of collecting the
reinforced films. In the field, lines were marked cut for
every 5 m, and the data for the first 5 m were not

recorded. All data of the film were measured and
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collected when the machine came to a steady state during

the ranning process.

Figure 8 Reinforced film paved by a layering sower

34 DA 1

Figure 9 Field experiment of the reinforced film collection

5.2 Experimental methed
5.2.1 Experimental factors

The prototype was firstly tested before the field
experiment. According to the features of the prototype,
we took the forward velocity of the collector, the
rotational velocity of the film roller and the in-soil depth
of the shovel as the influencing factors.
5.2.2- Experimental level

Single-factor tests were performed before the field
experiment. The measurement of the specific indexes
conformed to NY/T1227-2006. The Operating Quality of
Retrieving Machines for Film Residue, a standard of the
Ministry of Agriculture, China. The mechanical
properties of the reinforced plastic film were increased,
so the recovery rate was greatly improved. The field

experiment was carried out to verify the increase of

mechanical properties and the increase of recovery rate of

mulch film. Based on the single-factor tests, the operating
speed of the collector was set at 2, 4 and 6 km/h,
respectively; the rotational velocity of the film roller was

set at 60, 75 and 90 r min™’, respectively, andthe in-soil

depth of the shovel was set at 40, 60 and 80 mm,
respectively (Wang et al., 2017).
5.2.3 Orthogonal experimental scheme

The experiment 1s orthogonal. According to the factor
levels, an orthogonal table was designed to contain 3
factors and 3 levels. In consideration of the interactions of
the factors, the orthogonal table we usedwas L(3").

Table 1 showedthe orthogonal experiment.

Table 1 TFactor level code table

Factor level

Level A B C
Advance speed, Rotational speed, Working depth,
kavh /min mm
1 2 90 30
2 4 120 100
3 6 150 150 .

5.3 Experimental indexes

Film collection rate and film coliection efficiency
were taken as the indexes for the field experiment in
accordance with the state standard of GB/T 25412-2010
Mulch Film Residue Collector, with consideration of
practical conditions.

(1} Film collection rate:

Q= ;%-'?:anx 100% ey
where, ¢ is collection rate; m, is weight of the collected
films, g; my is weight of the uncollected films, g.

(2) Film collection efficiency
Theoretically, the efficiency of collecting film

residues after autumn was:

17=0.0001va (5)

where, # is collection efficiency, hm’/h; v is mean
velocity of the collector, kmvh, and; « is the working
width of the collector, mm, A=2200 mm.

6 Experimental results and analysis

6.1 Range analysis

The experimental results shown in table 2 suggested
that the reinforcement of the mechanical properties of the
film can achieve a high collection rate, with the
maximum teaching 99.07%, which, basically, realized the
collection of the entire film. Judge from the results of the
range R, the sequence of factors that had effect on the

collection rate is (AXB);>A>(AxB)>B>(BxC);>
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(BxC)>C>{AxC),>(AxC),. Both the interaction between
the forward velocity and the rolling velocity (i.e. AxB)
and the interaction between the forward velocity and the
in-soil depth (i.e. AxC) had an effect on the collection
rate. {(AxB), showedits maximum effect at the second
level, with the mean collection rate reaching 93.48%,
while factor A showed its maximum effect at the third

level, with the mean collection rate reaching 92.81%. For

(AxC) at the second and the third levels, the collection
rateswere 90.74% and 90.61%, respectively. The range of
(AxB); was 5.47, which is larger than those of A, (AxB),
and (AxC), so the optimal level was the second level of
factor A (when the forward velocity is 4 km/h). Similarly,
the optimal level combination is A2B2C3 (when the
rolling velocity is 120 r/min and the in-soil depth is
50 mm}.

Table2 Results of orthogonal test

Number 1 2 3 4 5 6 ) 7 8 11 o, H,
Test mumber A B (AXB)  (AXB), c (AXC) | (AXC);  (B*Ch  (BXCh % ho? It
1 1 1 1 1 1 1 1 1 84.67 0.1825
2 1 1 1 i 2 2 2 2 2 85.96 0.1689
3 1 1 1 I 3 3 3 3 3 86.07 0.1737
4 1 2 2 2 1 1 1 2 3 93.81 0.2045
5 1 2 2 2 2 2 2 3 1 91.77 0.1875
6 1 2 2 2 3 3 3 1 2 92.99 0.1685
7 1 3 1 3 i 1 1 3 2 85.76 0.1292
R 1 3 3 3 2 2 2 1 3 84.57 0.121
9 1 3 3 3 3 3 3 2 1 83.87 0222
10 2 i 2 1 i 2 3 1 1 93.83 0.2025
11 2 1 2 3 2 3 1 2 2 94.30 0.1834
12 2 L 2 3 3 1 2 3 3 95.94 0.1686
13 2 2 3 1 1 2 3 2 3 8985 0.2578
14 2 2 3 1 2 3 1 3 1 86.72 0.2284
15 2 2 3 1 3 1 2 1 2 87.93 0.2372
16 2 3 I 2 1 2 3 3 2 89.03 0.185
17 2 3 1 2 2 3 1 1 3 88.60 0.1645
18 z 3 1 2 3 1 2 2 1 87.62 0.2014
19 3 I 3 2 1 3 2 1 1 95.71 0.1769
20 3 : 3 2 2 1 3 2 2 94.69 0.2016
3] 3 3 3 2 3 2 1 3 3 96.03 0.1825
2 3 2 2 3 1 3 2 2 3 87.64 0.2264
2 3 2 2 3 2 1 3 3 1 96.02 02367
24 3 2 2 3 3 2 i ! 2 95.05 0.2046
25 3 3 1 1 1 3 2 3 2 94 92 02113
26 3 3 i H 2 1 3 1 3 84.70 0.1863
27 3 3 i 1 3 2 1 2 1 90.54 0.1724
K 789.47 827.20 792.11 791.36 815.22 R11.14 815.48 808.48 810.75
£ 81382 817.82 84135 83025  807.33 81663 81206 80828  820.63
e 83530 789.61 80513 81625 81604  810.82  B811.05 82226 80721
i 87.72 91.91 82.01 88.01 90.58 90.13 90.61 89.78 90.08
o) 90.42 90.87 93.48 92.25 89,70 9¢.74 a0.23 29.81 91.18
ks 92.81 8773 8946 90.78 90.67 90.09 90.12 9136 89.69
Range R 5.09 4.18 547 432 0.97 0.65 0.49 1.58 1.49
£ 13358 1.6406 1.646 1.8185 17761 1,748 1.652 1.6440 18105
£ 1.8288 19516 17827 14899 16783 1.6822 1.6992 18384 1.6897
K 17987 1.5931 17566 16944 17309 17551 1.8341 1.7029 1.6853
I 0.1484 01523 01829 02021 01973 01942 01836 01827 02011
% 02032 02168 01981 01655  0.1865  0.1869  0.1888 02043 01877
ks 0.1999 0.177 01952 01883 0.1923 0.195 02038 01892 0.1873
Range R 0,0548 0.0398 0.0152 0.0365 0.0034 0.0081 0.0023 0.0216 00139
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The sequenice of factors that have an effect on the
collection efficiency is A>B>(AxB)>(BxC)>(AxB)>
(BxC)(AxC)>C{AxC),, The resulis of the range R
showed that both the interaction between the forward
velocity and the rolling velocity (i.e. AxB) and the
intetaction between the forward velocity and the in-soil
depth (i.e. AxC) had an effect on the collection rate. The
forward velocity A showed its maximum effect at the
second level (when the forward velocity is 4 km/h), with
the mean collection efficiency reaching 0.2032 hm’/h,
For (AxB) at the second and the third levels, the mean
collection efficiencies were 0.1981 and 0.2021 hm’/h,
respectively; while for (AxC) at the third level, the mean
collection efficiencies were 0.195 and 0.2045 hm%h,
respectively. The range of the forward velocity was larger
than those of {(A%B) and (AxC), so the optimal level was
the second level of the forward velocity A (when the
forward velocity is 4 km/h). Similarly, the optimal level
of the combination was A2B2C2 (when the rolling
velogity is 120 /min and the in-soil depth is 100 mm),

6.2 Variance analysis

To check the significance of the factors on the

collection rate, we performed variance analysis on the

indexes, as is shown in Table 3. The analysis results

suggested that all factors had effects on the collection rate.

Factor A and (AxB); had the maximum effect, of which,
the F values were 6.229 and 3.591, respectively, with the
which indicated that the

interaction of the forward velocity and the rolling velocity

sigmificance of P<0.01,

has significant effect on the collection rate. Factor C has
little effect on the collection rate, which indicated that the
film is of tensile strength after its mechanical properties
have been reinforced. That is to say, the collection can be
achieved in a range of the in-soil depth. Therefore, the
collection rate can be raised by setting a proper forward
velocity.

To check the significance of the factors on the
collection efficiency, we also performed the variance
analysis on the indexes, as shown in Table 4. The analysis
results suggested that the interaction of the factors have
litile effect on the collection efficiency. Factor A and B
have significant effect on the collection efficiency, of
which, the T values were4.668 and 3.315, respectively,

with the significance of P<0.01. Both the forward
velocity and the rolling velocity have sigaificant effect on
the collection efficiency. The forward velocity was
decided by the ground wheels of the prototype, while the
film rolling unit was driven by the chain wheel connected
to the ground wheels. The rolling velocity was
proportional fo the forward velocity. Therefore, the
collection will be more efficient if the forward velocity is
higher. 7

Table3 Variance analysis of percent recovery

Scurce of Sum of mean . .
variance ‘siqugre_s of Freedom square F-measure  Sig.  Sigrificant
. eviations
A 0.012 2 0.006 6.229 0,023 FE*
B 0.002 2 c.001 1.276 .33 *
C 0.001 2 (001 0.274 0.767 *
(A=BY), 0.007 2 0.003 3.591 0077 . wEx
(A¥B), 0.001 2 0.001 0.691 0.529 *
(AXCYy 0.001 2 0.001 0.126 0.883 *
(AxC), 0.001 2 5.989E-005 0.064 0.939 ¥
(B=CY, 0.001 2 0,001 0.785 0.488 *
(BxCh 0.001 2 0.001 0.573 0.585 *
&ITOr 0.008
The sum 26.279 38

Table4 Variance analysis of recovery efficiency

Source of Sam of mean . .
variance (slqugre.s of Freedom square F-meagure  Sig.  Significant
eviations
A 0.005 2 0.02 4.668 0.055 *hk
B 0.003 2 0.002 3315 0.039 R
C 0.001 2 0.000 0.507 0.62 *
(AxB); 0.0 2 0.600 0.308 0.743 *
(AxB) 0.001 2 0.000 0.509 0.619 *
(AxC) 0.000 2 0.000 0.342 0.72 *
(AxC)y 0.002 2 .001 1.89 0.213 *
BC), 0.002 2 0.003 2.102 0.185 *
B=(C), 0.001 2 0.001 1.065 0.389 *
SITor 0.004

The sum 0.025

w
o0

7  Conclusions

It can be known from the experiment of the reinforced
film collection, improving mechanical properties of the
film itself is a feasible way to collect film residues.

(1) The collection of film residues can be improved
by reinforcing mechanical properties of the film

Reinforcement ribs are adhered to side and middle
parts to enhance mechanical properties of the film, so as
to collect the film entirely, with the mean collection rate

above 98.57%. The experiment has proved that the
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reinforcement of the mechanical properties can raise the
collection efficiency and contribute to better collection
performance, with achieving fumction of preserving
moisture and increasing temperature of the soil.

{2) The prototype was well designed with a simple
structure. It is stable and showed good collection
performance. The varlance analysis of the prototype
suggested that the interaction of the forward velocity and
the rolling velocity have significant effect on the
collection rate, while the in-soil depth of the shovel has
little effect on the coliection rate, proving that the film is
of tensile strength after its mechanical properties have
been reinforced, which greatly improved the collection of
the side and middle parts of the filmn that are difficult to
be collected.

(3) Continuous improvement o the reinforced film
collector and the film itself

By far, mechanical collection is still the main method
1o collect film residues. After the mechanical properties
of the film being reinforced, the collection rate cam be
remarkably raised. For the reinforced film collector, the
average collection efficiency is 0.22 he'h. With ensuring
the collection rate, the efficiency can be further raised by
properly increasing the forward velocity of the collector,

which can also cut the cost of the collection.

Acknowledgments

The wotk was supported by the Public Welfare
Indusiry (Agriculture) special researchNo.201503105;
National Natural Science of China
No.11562019; National Key Rescarch and Development
Plan of the 13th Five-year Plan No.2017YFDU701102-1;

Foundation

Group inmovation project of Tarim  University

No. TDZECX201501.

[References]

[1] Dong, HG, T. Lin, Y. G Li, H. F. Liu, and IJ. Wang. 2013.
Effects of plastic film residue on cotton yield and soil
physical and chemical properties in Xinjlang. Transactions of
the Chinese Society of Agricultural Engineering, 29(R):
91-99. (In Chinese with English abstract)

[2] Dai, F., W. Y. Zhao, F W. Zhang, Z. Wu, X. Song, and Y. Wu.
2016. Optimization and experiment of operating performance

of collector for corn whole plastic film rmulching on double

(4]

(6]

(8]

{9]

[10]

(1]

[12]

[13]

ridges. Transactions of the Chinese Society of Agricultural
Engineering, 32(18). 50-60. (In Chinese with English
abstract)

Ghasern, A., and A. Ebrahim. 2013. Design and evaluation a
pendulum device to study postharvest mechanical damage in
fruits: bruise modeling of red delicious apple. Australian
Journal af Crop Science, 07{07): 962-968.

He, W. Q., C.R. Yan, C. X. Zhao, R. Q. Chang, Q. Liu, and 5.
Liu. 2009. Study on the pollution by plastic mulch film and
its countermeasures in China, Jowrnal of dgro-Environment
Secience, 28(3): 533-338. (In Chinese with English abstract)
He, W. Q., C. R. Yan,3. Liu, R. Q. Chang, X, J. Wang, S. L.
Cao, and Q. Liu. 2009. The Use of Plastic Mulch Film in
Typical Cotton Planting Regions and the Associated
Environmental Pollution. Jouwrnal of Agro-Environment
Science, 28(8): 1618-1622. (In Chinese with English
abstract)

How, 8. L., S. Y. Mu, J. M. Kong, H. Y. Zhang, M. J. Na, and
X. Dong. 2002, Present sitnation of Research on plastic film
residue collector in China. Tramsactions of the Chinese
Society of Agricultural Engineering, 18(3): 186-190. (In
Chinese with English abstract)

Hu, C., Y. 8. Hu, X. F. Wang, and W. Wang. 2017. Effect of
residual plastic films on survival rate of cotton seeds in South

Xinjlang. Internarional Agricultural Engineering Journal,

26(2): 19-25.
Kyrikou, 1., D. Briassoulis, M. Hiskakis, and E. Babow. 2011.
Analysis of photo-chemical degradation behavior of

polyethylene mulching film with pro-oxidants. Polymer
Degradation and Stability, 96(12): 2237-2252.

Liu, I. D, W. B. Cao, D. ¥. Tian, H. Y. Tang, and H. Z. Zhao.
2016. Kinematic analysis and experiment of planetary
five-bar planting mechanism for zero-speed transplanting on
muich film. International Jowmal of Agricultural and
Biological Engineering, 9(4): 34-91.

Liu, E. K., J. B. Wang, Y. Q. Zhang, D. A. Angers, C. R. Yan,
T. Owais, and B. Q. Chen. 2015. Priming effect of
13C-labelled wheat straw in no-tillage soil under drying and
wetiing cycles in the Loess Plateau of China. Scientific
Reports, 05{13826); 1382613842,

Manoj, K. P, H. K. Sahoo, M. K. Nayak, and C. Ghanshyam.
2016. Plausibility of variable coverage high range spraying:
Experimental studies of an externally air-assisted electrostatic
nozzle. Computers and Electronics in Agriculture, 127
641-651. /
Meng, X. Y., X. F. Wang, C. Hu, J. Y. Jiang, and F. Han. 2013.
The Design and test of a new film processing machirery.
Information Technology Journal, 12(22): 6998-7003,

Polat, R., T. Aktas, and A. Tkinci. 2011. Selected mechanical
properties and bruise susceptibility of nectarine fruit.
International Journal of Food Properties, 15(6): 1369-1380.



December, 2017

Design and test of a new reinforced plastic film collector

Vol 26,No.4 73

[14]

[15]

- [16]

Wang, X. F,, C. Hu, B. Lu, and I. Y. Jiang, 2017. Wind tunnel
test on damages of plastic film under the wind-sand effect in
south Xinjiang of China. Infernational Agricultural
Engineering Journal, 26(1): 16-23.

Xie, J. H,, 8. L. Hou, Y. Fu, M. Na, and H. Zhang. 2013.
Motion analysis and experiment on spring-tooth mulching
plastic film collector. Transactions of the Chinese Society for
Agricultural Machinery, S1: 94-99. (In Chinese with English
abstract)

Yan, C. R., X. R. Mei, W. Q. He, and S. Zheng, 2006. Present
situation of residue pollution of mulching plastic film and

controlling measures. Transactions of the Chinese Society of

[17]

(18]

Agricultural Engineering, 22(11): 269-272. (In Chinese with
English abstract)

Yin, T, W. Q. He, C. R. Yan, 8. A. Liu, and E, K. Liu. 2014,
Effects of plastic mulching on surface of no-tll straw
mulching on seil water and temperature. Transactions of the
Chinese Society of Agricultural Engineering, 30(19); 78-87.
{In Chinese with English abstract)

Zhao, Y., X. Zheng, X. G. Chen, Q. Niy, C. Ji, and D. X,
Zhou. 2617. Design and test of CMJY-1500 type plastic film
residue collecting and balling machine. Transactions of the
Chinese Society of Agricultural Engineering, 33(5); 1-9. (In
Chinese with English abstract}



74  December, 2017 International Agricultural Engineering Journal Vol. 26, No. 4

C¥D numerical simulation and optimization of the flow fields in
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Abstract: The flail chopper is a common agricultural machine used widety to manage in-field crep residues and for mowing
cover crops.  Straw chopping quality and spreading uniformity have direct impact on seeding quality of no-till seeders, seed
germination and crop growth. To understand chopping and spreading performance, three-dimensional flow fields under the
hood of a flail chopper were simulated by the computational fluid dynamics (CFD), in which FLUENT software was used and
the RNG k-£ turbulence model and multiple reference frame (MRF) method were adopted. Streamlines and core region
vortices within the chopping chamber, as well as pressure on targeted sampling planes, rotor and inlet were also analyzed. The
simulation results showed that flow at the chopping chamber inlet to the rotor was smooth at relative low velocity., The rotor
generated negative pressure at the inlet and increased fluid flow velocity. However, in the chamber, velocity increased and it
generated numerous vortices. Consequenily, some flow was discharged non-uniformly and at low velocity, while the
remaining flow continually rotated with the rotor and with partial lateral transfer. Pressure on the rotor was symmetrically
distributed in the axiat direction. Regions of high-pressure occurred at chopping blade and fan blade tips. Fan blades
increased negative pressure zones at cither end of the chopping chamber inlet. However, pressure at outlet was symmetrically
distributed horizontally. Mounting guide vanes at the chopping chamber outlet reduced vortices and redirected flows toward
the owlet which could improve straw flow-ability and spreading performance. CFD analysis provided the significant
information on the influence of flail chopper’s design parameters under steady state conditions. To further optimize fluid flow
characteristics and performance of the chopper, continued studies under variable conditions are fequired.

Keywords: flail chopper, chopping chamber, guide vane, fan blades, fluid flow
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reducing residue buming and fertilizer application
{Balwinder-Singh et al, 20¢l1; Bao et al, Z2016).

Crop straw field retention has been considered as an Although residue can be retained as standing stubble, if is

1 Introduction

important technology to improve soil fertility, increase  often chopped and spread by combine harvesters or
soil organic matter, improve soil fexture, accelerate the tractors powered flail choppers. Under the conven‘rl?nal
activation of microorganism and promote crop growth farming, the chopped and mulching straw is often tilled

(Peng et al, 2014; Li et al, 2015). It bas also been  jnto soil with high soil disturbance tillage machinery

considered as an environmental-friendly technology by before seeding or just left on the soil surface in no-till

farming systems (He et al., 2013},
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Straw chopping quality and spreading uniformity are
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no-tiil seeders, seed germination and crop growth. Straw
chopping quality of flail choppers have been studied from
niumerous aspects of; structural parameters (blade shape,
arrangement), operating parameters (rotor speed, forward
velocity), and crop straw characteristics (type and
moisture content) (Wu et al., 2001; Tavakoli et al., 2009;
Jia etal,, 2015; Singh et al., 2011).

Once the standing straw is cut by the chopping blades,
it is drawn into chopping chamber, the motion of the cut
straw is mainly affected by chopping blades and airflow.
The influence of chopping blades exists dun'ng blade
contact the straw, while the airflow influence lasts
throughout chopping and spreading processes and
affected by the hood shape and design. Air flow acts as
the straw carrier, and its distribution has significant effect
on straw feeding, chopped quality and spreading
uniformity. Therefore, fluid flow dynamics is an
important characteristic of flail choppers in determining
the mechanisms of straw chopping and spreading.
However, few studies have been conducted to determine
the impact of chopper parameters on fluid flow
characteristics of the straw within the hood of a flail
chopper and its discharge.

The flow of straw under field conditions in flail
chopper is complex, which makes it difficult to acquire
three-dimensional flow characteristics in the chopping
chamber in an operational setting. Thus, it is necessary to
simulate straw fluidity via Computer Fluid Dynamic
(CFD) methods. CFD technology has been widely applied
to agricultural equipment design and operational analysis.
Tong et al. (2016) simulated the mixed flow fields
produced by fans and threshing rollers in an axial flow
cleaning device with CFD software. Endalew et al. (2010)
simulated air flow and droplet movements for an
air-assisted orchard sprayer to improve spray deposition
on leaves. Ponpesh et al. (2008) applied CFD modelling
to reduce particulate matter emissions of a nut harvester.
Wang et al. (2007) constructed a three-dimensional model
of a flail chopper to simulate the influences of chopper
structural parameters on the wind field. In this paper, the
re-normalization group (RNG) k— turbulence model and
multiple reference frame (MRF) method in FLUENT

software were used to simulate three-dimensional fluid

flow fields under a common rounded hood flail
mower/chopper. Utilizing the above methods, it was
hypothesized that the fluid flow performance could be
improved by the inclusion of guide vanes mounted at the

outlet of a flail chopper.
2 Numerical calculation model

The simulated chopping chamber (Figure 1) consisted
of a hood and a flail rotor. The hood consisted of left, and
right end plates, front case and backboard. The flail rotor
included rotor, chopping blades and fan blades. The fan
blades were mounted on the left and right ends of the
rotor, while the chopping blades were helical mounted
along the rotor. In operation, standing residue is pulled
down by the frame of the chopper, and then cut off and
gripped by the high-speed chopping blades or flails which
are mounted on the rotor in the chopping chamber under
the hood. The size reduction of crop residue is conducted
by cutting, tearing, rubbing, and striking action of
chopping blades in the chamber; the chopped residue is
expelled to the ground from the rear of chopping
chamber.

£
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il . (39 L8

1.Hood 2.Flailrotor 11.Leftendplate 12. Frontcase 13. Right end plate
14. Backboard 21. Chopping blade 22.Rotor 23. Fan blade

Figure 1 Structure diagram of chopping chamber

Hood parameters have a significant influence on fluid
flow, which can affect the motion of straw in the
chopping chamber (Zheng, 2017). There are generally
two types of front case: broken-line type and curved type.
The curved type front case (Figure 2) was chosen for the
simulation, considering the airflow direction in the
chopping chamber is similar to that of a cross-flow fan
(Zhang et al, 2017). The equation for the front case

profile in the simulation can be written as follows:
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(6 —30°)
R=281.¢ 33 (1)
where, 8 and R are the angle and radius that define a

generic point of this profile.

Front case

Hotor

Backboard

Figure 2 Structural parameters of the curved front case
The main design parameters of the flail chopper,
including the chamber used for the simulation, are

presented in Table 1.

Table 1 Parameters of chopping chamber

Technical parameters Design values

Chopping chamber dimensions L¥Wx=H, mm 2260X862.72X622.33

Rator speed, r/min 2100
Rotor diameter, mif 170
Rotating flail rotor radius, mm 276
Hood clearance, mm 140
Number of chopping blades 42
Chopping blade arrangement helical
Number of fan blades 12

3 Numetrical simuiation methods

3.1 Governing equations

To simulate fluid flow characteristics in a chopping
chamber, the flow was assumed to be steady, viscous,
incompressible, turbulent, and adiabatic. The basic
equations of fluid flow, conservation of mass (the
continuity equation) and conservation of momentum (the
Cauchy). governed the simulation of the fluid flow
characteristics.

The equation for the conservation of mass for steady
and incompressible flows, in Cartesian tensor form, can
be written as follows (Sahili et al., 2013):

b

o, (pu) =0 )

where, u; is the velocity component in the i direction; p is
the fluid density.

The eauation for the conservation of momentum for

steady flows, in Cartesian tensor form, can be written as
follows (Brown et al., 2001):

8 07
2 pupy =L+ iR, G)
& Ox;  Ox;

where, p is the static pressure; 7; is the stress tensor; F; is
the body force.

The continuously rotating of the flail rotor and
geometric changes in the circumferential direction
generates swirling and rotating flow. A three-dimensional
rotating model was built to simulate flow field in the
chopping chamber. The RNG k¢ turbulence model as
used by Li et al. (2006) was considered more suitable to
simulate the turbulent flow in this study than the standard
k-¢ turbulence mode! (Tutar and Oguz, 2002).

The equations of RNG k-¢ model are as follows:

Bpk)y Opku;) 8 ok
WOh) 2P O e, 24 (B -2) (@)
ot ﬁxj axj axj
B(pe) OHpeuw;) o de g * *
+ = N+ p=(Ci. B.—-Cy,. &
o axj axj o 1, axj] pk( le {% g €)
(5)
where
Ce” = Clp ~n(l=17/13) / 1+ ©)
and
12k
n=(2E; - Ey) " (7)
and
B o= (e 8
v Z(ij 8xz-) ®

The constants in the RNG k- model are specified as:
C,~0.0845, o=a,~139, C;;=1.42, C,,~1.68, n=4.371,
£=0.012. )
3.2 Boundary conditions

A set of initial and boundary conditions should be
provided to solve the equations of motion for any specific
flow problems. As the simulation involved a steady-state
solution, an initial condition was not set. Boundary
conditions which specify the values of dependent
variables at the boundaries of the fluid domain were
required for the simulation.

No-slip condition and standard wall functions were
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used at the end plates and chopping blades. The pressure
inlet boundary condition at the chopper inlet was set with
a gauge pressure at 0 Pa. The pressure outlet boundary
condition was also set at 0 Pa. An interface between the
rotor and hood was formed under rotating conditions.
3.3 Computational domain and mesh generation
Flow characteristics differed along the axial direction
of the rotor due to the fan blades and the helical
arrangement of the chopping blades. Therefore, a
three-dimensional model of the chamber (Figure 3) was
built while ignoring some characteristics and components
of the common flail chopper, such as bearings, blade
holders and bolts. The computational domain of the
chopping chamber (Figure 4) was acquired by extracting
internal flow fields of the simplified three-dimensional
structure.

Figure 3 Structure of the simplified 3D chopping chamber

Chatlet

oo faee

Figure 4 Computational domain of the chamber

The computational domain consisted of a curved hood
and rotor domain, while the lower side of the hood was
extended to the ground surface (Chon et al., 2005). The
hood domain was a stationary region, while the rotor
domain was a rotating region. The MRF model was
chosen to simulate the rotating region at 2100 r/min.

A ftetrabedral mesh (Figure 5a) was generated to

account of the complexity of the flail chopper geometry, -

which was transformed into the polyhedral mesh (Figure

5b). The minimum orthogonal quality, maximum ortho

skew and maximum aspect ratio were used to check the

mesh quality.

0 020 040 060 D80m
" ommmnniy T

a. Tetrahedral mesh

060 0.80m

b. Poiyhedral mesh
Figure 5 Grid generation for three-dimensional chopping
chamber

Comparisons between tetrahedral and polyhedral
mesh model were shown in Table 2. The results indicated
that the mesh number decreased by 75.5%, when
changing from tetrahedral to polyhedral mesh, which was
indicative of improved computational speed. Improved
mesh quality increased the accuracy of the solution via an
increase in minimum orthogonal quality, a decrease m
maximum ortho skew and maximum aspect ratio.
Therefore, using polyhedral mesh to simulate the flow
fields under the hood of a flail chopper ensured

computing speed and accuracy.

Table 2 Comparisons between tetrahedral mesh and

polyhedral mesh model
Mesh type Mesh  Minimum o_rthogonal Maximum Maximurg
number quality ortho skew  aspect ratio
Tetrahedral mesh 3568936 0.0995142 0.839327 34.1466
Polyhedral mesh 873186 0.192358 0.807642 19.8306

3.4 Sampling sections

Five sampling sections (planes) P1 to P5 (Figure 6)
were selected to analyze fluid flow characteristics in the
chopping chamber. Section P1 paralleled the Y-Z plane
and passed through the lefi-side fan blades; section P2
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was the symmetrical plane; section P3 paralleled the Y-Z
plane and passed through the right-side chopping blades;
section P4 was the top plane of the hood; and section P5
paralleled the X-Y plane which passed through the
centreling of the rotor.

Pi

Figure 6 Sampling planes P1-P5 and their locations of sampling

sections in the chopping chamber
4 Results and discussions

4.1 Velocity field in the chopping chamber

Streamlines inside the chopping chamber were shown
in Figure 7. Flow was turbulent, especially in the flail
rotor areas. Rotor rotation forced part of the fluid flowing
out at the hood outlet, while part continually rotated with
the rotor. Under field condition’s chopped straw would
have followed the same path (Zhai et al, 2013). A
reduction of continually rotating straw by optimizing
some design parameters would improve the performance
of the flail chopper.

Figure 7 Streamlines in chopping chamber

Numerous vortices were generated on the entire
surface of the rotor flails in the core regions of the
chopping chamber as shown in Figure 8. The vortices on
the chopping blade surfaces were concentrated on the
leeward and windward sides of the chopping blade, with
larger vortices on the windward side. The formation of
the vortices was closely related to the special shape of the
hood (curved), therefore straw flow-ability and chopping
quality in the chopping chamber could be improved by
optimizing the hood structure parameters. Chen et al.

(2007) found that by increasing hood angle improved

straw chopping quality but increased power consumption.

[eewand side

Figure § Core vortex regions in the chopping chamber

Streamlines and velocity contours at sampling plans
were shown in Figare 9 and Figure 10, respectively. Two
disruptive vortex regions appeared at P1 near the lower
back and inlet of the chopping chamber (Figure 9a) while
at P2 several vortex regions were developed near
chopping chamber outlet (Figure 9b). At P3 vortices were
generated at the front case (Figure 9c) but generally
uniform in the chopping chamber. Results shown in
Figure 9d indicated that flow velocity at P5 was [ayered
about the core with the velocity decreasing from the
center. Velocity was symmetrically distributed in a
horizontal direction with considerable vortices about each
chopping blade. Reducing of these vortices and uniform
distribution of outlet velocities in the horizontal direction
could improve straw spreading uniformity.

Fluid velocity uniformly increased from the rotor
surface to the tip of the chopping blades, while it
increased unevenly from the rotor surface to the tip of the
fan blades (Figure 10a and 10b). The different velocity
distributions on the fan blade may be influenced by fan
shape which is irregular with some bend and curved
surfaces. According to Li et al. {(2008) high blade tip
velocity (minimum of 48 m s') ensures good straw
chopping.and spreading uniformity.

Fluid flow from the inlet rotor was smooth(Figure 9d
and 10c). However, on entering the rotor domain it began
to rotate with increasing velocity. On reaching the top of
the hood, flow velocity decreased and became less
disordered. Under field conditions straw would initially
accelerate - and then decelerate once in the chamber.
Continuous rotation of the rotor converted mechanical
energy to fluid kinetic energy, thus increased fluid
velocity. Some similar results from fan, pump and other

rotating machines, indicated that fluid velocity at inlets
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was low and gradually increased with flow direction plane, especially around the chopping blades and fan
(Shuai et al., 2015; Wang et al., 2010). In this current blades. The existence of these vortices would decrease
study vortices were generated in the rotary sampling straw flow-ability in the chopping chamber.
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Figure 10 Velocity contours at the P1, P3 and P5 sampling plan

The distribution of velocity vectors in the upper side to side, and other flows re-entered, which were
section (P4) was show in Figure 11 and divided into five attributed to the helical positioning of the chopping
activity zones. Fluid flow in the zones of P4 was complex,  blades. Flow velocities in zone 1 and zone 5 (Figure 12a

in that flows were expelled, some were transferred from and 12b) were higher than those in the other three zones.
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Although some flows were expelled the majority of flows
re-entered P4 via these outer zones. Flows in zone 2 and
zone 4 (Figures 12d and 12e) were transverse and
exchangimg between adjacent zones. The expulsion flow

in zone 3 (Figure 12¢) was generally concentrated on the

s

16,98

right side, but was also expelled from the left side of the

zone. Reducing outlet restrictions, reducing flow
concentration and transverse flow between chopping
blades at P4 with guide vanes would redirect flow through

the outlet and improve straw spreading performance.

Figure 11

a. Zone 1 b. Zone 5

d. Zone 2

e. Zone 4

Figure 12 Magnified distribution of velocity vectors on zones of section P4 of the chopping chamber

4.2 Pressure field in the chopping chamber

Pressure field contours around the rotor and sampling
planes were shown in Figure 13 and Figure 14,
respectively. Pressure around the rotor was symmetrically
distributed in the axial direction, with high-pressure zones
occurring at the tip of the chopping blades and fan blades
(Figure 13). Yang et al. (2016) also found high pressure
regions at the tip of fan blades. In the current study, the
pressure on the windward side of the chopping blade and
fan blade was higher than that in the surrounding areas,
while the opposite was true for the leeward side (Figures
14a and 14¢). High pressure on the windward side was
expected, as it impacted directly on the fluid flow. Chon
et al. (2005) also found that the highest-pressure occurred

at the front of rotating blades, and the pressure was

generally lower near the rotating centers. Figure 14b was
indicative of that pressure increased from surface of the
rotor to the windward tips of the flail and increased
pressure in hood beyond the blades.

Pressure contours at the chopping chamber inlet as
shown in Figurel5 indicated the negative pressure
generated by the rotor’s high-speed revolution, especially
around the fan blade areas. The pressure at the outlet was
symmetrically distributed in a horizontal direction.
According to Sun et al. (2016) negative préssure at the
chopping chamber inlet is conducive to straw feeding.

43 Flow characteristics in the chopping chamber
with guide vanes

In order to improve the spreading uniformity of the
chopped straw, several guide vanes were symmetrically
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mounted at outlet of the chopping chamber (Zhang et al., eight guide vanes for numerical simulation is shown in
2017). The guide vanes are usually curved plates, which Figure 16. Plane P4 was divided into nine zones
generally influence the motion of straw discharge. The according to the guide vane positions, and nine sampling

computational domain of the chopping chamber with points were selected on the edge of plane P4 in each zone.

Windward side
P

234275
1450.8i
75688
66,95
33% ~£724,00
% ~1316.93
i 200885
B -2700.78
% ~3392.72
~40134 &5

Windwswd silde

Lesward gide

Pa
1862.14
i 13725
88232

iy ~17.0a
%‘ -1

136700
@wﬁ_nﬁm
~43.16

~2347.04 }

b. P2 . o™

Pa
54.11
43,13
36.14
218
1818
9,20
0.2}

- 8,77
1775
~26.73

Guide vane

Deltoctor

Figure 16 Computational domain of 9 zones {I-IX) and sampling points 1-9 of a chopping chamber fitted 8 with guide vanes
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The distribution of velocity vectors on plane P4 using
guide vanes demonstrated a significant effect on the flnid
flow redirections at the outlet. The fluid velocity in zone I
and zone IX (Figures 17a and 17b) was higher than that in
other zones due to the fan blades, and most of the flow in
these two zones was directed toward the guide vanes with
marginal change in direction. Flow in zone V (Figure 17d)
was homogeneous and ail flow was expelled through the
chopping chamber outlet. Flow in zones II and VI
(Figures 17e and 17f) was strongly deflected off the inner

vanes. Flow direction in zone Il and VII (Figure 17g and
17h) was similar to each other, where central flow was
redirected from two adjacent guide vanes to the outlet.
Flow vector distribution in zone IV and VI (Figures 171
and 17j) was similar to each other, where fluid flow was
deflected off adjacent vanes and discharged centrally. It
can be concluded that adding guide vanes at the chopping
chamber cutlet improved velocity distribution uniformity

and increased the amount of discharge flow at outlet by

reducing transverse flow and random flow.

a. Distribution of velocity vectors on section P4

¢. Zone IX

d. Zone V

e. Zone 1L

f. Zone VIII

g. Zone TII

h. Zone VII

i. Zone IV

j. Zone VI

Figure 17 Distribution of velocity vectors on section P4 in the chopping chamber with guide vanes

Streamlines on P1, P2 and P3 shown in Figure 18a, b
and ¢ demonstrated that flow in the chopping chamber

with guide vanes was relatively smooth, especially at P3.

Complex vortices in the regions of P1, P2 and P3 were



December, 2017  CFD numerical sinmlation and optimization of flow fields in chopping chamber of flail chopper  Vol. 26, No.4 83

reduced after addition of guide vanes, however there were

still some recirculation zones on P2. The use of guide vanes
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Figure 18

Velocities at nine sampling points on P4 shown in
Figure 19 were indicative of the non-uniformity in
velocity distribution without guide vanes in chopping
chambers, especially at points 1, 4 and 9. Whereas with
guide vanes at sampling points 2 to 8 along the P4 plane
velocity was uniform. Velocity at points 1 and 9 was
considerably larger under both simulated conditions,
when vanes were included, velocity increased at these

two points.

~effibes S guide vanes

— @ Without guide vanes

Velocity, m &°

Sampting poinis

Figure 19 Velocity at sampling points on P4
5 Conclusions

The internal flow field in the chopping chamber of
flail chopper, and performance of the flail chopper with
and without guide vanes was successfully simulated and
analyzed by CFD. The analysis demonstrated:

(1) Flow from the inlet to rotor was initially smooth
with relative low velocity, however in the chamber,
velocity increased, it generated numerous vortices.
Consequently, some flow was discharged non-uniformly
and at low velocity, while the remaining flow continuaily
rotated with the rotor and with partial lateral transfer.

(2) Pan blades increased negative pressure zones at

appeared to improve flow-ability in chopping chamber

compared to chambers without guide vanes (Figure 9).

Streamlines on sampling plans in the chopping chamber with guide vanes

either end of the chopping chamber inlet. Pressure on the
rotor was symmetrically distributed in the axial direction
with highest pressure at blade tips. The pressure and
velocity were larger on the windward side of all blades
than those in the surrounding areas, while the opposite
was true on the leeward side.

(3) Mounting guide vanes at the chopping chamber
outlet reduced vortices and redirected flows toward the
outlet which could improve straw flow-ability and

spreading performance.
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Abstract: The results of conservation tillage systems are relatively diverse throughout the world owing to the less information
on the proper amount/percentages of siraw incorporation. It is generally believed that at least 30% of the soil surface should
be covered with straw, which is not accurately implemented in the field conditions. Accordingly the present -study
investigated the effect of different percentages of straw incorporation under reduce tillage method on soil physico-chemical
properties, changes in soil organic carbon (SOC), soil carbon storage (SCS) and wheat crop yields in rice-wheat cropping
system during 2015-16 to 2016-17 at Narjing, China, under four different treatments, 3) 30% straw incorporation (Sig) i) 60%
straw incorparation (Seq) 1i) 100% straw incorporation (Sy) and iv) without straw incorporation used as control {CK), All
these treatments were arranged in a randomized complete block design (RCBD) with three replications. The application of
straw incorporation showed a positive impact on crop yield and soil fertility. Whereas, after two cropping cycles of wheat
crop, Sg; treatment had the highest effect as compared to other treatments. Soil dry bulk density (0-30 cm) reduced
significantly, #.e. 1.29, £.28, 1.27 and 1.30 g/em® under Ss0, Ssps S100 and CK respectively, as compared to the pre-treatment
value 1.32 g/om’, while the soil porosity increased in all treatments in the range of 2.20%-5.50%. Maximum SOC content was
remarkably the highest 19.05% under S¢o, whereas the SCS determined 6,911.48, 7,605.86, 7,192.10 kg/ha in Sgq, Seo and Sy
respectively, as compared to CK (6,476.01). Furthermore, from the experimental results shown that the straw incorporation
treatments represented the highest wheat crop production during the year 2015 to 2017 and were ranked in order Sg>Ssp>
S10¢>CK.  Therefore, it is suggested that 60% crop straw incorporation under reduce tillage practice is the best option decrease
soil dry bulk density, increase porosity, SOC and SCS as well as achieve optimum yield under the wheat-rice cropping system
for agricultural sustainability.

Keywords: Physico-chemical properties, soil organic carbon, percentages of straw incorporation, sustainability, tillage practice,
yield
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and is expected to be double by 2050 (Tilman et al.,
2011). This is driven by the growing human population

1 Introduction

Globally agriculture food security has been reduced and increasing need for animal feed, for these challenges

to meeting the high grain demand and securing food
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(Memen et al., 2017; Godfray et al., 2010). Whereas, this
depends on agricultural sustainability, which hinges on
the efficient and sensible use of water, and agricultural
soil resources in a proper manner. Moreover, agricultural
land is a natural resource and its quality is mainly based
on soil physico-chemical properties that determines the
sustainability and crop yield (Anikwe and Ubochi, 2007).

The modern  agriculture  technologies and
conservation agricultural (CA) practices have been
successful producing more food whereas, it would be
seen that this achievement came at a considerable cost.
Beside this tillage method, intensely disturb physical and
chemical properties of soil, whereas it is essential to
select a proper tillage method that improves the quality of
soil and the rate of crop growth (Jabro et al, 2009).
However, the variations in soil properties different among
the field management methods. Conventional tillage (CT)
method is being performed from hundreds of years in
China, while it causes a maximum reduction in soil
organic carbon, increasing soil disturbance and causing
goil erosion. Numerous research experiments have
indicated that straw is rich in organic minerals and is
considered as an imperative organic natural fertilizer (Tan
et al., 2007; Saroa and Lal, 2003), also another research
study by Alvaro-Fuentes et al (2009) and Jin et al (2009)
was indicated that straw incorporation was beneficial for
improving soil fertility and soil structural stability.
Furthermore, according to Choudhury et al (2014),
residue retaining practice was an important factor for
ecological and economic perspective because it saved
labor, energy and provided proper soil conditions for crop
growth.

There are many tillage practices used worldwide
according to the requirements of crop, soil type and
environmental conditions, while tillage method under
crop residue condition provides desired outcomes. The
crop residue or straw is defined as the parts of the
harvested crop left in the field, whereas the recycling of
crop straw has the benefit of changing the surplus farm
waste into a useful product for the nutrient requirement of
crops. It has also become a key factor for providing a
barrier against soil erogion, improving soil organic carbon
(800 structure, and

content, temperature, soil

evaporation (Lal, 2003). Thus, the management of
residues/straw is an integral part of tillage method.
Traditionally, rice and wheat residues are removed from
the agricultural lands to use them for feeding cattle and
for some another purposes in Southern Asia. Nowadays,
after mechanized harvesting of the crops, the farmers are
burning the large quantities of crop straw and then
leaving it in the agricultural field (Agarwal et al., 2008)
as ¢rop residues interfere with tillage in regards for
seeding operations and improving the soil quality.
Therefore, the environmental protection agency in China
and in other developed countries, governments have
banned the burning process of straw in the field and
amended laws, framed policies to incorporate straw into
the soil. Crop residues/straw may be incorporated
partially or fully in soil depending upon cultivation
method (Dormaar and Carefoot, 1996).

Tilling is the most effective straw incorporation
practice, several researchers have conducted studies to
straw  distribution,
incorporation and displacement (Zhang et al., 2007;
M’hedhbi and Gregory, 1989; Andersen, 1967) with

different tillage implements presenting that primary

mmvestigate the effect of crop

tillage equipment such as moldboard piough suppressed
the majority of stubbles in the furrow bottom, whereas

secondary tillage equipment incorporated minimum straw

in profile of soil and accumulated the majority of straw in
the upper surface of soil. Moreover, Rice residue
incorporation in soil with tillage gave significantly higher
wheat production (3.50 ton/ha) as compared to without
straw (2.91 ton/ha), besides this cropping system has an
immense influence on soil physicochemical properties
and thereby on crop production (Rahman, 2003). While
soil fertility frequently changes on the response of
cropping systems and land use management practices
(BARC, 2010; Sidhu and Ben, 1989).

Previous studies mainly focused on SOC and crop
yield under different tillage practices on plowing depth
and straw retaining. Therefore, the specific objective of
this study was to investigate the appropriate percentage of
straw used for incorporation under reduce tillage method
for improving SOC dynamics, suitable for the soil health,
fertility and obtaining higher crop production under
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rice-wheat rotation system. The general objectives of the
study were (i) to assess the effects of tillage practices
under different straw percentages on soil physicochemical
properties and (i) to study the effect of straw
incorporation under tillage methods on yield and growth
performances of wheat crop and changes in the soil

organic matter (SOM).
2 Materials and methods

2.1 Study site description

The field experiments were conducted at Jiangpu
experimental farm of Nanjing Agricultural University
(32°0M39.21"N, 118°36’46.43"E: 26 m MSL) Pukou
district, Nanjing, China (Figure 1} during 2015 to 2017 in

a rice-wheat cropping system. The study region is
situated in a bumid climatic zone with annual average
rainfall of 1,062 mm, which is influenced by East Asia
Monsoon. However, the annual temperature is 15.9°C and
the average annual sunshine time is 2104.0 hours with the
forest free period of 220 days.

The soil type at the study site was a waterloggogenic
paddy soil and classified as Typic Hapludoll according to
the USDA Soil Taxonomy (Soil Survey Staff, 2014} with
clay loam texture. The selected physiochemical properties
in the soil layer of (0-30 cm depth) are presented in Table
la and 1b. Prior to the experiment, the study site was
planted with rice crop and categorized as rice-wheat

rotation system from several decades.

Coordinaie systern: GCS WGS 1984
Datuna: WGS 1984

Tnits: Degree
Figure 1 Location of the experimental site
Table 1(a) Analysis for selected soil physical properties before experiment
Dry Bulk density (Bd), Particle size distribution,% Porosity, MC,
Depth, cm pH Jem o %
& Clay Sand Silt ¢ °
0-10 TATH0.372 1.33 £0.013 38.454+0.104 24.72+0.166 36.8040.088 38.09+0.089 25.66:+0.109
10-20 7.60 £0.020 1.300.020 38.4040.200 25.20+0.100 36.4140.100 39.1240.092 27.54::0.068
20-30 7.8420.026 1.32+0.030 ' 39.18+0.860 23.85+0.323 37.05+0.304 37.9240.132 28.08+£0,354
Table 1(b) Analysis for selected chemical propertics of soil before experiment
Depth, cm Soil Organic C, g'kg Available Nitrogen, mg/kg Available Phosphorous, mg/kg Available Potassiom, mg/kg
0-10 11.59+0.119 83.61+0.387 33.20+0.557 74.64+0.264
10-20 11.58+0.146 82.94+0.280 32.28+0.437 747720377
20-30 10.99+0.179 82.1230.569 31.94+0.260 73.76+0.202

Note: + denoted by Standard Derivation.
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2.2 Field management and experimental design

The experiment was started in November 2015 under
two growing seasons for the wheat crop. Four treatments
were designed on different straw incorporation percent
under reduce tillage practice with a ploughing depth of 15
cm was performed with Mould Board Plow in all
treatment plots while the straw incorporation was
performed on the basis of different percentages i.e. 1) 30%
straw incorporation (Sso) i) 60% straw incorporation (Sep)
iii) 100% straw incorporation {S1pq) and iv) without straw
incorporation used as control (CK). The average straw
vield was 12,100 kg/ha, so that 30% and 60% straw
coverage represented 3,630 and 7,260 kg/ha, respectively.
These treatments were arranged in Randomized Complete
Block Design (RCBD) wiih three replications. The area
for each plot was 4x8 m=24 m" and the space between
adjacent plot was kept 0.6 m. Chemical fertilizers NPK.
were added at the following annual rates, N fertilizer as
urea at rate of 220 kg/ha, P fertilizer as PoOs, 100 kg/ha,
and K»O as K Fertilizer, 85 kg/ha, while phosphorous and
potassium fertilizers were applied ance before sowing on
basal dressing and nitrogen fertilizer was applied at two
stages top dressing and basal period, whereas other weed
and pest management control were performed by local
practices.

2.3 Crop and straw management:

Wheat (cv. Ningmai 8) was planted at a seed rate of
110 kg/ha on 15% December 2015 and 11™ December
2016, by using chisel type seed drill at a row spacing of
23 om. For each growing season, manual weeding was
done throughout the experiment. While crop was
harvested on 16™ Tune 2016, and 7" June 2017. The rice
straw (C/N=51} in ouwr study was collected from
preceding harvested crop and applied in treatments on a
percentage basis. Moreover, straw was retained manually
with topsoil by using hand spade up to 15 cm depth and
incorporation into the soil with ploughing. The study site
was planted with rice crop prior to the experiment,
whereas rice straw contained 22.5%, 18.3% lignin and
hemicellrlose 36.90% cellulose.

2.4 Sampling collection and measurements
The climatic data for rainfall, maximum & minimum

temperatures during study period regarding experiment

site were collected from Nanjing weather station, while
the monthly distribution of precipitation and temperature
during experimental period were shown in Figure 2. After
wheat harvesting in each growing season (2015-2017),
the soil samples were collected with the help of hand
auger (2.64 cm diameter) from five points in each
replicated plot, which was mixed together to produce a
soil composite sample at depth viz 0-10, 10-20, and 20-
30 cm layers to determine the physicochemical properties
of soil. The soil samples were immediately transported to
laboratory, removed stones, plants and organic debris
with forceps before use (Lu, 2000), then air dried, and
weighed, while the soil samples were dried at 105°C, for
determining the soil moisture content. The soil dry bulk
density (BD)) of samples was measured with core sampler,
and soil porosity was computed using relationship
between particle density (PD) and BD nsing Equation (1).

1—‘—B—D—Jx100 (1)
PD

Prosity (%) = [
where, BD: Soil bulk density (g cm™) and PD is particle
density (g/cm’).

Afterward, soil samples were passed through a
0.25 mm sieve used for determination of soil chemical
properties i.e. pH, EC,, N, P, K and SOC under following
standard procedures in the experimental soil. Soil pH was
calculated through a digital glass electrode pH meter
(WTW pH 522} at a soil-water ratio of 1:2.5 by Alam et
al (2014), and soil organic carbon (g/kg) was determined
by potassium dichromate oxidation titration method (Lal,
2003}, however soil carbon storage (SCS) in soil horizons
at thicknesses (0 to 30 cm) was calculated from Equation
(2) (Zhang et al., 2013). Moreover; N was measured by
the Kjeldahl method (Mehdi et al., 2009) and available K.
was determined using NH40AC extraction method
(Aramrak et al., 2007) and available P was determined
following the Olsen method (Tatrou et al., 2014). The crop
growth parameters 7.e. thousand grain weight (TGW),
panicle number, and yield were determined at the
different stages of the crop cycle. Threshing was done
manually from the one-square-meter area from each plot
and then converted into yield per hectare, while data were
recorded at 12% water contents after harvesting.

SCS =T x BD x SOC x10000 )]
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where, BD is the mean Dry Bulk Density at depth of

30 cm; 10000 is the conversion coefficient; T is the

thickness of soil layer (meter) and the unit of SCS is
kg/ha.

450 - 43500
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Figure 2 Distribution of mean monthly temperature and rainfall during 2015-2017 at the experimental site

2,5 Statistical analysis

The analysis of variance (ANOVA) for various soil
chemical and physical properties, cropping yields and
growth parameters were performed using SPSS (version
22). Mean values. were compared by Duncan’s test
(DMRT) method (Jaffer et al, 2010; Steel and Thorii,
1960) and preparation of graphs were done using and
Origin Pro 8.

3 Resulis

3.1 Soil dry bulk density {BD) and porosity

The soil BD and porosity were used as considerable
factors regarding changes m the soil quality and structure
with different straw percent incorporation under reduce
tillage practices. The soil BD (Figure 3A) varied
significantly (P<0.05) in different treatments among
straw percentages during two-year field experiments.
Compared with the mean value before the research
experiment (1.32 g/om’), the mean BD in the depth of
(0-30 cm) under the straw incorporation treatments
decreased significantly in the range of 1.20% to 4:27%,
while the highest soil BD reduction was found in S;q
{13.37%), while CK showed lowest BD reduction (8.6%).
Moreover, the depthwise soil bulk density changes under
S100, Seo and Szp were showed significantly decrease as
compared with CK ie by 2.95%, 2.46% & 1.98% at soil
depth of 0-10 cm; 4.27%, 3.56% and 1.73% at the 10-
20 cm depth; and 4.53%, 3.92% (P<0.05) and 1.88% at

depth of 20-30 cm in the soil profile respectively.

134 B 5w

B S0

% s,

Bulk density, g em™

42.00
a B s 4 Su
Bs. #@ox

4140}
4030 F
4020}
960
39.00

Soil porosity, %

3840 1
3780 F
3720+

36.60

10-20
Soil depth, cm

20-30

Nate: 830, 30% straw; Seo, 60% straw; Sip0, 100% straw incorporation and CK,
without straw incorporation. Bars denoted the standard derivation and different

lower case letters indicated significant and homogeneity differences at (P<0.05).

Figure 3A and 3B showing changes in soil dry bulk density and
porosity at depth 0-30 cm soil profile under different percent of

straw incorporation treatiments

It was from results that the straw incotporation
treatments with different percentages of residue amount

significantly increased the soil porosity during the
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experimental period, while the T; and CK treatments
were assoclated with a non-significant change i the soil
profile (Figure 3B). After two years of cropping cycles,
the porosity increased by 2.20%-5.50% at the depth of
0-30 cm, while as compared with CK, the S;4, Sgy and
849 treatments found positive trend of increasing in the
porosity by 5.10% (P<0.05), 3.61% and 2.89% at the
depth of 0-10 cm; 5.23%, 4.25% and 2.75% at the 10-
20 cm depth; and 5.50%, 4.33% and 2.16% at 20-30 cm
depth in the soil profile respectively.
3.2 Soil organic carbon and storage

The impact of crop residue incorporation on SOM
was presented in Table 2. The average SOM content in
0-30 cm soil profile under Sqp, S1gp and Ssg, treatments in
2015-2017 were 18.85%, 13.38% and 7.58%,
respectively, which were higher than CK treatments,
whereas these tesults were compared with the
pretreatment values, the seil organic carbon observed a
significant increase (P<0.05) in all experimental
treatments. While the mean SOC storage in (0-30 cm) soil
depth increased under four different straw percent
treatments where were ranked in order as Sg>Siec>
83p>CK. However, in the topsoil layer (0-10 cm) the
mean SOC during the study peried (2015-17) were
significantly (<0.05) high at 40.35%, 33.34%, 23.91%,
and 17.31% under Sso, Sigo, S30 and CK respectively as
compared before the experiment. Moreover, there was
an increasing tendency of (SCS in all expertmental
treatments during study period from 2015 to 2017 (Table
3). The SCS under Sgp, Sio0, Sso and CK were 7,566.46,
7,167.36, 6,8%9.48 and 6,476.01 kg/ha respectively. The
highest soil carbon storage rate was observed under Sgo
among other treatments,
Table 2 Influence of straw incorporation and tillage method

on soil organic carbon during study period

Crop Soil organic carbon, SOC, gkg

Treatments Average
season 0-10 cm 10-20em 2030 e
Sso 13.84+0.144° 13.43+0.127° 12.68+0.147° 1333
Sen 15.9740.163% 14.70+0.151® 13.35%0.254° 14,67
2015-2016 . -
Sip0  14.8120207" 14.44+0.178" 13.07x0.137°  14.10
CK  133940.177% 12.63+0244° 12.0320.141° 1268
Sap 14.8740.210° 14.60£0.179° 13.8240.139"  14.43
S0 16.55:0.191° 16.31+40.122° 15.130.140°  16.00
2016-2017

S 16.0920.212° 15.3620.154° 14.01+0.144° 1515
CK 13.8020.178% 13.34+0.210%  12242007°  13.12

Table 3 Soil organic carbon storage under each treatment

during study period
Soil organic carbon, 8CS, kg/ha
Crop season Treatments
Sail depth, 0-30 em

330 6,889.48 +18.42°

Seo 7,566.46 +15.87°
2015-2017

8100 7,167.36 £14.17°

CK 6,476.01 £19.01°

Note: 2denoted by Standard Derivation.

3.3 Crop yieid _

According to the crop production obtained during two
years cropping seasons (Figure 4), the results revealed
that the straw incorporation treatments were significantly
(P<0.05) high as compared to no straw retaining
treatment (CK) and ranked as follows: Sgo (29.84%) > S5
(22.61%) > Sipp {12.54%) > CK, whereas the mean wheat
grain yield in 2015-2016 under Ssq, Seo, Sio and CK
were 3,730.45, 3,887.64 (P<0.03), 3,549.82 (£<0.05) and
3,060.71 kg/ha respectively, while an increasing trend of
crop vield was shown among all treatments, i.e. 4,120.51,
4,426.30, 3,746 and 334230 kg/ha under S, Sgo S100 and
CK respectively in cropping season for 2016-2017.

5060 - i S. ﬁ% S
a % Sm()

4500 |
4000 -
3500 &
3000 +

2500 b

Wheat yield, kg ha™

2000

1500 F

1000 -
2016-17

Year

2015-16

Average

Note: Sag, 30% straw; Ssp, 60% straw; Sigp, 100% straw incorporation and CK,
without straw incorporation.

Figure 4 Wheat crop yields under different straw incorporation
treatments

3.4 Crop growth paramefers

The crop growth components in 2015-16 (Table 4)
indicated that the highest effective spike number was
determined in Ssq (373.47 10*kg/ha) treatment and lowest
in CK (335.25 10*kg/ha) treatments, whereas 1000 grain
weight was found significantly (P<0.05) higher under Seo
(34.50 g) as compared to CK (29.62 g). Statistically
ANOVA revealed that the average effective spike
numbers were high of 385.69, 384.36, 377.37 and 361.34
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10* kg/ha, while the 1000 grain weights were 35.35,
33.87, 33.99 and 3140 g under Sgy, Sig, Sigp and CK
respectively during study period from 2015-2017. These
results showed that 60% straw incorporation under reduce
tillage practice could increase the 1000 grain weight and
effective spike number in the wheat crop during the
two-year experiment, which was the important faetor to
prominent an increment in wheat production.

Table4 Infiuence of siraw incorporation and tiilage on

performance of wheat growth

Samnli Effective spike Graing per 1000-grain
parlng Treatments number, spike, weight,
¥e 10, Kg/a Number gram

Sa0 3734728717 3623£1.055° 32.29+0.375°

20153016 Seo 367.6241.192°  37.6040447°  34.50+0.562°
S100 344.5242.043°  37.3220.633° 334240767
CK 1352523.054°  30.6520.779°  29.62+0.318¢
Sa0 395.24£1.817°  38.1240.235"  35.45£0.304°
Sen 403.7551.749° 304380517 36.20+0.323°

2016-2017
Swo 410.2143.675°  39.9620.400°  34.55+0.262°
CK 3884242 738%  31.78+0.219°  33.18+0.1759

4 Discussion

4.1 Impact of straw incorperation on dry bulk
density and porosity of soil

The previous studies (Zhang et al., 2015; Pagliai et al.,
2004; Girma and Endale, 1995) stated that the crop
residue incorporation into the soil was one of the most
significant methods that affected soil dry bulk density and
porosity. Wei et al. (2006) compared the application of
straw with control treatment (NA) and concluded that BD
decreased after the application of crop straw, while lower
bulk density observed with apply higher percent of the
organic material. However, in this study, BD was
significantly decreased in all straw incorporation
treatments as compared to CK treatment, whereas this
might be due to plowing and incorporation of the
aboveground crop straw in the soil. These results are
supported by Zhang et al.( 2015); Mulumba and Lal,
(2008); and Lu (2604), who indicated that the residue
incorporation effectively improved soil organic matter
and improved the structure of soil and helped to reducing

soil dry bulk density, another study conducted by Zhang

et al. (2003) and Dam et al (2005). They revealed that -

tillage method and crop straw management method i.e

straw incorporation can be potentially led to major

changes in physical properties of soil, if both the methods
were implemented on continuous cropping for z longer
period. While Mulumba and Lal (2008) mentioned that
long-term  crop residue incorporation method had
progressive impacts on soil porosity. In our study, reduce
tillage with different percent of straw incorporation on
soil porosity were significant high and consistently
positive over years, whereas the results (Figure 3b)
shown that overall mean soil porosity was increased in
0-30 cm soil depth under straw incorporation treatments
as compared to CK treatment, therefore this positive
progress was duc to the loessal soil particles stick
together and form aggregates, so the resultant soil BD
was reduced and soil total porosity increased in depth of
0-30 cm soil profile. The impact of crop-residue
incorporation was feported to be lower in the deep soil
layer as compared to the surface layers of soil (Tripathy
and Singh, 2004), additionally our results are in
agreement with the finding of He et al.(2009) who
concluded that the soil porosity in 0-15 cm layer was
higher under the experimental treatments and other
numerous studies by Tejada et al. (2008). Zhu etal (2010)
also reported that rice straw incorporation in soil
increased the SOC concentration and minimize bulk
density, thereby improving total porosity, aeration and
water-holding capacity during 8 years of experiments in
China,
4.2 Impact of straw incorporation on seil organic
matter and storage

The soil organic carbon is the main factor that
mnfluences physico-chemical and biclogical properties of
soil (Zhang et al., 2014; Haynes and Beare, 1997). The
present results of SOC in our siudy demonstrated that

after two rice straw

years of experiments under
meorporation was significantly increased, and SOC
dynamics & storage levels were in the range of 7.07% to
19.05% for straw incorporation treatments in 0-30 cm
depth of soil profile as compared to CK treatment,
whereas the increasing trend of SOC was probably
associated with the percent of straw incorporated to apply
the soil under tillage method, as recommended earlier by
Zhang et al. (2016); Malhi et al.(2011); Campbell et al.

(1998) and Rasmussen and Collins (1991). Moreover, this
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may because of the tillage stimulated the oxidation in
SOC, with increasing rate of crop straw incorporation in
soil to decompose the organic matter, which improved the
quality of soil in respect of chemical properties (Zhang et
al,, 2014; Coppens et al., 2007; Fontaine et al., 2007;
Aulakh et al. 1991}. Consequently, in this study, the
inferannual differences in SOC matter presented a
relatively stable increasing trend, probably because the
changes in so0il organic content rates were usually
insensitive to current management methods, while, these
variations happened slowly and they were comparatively
smaller as compared with the appropriate previous soil
carbon rate, it particularly occourred when the short
quantities of crop residues were incorporated into soil
(Zhang et al. 2016; Gong et al. 2009). These experimental
results agreed with the previous studies by Bakht et al.
(2009) and Surekha et al. (2003) who conchuded that the
SOC was increased with the application ‘6f straw
incorporation under silty clay soil and sandy clay loam
affected SOC

concentration and storage i.e. crop residue incorporation,

soil.  Furthermore, many factors
retention, cropping rotation, application of fertilizer, and
tillage method (Zhang et al., 2013). The current study
revealed that SCS shown an increasing tendency in 0-
30 cm soil profile under reduce tillage method with
different percent of straw incorporation from 2015-2617
(Table 3), the SCS was almost lowest in CK treatment in
each growing season as compared to the straw
incorporation trcatments due to the relatively lower
organic matter values in deep soil layers (20-30 cm).
These results are closely similar in SCS studies by Zhang
et al. (2013) who indicated that the carbon storage rate
was high of 25.94% and 26.98% under CT and RT
respectively with residue retention in soil for seven years’
experiments.
4.3 Effect of straw incorporation on crop yield

The production of crops is affected considerably by
soil fertility and availability of moisture (Zhang et al.,
2014b), thus well-managed soils can support sustainable
production and enhance soil microbial biomass, growth
stage of the crop roots and the crop yields. In our research
study, the wheat yield was significantly influenced (P<

0.05) by the straw incorporation for two years with

reduce tillage method, according to the results the highest
vields (3,887.64 and 4,426.30 kg/ha) were found under
Sgo followed by S3¢ straw incorporation treatment at the
rate of 3,730.45 and 4,120.51 kg/ha respectively, while
the lowest grain yields (3,060.71 and 3,342.30 kg/ha)
were recorded under CK during 2015-16 and 2016-17
respectively. The effective spike number and average
thousand grain weight were observed high under Sg and
Ssp as compared to Sjgp and CK treatment, it was happen
because of due to the excess amount of incorporated crop
straw cannot be casily mineralized as well as decomposed
(Hejazi et al., 2010). However, incorporation of siraw
under S, treatment wag difficult to incorporation and
affcted the emergence rate of wheat crop and growth
quality at the seedling stage (Song et al,, 2016). These
results are in agreement with those reported by Karami et
al. (2012}, Tripathy and Singh (2004). They reported that
the positive effects on the crop vield and soil productivity
after crop straw application were attributed mainly to the

improved soil quality.
5 Conclusions

After two vears’ field experiment on rice-wheat
rotation system in humid climatic region of China, under
reduce tillage method with appropriate percent of crep
straw incorporation into soil was effective practice to
improve the soil physicochemical and biclogical
properties, soil water storage level, increase the soil
organic carbon dynaﬁu'cs, soil carbon storage levels,
wheat crop performance and grain yield. The application
of straw incorporation significantly reduced the bulk
density and increased porosity, whereas an increasing
trend was observed in soil organic carbon and carbon
storage rate in regarding depth of 0-30 cm under soil
profile in all residue incorporation treatments as
compared with CK. It is mainly associated with the
improvement in soil structure and quality in helping to
get higher crop production. However, according to the
experiment results of 2015-16-2016-17, the high soil
organic carbon and yield obtained were 15.34 g/kg and
4,156.97 kg ha™! under S as compared to CK treatments,
which were 12.90 g kg™ and 3201.50 kg/ha respectively.

Therefora, Sep (60% of straw incorporation) under reduce
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tillage method can be suggested under rice-wheat

cropping system in clay loam soil to enhance both

agricultural sustainability and crop production with

improving soil quality and fertility.
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Abstract: At present, the problem of pollution from plastic film in farmland in Xinjiang is becoming more and more serious.
Due to the plastic film mixing with soil, it is difficult to realize its mechanical collection. In order to solve the problem of
mechanical collection of plastic film residue in topsoil, a kind of rotary recovery machine with spike tooth was designed. It
can collect the plastic film in topsoil of 0-300 mm aiming at distribution features of plastic fitm residue in topscil. The
machine works in mode of rotary tillage and sets a certain mumber of spike tecth in spike tooth cylinder which is driven by
rotary tillage. The rotation leads the spike tooth to hook the plastic film in topsoil to separate it from the soil and coliect it,
which meets the operational requirements. Through the field trial, the results showed that the machine has higher reliability, it
collected plastic film in topsoil and worked well in unloading the film; when the cylinder rotates at 120 r/min, moves forward at
4 km/h and operates in depth at 50 mm, it attains the best working performance, and the recovery rate and the Tecovery
cfficiency are 74.12% and 0.0758 hm?/h, respectively. The recovery machine can be applied in the plain cultivation areas after

spring plowing and before sowing with an average recovery rate of 69.74%, which can effectively reduce the film residue in
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soil after plastic film collection. -
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1 Introduction

The problem of poliution from plastic film in
Xinjiang farmland is becoming more and more serious,
and it affected the cultivation of farmland and the
sustainable development of agriculture (Hu et al,, 2017).
The residual film of tillage layer has obvious effect on
soil structure, water and fertilizer migration and crop
yield (Hu et al, 2017). According to the relevant
literature, when the residual film density was up to
1000 kg/hm?, the average cofton yield decreased By
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15.8% (Dong et al, 2013). In

comprehensive management of residual film pollution in

recent vyears, the

Xinjiang has become one of the key issues to be solved
urgently. And in the comprehensive management of
residual film, there are two kinds of technical solutions:
biodegradable membrane technology and residual film
recycling  machinery.  Biodegradable  membrase
technology is still in the research stage (Ma et al., 2012;
Li et al., 2015; Dai et al., 2016), because the film cycle
and under film temperature are difficult to be solved; the
téchnology of mechanical film collecting has become one
of the main applicable technologies at present.

In the research of mechanical film collecting
technology, Hou et al. (2002) studied the elastic tooth
residual film reclaiming machine. Through field test, the
recovery rate of the residual film of the year’s surface
was between 72% and 82% (Xie et al, 2013).

Agricultural Mechanization Institute of Xinjiang
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Academy of Agricultural Sciences developed 478M-1800
cotton statks returning to field and residual film recycling
joint operation machine, the machine consists of stem
crushing device and plastic film recovery device, and can
complete two operations of stalk crushing and residual
film recovery. The recovery rate of residual film reached
85%. Wang (2008) combined cotton stalks crushing with
residual film recovery characteristics, based on the
principle of raking machine, to research and design a kind
of suspension type cotton stalks chopping returning to
field raking machine. The existing residual film recovery
machine is mainly for recovering the surface of the
membrane for a year. After the recovery of the topsoil,
there are still a lot of residual film residues. As the
residual layer was close adhesion with soil, and due to the
longer residual time, the mechanical propertics of the
residuat film in soil are low, and difficult to achieve the
unloading of film. It increased the difficult of recovering
the residual layer of plowing soil (Lou et al., 2002; Lv et
al., 2015; Li et al., 2012). However, the residual layer of
tillage affected greatly on soil and crop growth, and it is
necessary to clean up the residual film of multi-year
residue in order to reduce the residue of the tillage layer
(Li et al.,, 2012; Zhang et al., 2015; Zhu et al., 2015).
Therefore, according to the pollution situation in
Xinjiang caused by film, and in order to solve the
problem of recovering small residual film from years of
broken film mulching for agricultural crops, a rotary nail
tooth residual film recycling machine was designed, and

the recovery of residual film in iopsoil was realized.

2  Overall design idea of the residual film

recovery

2.1  Overall design of the residual film recycling
machine

The depth of Xinjiang cotton field is between 0 and
300 mm (Niu et al., 2016). Before spring sowing, the
tillage and soil preparation treatments for 0-300 mm were
carried out by tillage machine. The residual films and soil
were mixed after the autumn- harvest, and it is difficult to
realize the separation of the smaller residual films from
the soil. According to the preliminary investigation (Niu
et al., 2016), the residual films morphology of the soil is

mainly beﬁveen 4 and 25 cmz, and the residual films are
distributed evenly in. the soil. The seil agglomeration
volume of the cotton field after the rotation is small, and
the length of the stubble and siraw stubble is in the range
of 50-150 mm, and is in the range of 0-2 per équare meter.
According to the distribution of residual films in soil, the
designers used the rotary tillage blade to replace the nail
teeth on the operation principle of rotary tillage, making
residual film in the topsoil accept force of film device
through the rotation of the nail dtum, and finally realized
film-soil separation of the residual film in the plow layer.
At the same time, the weeds, straw, stubble and other
debris existed in cotton field must be considered.
Therefore, firstly, the rotary tiller nail residue film
recycling machine worked in cotton field where there is
less soil, weeds, straw, stubble and so on. Secondly, when
a small amount of weeds, straw, stubble and other
residues were provoked, due to the quality of weeds,
straw, root stubble, etc. was far biggér than the quality of
residual film, in the rotation of the nail drum, the
centrifugal force would throw weeds, straw and stubble
out of the nail teeth. Besides, when weeds, straw, and
stubble with the residue were provoked together, part of
the weeds, straw, root stubble would be brushed under the
function of brush. High soil moisture and sericus soil
agglomeration made the residual films and soil closely
sticky together, resulted in difficulties in film collection,
so, the adhesion of residual films, weeds, roots, straw and
other debris has negative effect on film-collecting. In
view of this phenomenon, firstly, the seil moisture in
0-200 mm depth of cotton field in Xinjiang was
10%-16% and the soil solidity was 0-20 kPa in 0-300 mm
depth. Most of the soil was sandy and light medium soil,
the texture was looser and the soil resistance became
smaller after the rotation. Begides, the peeling teeth also
have certain detritus function when working with the soil,
which can promote recycling of the residual film. When
the residual films and weeds, roots, straw and other debrig
were adhered together, the nail teeth picked up the
residual films along with weeds, roots, straw and other
debris together, making them sepatate from the soil. And
when the residual films and weeds, roots, straw and other

debris were adhered together, it is possible to increase the
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rotation speed of the nail drum and reduce the advancing
speed of the retractor, so, the contact frequency between
the nail teeth and the residual films increased and the
effect of residual films recovery was improved. Therefore,
according to the design ideas, rotary tillage nail tooth
residual film recycling machine overall design was shown

in Figare 1.

1. Transmission case 2. Shield 3. Chain [ 4. Film unloading mechanism

sprocket 5. Film releasing mechanism 6. Frame
8. Chamll
sprocket 12, Nail tooth roller
15. Residual film recovery box

Figure 1 Rotary tillage nail tooth plastic film recycling machine

7. Main sprocket
9. Reverse sprocket 10. Toothed bar 11. Film lifting device
13. Walking wheel 14, Guide plate

The machine consists of rack, shroud, nail drum, nail,
brush roller, guide plate, recycling box, ground wheel and
transmission gystem. On one hand, the nail drum, the nail
teeth and the cormresponding sprocket constitute the film
forming device. On the other hand, the brush roller, the
rotating shaft and the corresponding sprocket constitute
the unloading device.

Rotating the staple-type residual films recycling
machine, the active sprocket drives the reverse sprocket
and nail wheel rotation, so that the nail teeth and the soil
rolling contact. Due to the nail teeth are connected to the
rod teeth, and hang residual films during the process of
rotating with the nail teeth drum, the film was completed
when the residual layer of soil was separated from the soil.
The reverse sprocket 13 mounted on the back of the active
sprocket and is driven by the reverse sprocket on the
outside of the chain I, driving the sprocket of the
unloading mechanism. And the direction of rotation of
the brush roller and the pinch roller is reversed. Brush roll
speed is greater than the rotation speed of the nail drum to
ensure the brush is on the brush and the nail teeth are on

the teeth when the contact frequency is high, so as to

achieve residual films unloading process. The residual
film is discharged through a guide plate with a certain
mclination angle into the residual film recovery box to
realize better recovering of the residual films.
2.2 Analysis of film formation process

The rotation of the nail wheel drives the rotation of
the nail teeth, and the movement principle process is
shown in Figure 2. When the nail teeth move at a certain
speed, the nail teeth on the nail teeth have a certain
amount of momentum, when the nail teeth and soil
residual film contact, the soil residual film with the nail
movement complete the film process, the physical
meaning of the momentum obtained by the rotation of
each pin in the process of rotation, which can be
converted into the force of the nail and the residual film,

namely:

pi= (mvi)

. ) !
pl=) (mv) @
dp, :

a Lt @)
Py o
E—ZF}'

Fy = (ZF;"'ZF;) (3)

In Equations (1)-(3), v, is the speed at the horizontal
direction of the first { nail, m s‘l; vj', is the speed at the
vertical direction of the first i nail teeth, m s '; pi is the
momentum in the horizontal direction of the first i nail,
kg m/s; p; is the wvertical momentum in the vertical
direction of the first i nail, kg-m/s; F} is the forces at the
horizontal direction of the first i nail, N; F’ is the force in
the vertical direction for the first i nail teeth, N F is the
resultant forces for the first i nails, N; m is the quality of
each nail and rod, kg.

So the nail teeth hook the residual film when the nail
on the residual force is greater than the residual stress
contact force, resulting in residual film in the role of nail

from the film, namely:
F} >[c]8, “4)
In Equation (4), [o] is allowable stress for maximum

contact of residual film, pa; S, is action area, m’. The

physical meaning of the equation is that when the force of
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the nail on the residual film is greater than the allowable
stress of the residual film and the product of the area of
the nail, the nail can puncture the residual membrane and
finally achieve the function of hooking membrane.

As the nail tooth roller continues to move, the residual
film rotates with the nail until the residual film rotates
away from the plowing soil with the nail drum on the

spike to complete the filming process.

s
i

1. Nail tooth roller 2. Nail seat 3. Conmecting piece 4. Main nail teeth
3. Small nail teeth 6. Plastic film

Figure 2 Film drawing principle diagram

2.3  Analysis of nail movement track

According to the working principle of the machine,
the nail drum on the one hand by the tractor traction
forward movement, on the other hand by the tractor
power output shaft driven nail tooth drum rotation
movement. Therefore, the movement of the nail drum is
the vector of the two movements. In order to achieve the
best film recovery effect, the nail drum rotation speed
should be reasonable, and if the speed is too high, it will
cause the pinion load too large, and easily lead to
deformation or even broken teeth, while if the speed is
too low, it will cause the hook membrane difficult to
reduce the residual film recovery (Lou et al., 2002). Set
the end of any rod tooth is A, the movement trajectory
was shown in Figure 3, and the motion equation of A
point is as follows:
x =vt+ Rsin wt
{ y=Rcosmt )

where, v is the forward speed of a toothed roller, m s'I; w

is rotating angular speed for a toothed roller, rad s-1; R is

the radius from the A point to the center of rotation of the

rod tooth, mm; ¢ is the working time for the toothed

roller, s.
| %B/
|
l xfm
7207 ZZE

TFigure 3 A motion law of spike tooth apex

The horizontal and vertical velocities are:

=—?§=v+choswt

o ©
v, =——=—R@sinwt .
Yoodt

~

X

The relative rate of change is:
d —sin wt
d_i;c By +cos @t @
In Equations (6)~(7), v is horizontal direction speed
for nail roller, m s‘]; v, is the vertical speed of the
cylinder for the nail tooth, m s-1; v is forward speed for a
toothed roller, m s™'; ‘o is rotating angular speed for a
toothed roller, rad s"l; R is nail point A to center of
rotation radius, mm; ¢ is working time for nail roller, s; k&
is for the machine forward speed and drum rotation speed

ratio.
3  Design of core components

3.1 Design of film forming parts

As the cotfon root growth area is mainly between
0-150 mm below the surface, so the design of the
maxinmum working depth is 150 mm, the maximum
diameter is 12 mm, the smallest diameter is 4 mm, and
use 45 steel cone rod bending. The area of the residual
layer of the tillage layer is between 4 and 25 cm®, so that
the teeth are evenly distributed on the side of the rod
tecth to ensure that the spacing is about 18 mm, which
can prevent the residual film from causing it be smaller,
The length of the small nail is 40 mm, and the diameter
is 5 mm with 45 steel. It can prevent the nail from being
too long to be easily bend, and also prevent the nail from
being too short to accumulate the residual film in the
nail. Figure 4 showed the nail teeth and the main

parameters of the nail structure were shown in Table 1.
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1. Mounting plate 2. Main nail teeth 3. Small nail teeth
Figure 4 Sketch of nail teeth

Table 1 List of nail sirncture parameter

Length of Main nail Deviation Length of small nail
Project teeth #, mm digplacement L, mm tooth K, mm
150 30 40

The nail roller is welded with a rod seat, and the rod
base and the rod teeth are connected by bolts, so that the
utility model is convenient to disassemble and adjust. A
nail tooth is welded on the rod tooth and is used for
hooking the residual film to achieve the effect of film
opening. A three-dimensional drawing of the film lifting

device was shown in Figure 5.

-
Figure 3 Three dimensional screw tooth roller
The length of the nail roller is 2000 mm, and the
diameter is 500 mm. Eight teeth are evenly distributed in
a week, and the surface of the roller is 15° angles to the
teeth of the next week. The teeth between the two
adjacent weeks are 50 mm apart, with a total of 12 weeks,
and the total number of teeth is 288. Each rod tooth is
welded with 8 nail teeth.
3.2 Unloading principle
From the principle of film-unloading, we can be seen
that when the residual film is in the nail and do the rotary
movement into the working range of the unloading device

with the nail, the brush on the brush roller contact, and

the residual film on the teeth. And residual film is pegged
off into the recovery box because the force of brush on
film overcomes the friction between the teeth and film.
When the residual film and soil, weeds, roots, straw and
other adhesion together, it can increase the rotation speed
of the nail drum firstly, and increase the centrifugal force
so that the soil, weeds, roots, straw was thrown off.
Second, use hard materials such as brush, wire brush and
$0 on to increase the brush speed in order to brush under

the residual film, weeds, roots, straw and so on.

@ 5 4 3 2 1

1. Nail tooth roller 2, Nail seat 3. Connecting piece 4. Main nail teeth
5. Small nail teeth 6. Brush 7. Plastic film 8. Brush roller

Figure 6 Film unloading principle diagram
In order to make the brush have a better effect of
unloading film, you can increase the brush and the teeth
on the contact frequency of the residual film. The
movement principle was shown in Figure 6. Namely:

0 =KDy (8)
where, ) 1s the rotate speed for brush roller, rad s'l; s is
the rotational speed for a toothed roller, rad s x is the
speed rafio.

3.3 Design of unloading mechanism

According to the principle of unloading film, the
design of the unloading device was done and it consisted
of brush roller, spindle, base, brush and the corresponding
sprocket, with which the spindle length is 2.2 m, and
diameter is 30 mm. The length of the substrate is
2000 mm, and the diameter is 120 mm. On the substrate,
there are 8 mim diameter brush mounting holes. The brush
mounting holes are equipped with eight brushes with a
diameter of 1.8 mm and a length of 250 mm. The size and
density of the brush mounting holes directly affect the
mumber of brushes, and the smaller number of brushes
affects the effect of unloading the film. Therefore, the
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selection of the brush mounting hole 24 times a week
evenly distributed in the brush roller of the week, with the

adjacent one week spacing of 12 mm.
4 Field orthogonal test

4.1 Test material

Before the experiment, the total amount of residual
films in soil can be obtained by measuring the residual
number of residual film in soil plow, which using no less
than 10 sample points to measure with plum blossom
method. And after the operation of the machine, we
measured the remaining number in the cultivated area
again, and took it as the residual number of residual film
after the experiment. In order to ensure effectiveness of
the sample data, the measured sample points after every

experiment was three, and finally took the average after

obtain the data. Field trials were shown in Figure 7.

Figure 7 Test scenatio

4.2 'Test methods

Orthogonal experimental design

(1) Test factors

Prototype fest is to determine the test factors. Among
them, the tractor speed has a great influence on the
recovery effect of the residual film, and the tractor speed
affects the efficiency of the residual film recovery and the
working efficiency. The rotation speed of the nail drum
determines the contact frequency of the nail and the
residual film, and also affects the residual film recovery
effect. Due to the difference of residual film distribution
in different depths, the depth of nail teeth has a direct
effect on the recovery of residual film and the working
resistance of the machine. Therefore, nail wheel rotation

speed, tractor forward speed, nail operation depth were

selected as the test factors.

(2) Test level

Access to relevant literature (Wang et al, 2011;
Zhang et al., 2007) and through consultations with the
relevant agricultural operators, it is understood to have
the spinning tillage machine tractor speed about 4 km/h.
Therefore, the speeds of the recovery machine tractor are
2, 4, and 6 kmvh, which can prevent the effect residual
film recovery efficiency because of slow speed, excessive
wear and tear and reducing of the service life because of
fast speed. The diameter of the nail drum is 500 mm, the
circurnference is 1.57 m. When the speed bf the tractor is
6 km/h, the distance traveled per second is 1.6 m.
Therefore, the rotation speeds of the selected nail drum
are 90, 120 and 150 r/min. Diameter distances are 2.23,
3.14, and 3.925 m, which is about 1.5 times, 2 times, 3
times of tractor. The fastest time the tractor walked was
1.6 meters per time. And at that time, it can prevent
leakage and reducing of membrane, and so on. Besides, it
also can prevent the reducing of service life because of
high speed of the nail roller and the drum. It also meets
the motion trajectory rod tip A point showed in Figure 3.
In summary, the best data we gained from the test are:
three levels of the speed of the tractor are 2, 4 and
6 km h™, the three levels of the rotation speed of the nail
drum are 90, 120 and 150 r/min, the three levels of tooth
depth are 50, 100 and 150 mm. The horizontal coding

table was shown in Table 2.

Table 2 Factor level code table

Factor level
Level A B C
Advance speed, Rotational gpeed, Working depth,
km/h 1/min mm
1 2 90 50
2 4 120 100
3 6 150 156

(3) Orthogonal test scheme

The orthogonal experiment was adopted. According
to the level of factors, three factors and three levels of
orthogonal test table was designed, and taking into
account the interaction of the factors affecting the
machine (Wang et al., 2012), orthogonal table for L27(313)
was used. The design of the orthogonal test is shown in
Table 3.
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Table 3 Results of orthogonal test
Test 1 2 3 4 5 6 7 8 11 P
mmber A B (AxB)  (AxB) c (AXC),  (AxCh  (BxC),  (BACh g%  mlmrh
1 1 1 1 1 1 1 1 1 1 57.85 0.0721
2 1 1 1 1 2 2 2 2 2 §6.23 0.0698
3 1 1 1 1 3 3 3 3 3 67.41 0.0801
4 1 2 2 2 1 1 1 2 3 73.35 0.0685
5 1 2 2 2 2 2 2 3 1 74.07 0.0632
6 1 2 2 2 3 3 3 1 2 72.38 0.0723
7 1 3 3 3 1 1 1 3 2 74.19 0.0680
8 1 3 3 3 2 2 2 1 3 60.52 0.0714
9 1 3 3 3 3 3 3 2 1 57.6 0.0702
10 2 1 2 3 1 2 3 1 1 62.31 0.0823
1 2 1 2 3 2 3 1 2 2 61.81 0.0678
12 y; ] 2 3 3 1 2 3 3 72.41 0.0725
13 2 2 3 1 1 2 3 2 3 7412 0.0758
14 2 2 3 1 2 3 1 3 1 7041 0.0687
15 2 2 3 1 3 1 2 1 2 67.32 0.0702
16 2 3 1 2 1 2 3 3 2 65.51 0.0658
17 2 3 1 2 2 3 1 1 3 65.34 0.0652
18 2 3 1 2 3 1 2 2 1 64.69 0.0635
19 3 1 3 2 1 3 2 1 1 63.27 0.0761
20 3 1 3 2 2 1 3 2 2 48.69 0.0682
21 3 1 3 2 3 2 1 3 3 66.29 0.0703
22 3 2 2 3 1 3 2 2 3 70.16 0.0803
23 3 2 2 3 2 1 3 3 1 73.18 0.0728
24 3 2 2 3 3 2 1 1 2 68.92 0.0743
25 3 3 1 1 1 3 2 3 2 69.37 0.0679
26 3 3 1 1 2 1 3 1 3 60.08 0.0691
27 3 3 1 1 3 2 1 2 1 58.59 0.0710
K 603.6 576.28 579.07 591.38 610.1 601.76 600.76 581.99 581.97
5 607.93 637.04 628.6 607.59 594,34 596.56 608.04 585.25 604,43
K 588.5 579.89 59241 601.11 5956 601.76 591.28 632,84 613.68
k 67.07 64.03 64.34 65.71 67.79 66.86 66.75 64,67 64.66
kz 67.55 70.78 69.84 67.51 66.04 66.28 67.56 65.03 67.16
ks 6539 64.43 65.82 66.79 66.18 66.86 65.7 70,32 68.19
R 2.15 6.75 55 1.8 1.75 0.58 1.86 565 3.52
K 0.57 0.66 0.62 0.63 0.65 0.62 0.63 0.65 0.64
K2 0.62 0.63 0.65 0.54 0.62 0.63 0.63 0.63 0.62
K 0.65 0.61 0.63 0.66 0.64 0.65 0.65 0.634 0.64
k 0.0628 0.0732 0.0694 0.0705 0.0719 0.0694 0.0695 0.0726 0.0711
Iy 0.0691 0.07 0.0727 0.0603 0.0685 0.0704 0.0705 0.0695 0.0694
ks 0.0722 0.068 0.0699 0.0733 0.0716 0.0721 0.0718 0.0699 0.0715
R 0.0094 0.0052 0.0033 0.013 0.0034 0.0026 0.0023 0.0031 0.0021
4.3 Test indexes 5=Mo=M 1009 )
According to the national standard GB/T25412-2010 M,

“residual film recovery machine”, combined with the
actual sitnation to determine the test indicators, the
residual film recovery and residual film recovery
efficiency were selected as the field test indicators {Chen
et al., 2005).

(1) Recovery rate of residual film

The recovery rate of residual film can be obtained by

the following formula:

where, J§ is the recovery rate of residual film; M; is the
total residual membrane residue in soil, g, M is the
residue of residual film in soil, g.

(2) Recovery efficiency of residual film

The efficiency of residual membrane recovery is an
important indicator of how many areas residual
membrane recycling machine works in the unit time. The

residual membrane recovery efficiency is given by:
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=" (10)

where, # is the recovery efficiency of residual film,
hm? h''; § is the operating area of residual film recovery
machine, hm?‘; t is the operation time of residual film

recycling machine, h.
5 Test results and analysis

5.1 Range analysis of test results

The test results are shown in Table 4. Through the
analysis of the experimental data in Table 4, we can see
that the factors that affected the recovery rate of residual
film are (BXxCy>{AxB)>B>(AxC)>A>C. The difference
R value indicated that the interaction between the rotation
speed B and the working depth C(BxC), the interaction
between the rotation speed B and the forward speed
A(AxB) is significant for the test results. The second
levels of (BxC) are 70.32% and 68.19% respectively, and
the second levels of (AxB) are 69.84% and 67.51%
respectively. When the rotation speed is B3, the recovery
rate of residual film is 67.55%, The comprehensive
analysis showed that when the rotation speed of the nail
drum B; is 120 /min for the optimal level. Similarly, the
tractor forward speed A; is 4 km/h and the nail working
depth C; is 50 mm, and for residual film recovery rate,
the best combination levels are, B,A,C;. (AxC)y>B=
(BxC)>C, the difference R value indicates the tractor
forward speed A and the nail wheel rotation. The
interaction of velocity B(AxB) has a significant effect on
the test results, and (AxB), achieves the highest residual

film recovery efficiency at the third level of 0.0733 hm”/h.

Tractor forward speed A at the third level can obtain the
highest residual film recovery, 0.0722 hm*/h. Through the
comparative analysis, the tractor's forward speed A3 of
6 km/h is the optimal level of residual film recovery.
When the rotation speed of the nail drum is 0.25 /min
and the working depth C; is 50 mm, thé efficiency of

residual film recovery is the best level combination of -

AsBICy.
5.2 Amnalysis of variance of residual film recover

The variance calculation results of residual film
recovery are shown in Table 4 below. The order of effect
on the recovery of residual film is B>(BxC)>A>C>
(AxB)>(AxC). Considering the degree of influence of

“each interaction on the experiment and combining with

the data analysis, it can be concluded that the main
factors of the residual film recovery rate are the order of
the rotation speed of the nail drum, the advancing speed
of the tractor and the working depth of the nail. And the
residual rate of the residual film is consistent with the law
of the residual film recovery. The optimal level of the
residual film recovery rate 1s 120 r/min, the tractor
forward speed is 4 km/h and the working depth of the nail
Cy 13 50 mm, that is B,A,C;, and the residual film
recovery rate 1s up to 74.12%.

Table4 Analysis of variance of residual film recovery

_Source of  Sum of squares mean

varisnce  of deviations Freedom square F-measure sig. Significant
A 22.976 2 11.488 0601 0571
B 221.634 2 110.877 5.8 0.028 Fhok
C 17.115 2 8.558 0448  0.654
(AxBY; 9725 2 4.863 0254 0.781
(AxB) 12.652 2 6.326 0331 0.728
(AxC)y 1.999 2 1.000 0.052 0949 |
(AXC), 15.693 p 7.847 0441  0.676
(BxC)h 180.076 2 90.038 4.712 0.044 i
BxC)z 59.084 p 29542 1.546 0271
error 152.859 8
The sum 87503.988 26

5.3 Analysis of variance of residual film recovery
efficiency

The variance calculation and analysis results of
residual film recovery efficiency are shown in Table 5.
The order of effect on the recovery efficiency of residual
membrane is C>B>(AxCy>A>(B=C)y>(AxB). Considering
the different influence of various sources on the
experiment, it can be concluded that various sources have
significant effects on the main factors of residual film
recovery combining combined with data analysis. The
sequence is the rotation speed of the nail drum, the
advancing speed of the tractor and the working depth of
the nail. According to the average residual film recovery
officiency of 0.07 hm¥h (Deng et al, 2016), the
combination of the residual film recovery efficiency and
the average residual film recovery efficiency is the best.
And combining with Table 3, it can be concluded that the
optimal combination of residual membrane recovery rate
was 120 r/min for pin cylinder rotation speed B2, 4 km/h
for tractor advancing speed A2 and 50 mm for pinion

working depth C1. In other words, when the sequence
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was B2A2C1, recovery rate of residual membrane was up
to 74.12 %.

Table 5 Analysis of variance of residual film recovery

efficiency

i i Techm 2 iy Syt
A 4.419%10° 2 2209<10°  0.247

B 1.1x10™ 2 5571x10°  0.05] ok
c 0 2 0 0 H
(AxB), 1.274x10% 2 637x10°  0.641
(AxB) 1.07x10™ 2 535x10° 0438
(A*CH 0 2 0 0 LR
(AXC),  2.394x107 2 1.197:10°  0.149
BxC) 5.020x10° 2 2.514%10° 0268
B, 2.265%10° 2 L132x10° 0142

error 1.37x107 H]

The sum 0.135 26

6 Discussion

According to the field test results, we can calculate
that the average index of recovery rate of is 69.74% by
adjusting the operating parameters of the prototype.
Compared with the recovery mechanism of the surface
film, the working efficiency and recovery rate of the
residual film are lower. Through the test results, the paper
further analyzed the recovery of the residual film of the
tillage layer, and obtained the solution.

(1) Effect of the adhesion of residual film fragments
on the recovery of residual film

In the plow layer, the residual debris is mainly
distributed in the form of 4-25 cm”. When the fragments
are in the soil, they are affected by the migration of the
soil, soil, water and fertilizer. The residual film was
adhered with the soil and formed shrinkage. That caused
difficulties for recycling machinery

(2) Effect of soil resistance on residual film recovery

Under different humidity conditions, the adhesion of
soil to the residual film has different effects, and the
higher the depth of the work, the greater the mechanical
resistance of the soil, which affects the separation
efﬁcieﬁcy of the film and membrane, and the residual
film recovery rate.

(3) Effect of residual film on the recovery of residual
film

. The problem of residual film recovery is a long-term
improvement of the research process. In order to study

the problem of residual film recovery, it is necessary to

understand how the residual film has been differentiated
mto smaller crust and migrate in the soil. Residual film
and soil adhesion also make membrane soil separation
become more difficult to deal with. Solving these
problems can help to improve the residual film recovery
and coperating efficiency.

(4) Effect of the difficulty in unloading the film

The main problem of the residual film recovery
machine is the difficulty in unloading film. When the
contimyous operation is carried out, the friction between
the residual film and the nail is larger. Therefore, the
effect of different modes, different speed and different
angle on film-unloading can be studied.

The rotary tillage nail tooth residual film recycling
machine is suitable for the residual film n topsoil. And
there are large amounts of residual film in cotfon soil, and
makes other residual film recycling machine difficult to
recycle. And a good recycling result can be obtained
through the operation of the machine, although the
mumber of film in the plow layer soil is decrease by
68.74%. In practical application, the cost of farmer’s
equipment and the high effictency of operation can be
used to optimize the operation process of the residual film
recycling machine and the land preparation machinery,

thus reducing the operating cost.
7 Conclusions

Through the design and experiment of the rotary
titlage nail tooth residual film recovery machine, the main
conclusions can be drawn:

(1) The rotary-toothed residual film recovery machine
could be used for the recovery of the residual film in the
plowing area before planting in spring. The recovery rate
is 74.12%, working efficiency is 0.0758 hm’/h, and the
residual amount of residual films in topsoil can be
reduced

(2) The design of the brush roller unloading film
mechanism has a certain effect of unloading film, and the
reliability of the operation is better. It can achieve the
deformation of the residual film on the feeth, after the
recovery of residual, it is easy to clean and use.

(3) Through the ficld orthogonal test, the optimal
working parameters of the rotary nail-type residual film

recovery machine are determined as: the rotation speed of
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the screwdriver drum is 120 t/min, the tractor speed is 4
km/h, the working depth of the nail is 50 mm. At this
time, the membrane recovery reached the best working
condition, the maximum recovery rate of residual film is
74.12% and the residual film recovery efficiency is
0.0758 hm’/h.
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Design and experiment of soil covers rice whole straw machine
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Abstract: The structure characteristics and working principle of the soil covers rice whole straw machine was described, soil
covers rice whole straw machine was developed by designing the knife roller, the blocking rice straw device and analyzing the
up-cut rotary mode of operation in theoretical. Based on the test-bed of the laboratory to design the experiment, and using
Design-Expert software to analyze the data. The test results showed that the entire width of the soil covers rice whole straw
machine was 1m, the power consumption of the machine was 12.56 kW and the retumning rate of rice straw was 91.27% when
the forward speed was 1.25 km/h and rotation speed was 217 t/min. The performance test of the machine in paddy field
showed that the tillage depth was more than 20 cm, the refuming rate of rice straw was 86%, the depth of rice straw buried
could be 15 cm and the rate of crushed soil was 90.6%. The machine could achieve the functions of the followings, such as

cutting up soil, breaking up soil, burying rice straw and pressuring rice straw. The situation of soil after the machine operation

is 30 good that it could directly fulfill agricultural requirements of steeping field and soil preparation.

Keywords: soil covers rice whole straw machine, rice straw, buried rice straw, up-cut rotary mode of operation
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1 Introduction

At present, the comprehensive utilization of crop
stalks is regarded as a basic national policy of the
sustainable agricultural development in China (The
Ministry of Agriculture of The People’s Republic of
China, 2011). The returning way of rice straw to the field
can meet the basic requirements fully. It can replenish
soil nutrients (Wang et al, 2010; Zhang et al., 2014},
promote microbial decomposition, reduce the use of
fertitizers (Wang et al., 2008; Lao et al,, 2002; Li, 2015),
improve soil structure (Jiang et al., 2011), improve the
ability of water storage and soil conservation (Wu, 2009),
prevent the phenomenon of wind and water erosion
occurring, improve crop vield (Zhao et al., 2010; Hu et al,,
2016) and promote sustainable agricultural development
(Gao et al., 2008; Han et al., 2002; Shen et al.,, 1998; Gu,
2016). At this stage, the common form of returning the
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rice straw to the field is using the rotary tiller directly to
crush the rice straw and bury it into the soil (Jia et al.,
2015; Jian et al., 2015; Li et al., 2011). Another mode of
the operation is the rice combine harvester harvests the
rice straw and sprays them in the field, then using the
plow to bury the rice straw into the soil. Although the
plow has a significant effect on burying the crushed tice
straw, the mode of operation will take some root stubble
out of the soil. In the soak paddy time, the crushed rice
straw will be floated out of the water surface. The
crushed rice straw will be taken out of the soil during the
raking paddy (Wang, 2015). They seriously influence the
effect of rice planting. Multi-channel tillage processes can
cause a lot of energy consumption, destroy the soil
structure, lower the working efficiency and the effect of
rice straw return to the paddy (Wang et al., 2009; Wang
et al., 2004; Zhang et al., 2006).

In view of these problems, the up-cut rotary theory
was analyzed. The theory and data as reference were used
to develop the soil covers rice whole straw machine. In
order to get the optimal working parameters combination
of the machine, the Design-Expert software was used to

analyze the reason that influenced the forward speed and
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rotation speed on the refuming rate of rice straw and the
power consumption. The performance of the machine was

verified by field experiment.

2 Design and working principle of soil covers

rice whole straw machine

2.1 Design of soil covers rice whole straw machine
The soil covers rice whole straw machine consists of
frame, central reducer, side reducer, blocking rice straw
device, knife roller shaft, pedestal of knives, knives,
hmiting the depth plank and so on, as shown in Figiire L.

1. Frame 2. Central reducer 3. Side reduce 4. Blocking rice straw device
5. Kniferoller 6. Knifeseat 7.Knife 8. Limiting the depth plank

Figure 1 Structure of the soil covers rice whole straw machine

The machine is comnected to the tractor by a
three-point suspension frame, the power direction is
changed to 90 degree by the bevel gears of the central
reducer, the power is transmitted to the assembly of knife
roller by the side reducer. The machine c.ompletes the
whole rice straw returning to the field by rotation of knife
roller. The rice straw is returned to the field in the way of
up-cut rotation (Zhong et al., 2010; Xu et al., 2012; Chen
et al., 1998). This mode of operation can make the soil
and rice straw be fully thrown to increase the returning
rate of rice straw and get the soil layer which meets the
agronomic requirements. The main structure parameters
were shown in Table 1.

Table 1 Parameters of soil covers rice whole straw machine

Parameter : Value
Dimensions, mm, 1344 1970x1040
Machine weight, kg 650 '
Number of knives 35
Working width, mm 1600
Tiilage depth, mm 20-23
Matching power, kW Z66
Operating speed, km/h 125

2.2 Working principle of soil covers rice whole straw
machine

The soil covers rice whole straw machine works in
the way of the up-cut rotafy mode of operation (Guo et al.,
2016; Wang et al., 2007). The knives throw the soil and
the whole rice straw, then they will fall from the top of
the knife roller to the rear of the knife roller. The working

principle was shown in Figure 2.

<~ Direction of progress
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Figure 2 Working principle of soil covers rice whole straw

[

machine

As the quality of the rice straws are lighter than the
soil, so the height of the rice straw that is thrown is lower.
Due to the impact of air resistance, the time of the rice
straws in the air is short. While the height of the broken
soil that is thrown is higher, the less impact of air
resistance to make it stay a long time in the air (Hao et al,.
2014). Therefore, rice straws and soil fall into the ditch
with different time. The rice straws will fall into the ditch
before the soil and then be covered with the soil to

complete the process of work.
3 Design of the main working parts

3.1 Design of knife roller

Knife roller is one of the key parts of the machine
(Details of knife design are given in Ref 20). The
diameter parameter of the knife roller directly influences
the working performance of the machine. The large
diameter knife roller will increase the depth of the
machine into the soil. When the machine works, that in
front of the achine will appear the phenomenon of
bulldozing leads the numbers of repeated cutting and
throwing of broken soil to increase. Ultimately that will
increase the tractor power consumption. The small
diameter knife roller will be entangled by rice straw
during the operation. That will influence the work
performance of the machine seriously. In order to solve

the problem which the knife roller is entangled by whole
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rice straw , the perimeter of the knife roller should be
longer than the length of the whole rice straw (the length
of rice straw is 60-70 cm after half-feed combine
harvester working). So the large knife roller was designed
to meet the work requirements of the device.

In sumumary, the diameter parameter of the knife
roller was designed with the diameter of 240 mm and its
perimeter was 75.36 crm. Through the strength calculation,

the thickness of the knife rotler was 5 mm. the structure
of knife roller was shown in Figure 3.

i

Figure 3 The structure of knife roller

3.2 Design of arc-shaped shell and blocking rice
straw device

The operating mode of the device is the way of up-cut
rotary. The soil is cut and thrown from the bottom to up
during the operation. If the shape of the arc-shaped shell
and the relative position with the device are unreasonable,
the soil will not be thrown sufficiently and the
phenomenon of bulldozing will happen in front of the
device. That will seriously influence the returning rate of
rice straw and significantly increase the power
consumption of the device.

Due to the soil is thrown fast by knives (the diameter
of the broken soil is between 20 and 64 cm) and the
shell, the

arc-shaped shell and knife roller were designed as

collision between soil and arc-shaped
concentric, and their distance was 66 cm. The collision
theory between soil and arc-shaped shell was analyzed.
As the soil was thrown fast by the knife, it was assumed
that the soil was thrown at an angle with the horizontal
straight line. As the Figure 4 shown: the straight line is A,
6; and @, are the different angles of arc-shaped shells with
horizontal direction, &<#,. OF and OF are the different
lines of soil thrown that are come from arc-shaped shells
with ; and 6,, 4 and C are the collision points of OF and
OF with M respectively. Straight line AC and CD are
their normal. B and 8, are the corresponding collision
shows: fS1=wt6<wt6s,

angles. Derivation formula

p1=90°—q,, therefore o;>as. So the arc-shaped shell
should be designed with a smaller angle in horizontal
direction, ensuring that there is a greater collision angle
when the soil collides with the arc-shaped shell. The level
distance of soil thrown is farther after the collision to
ensure that the soil is thrown fully (Yan et al,. 2014). So,
the inclined plate was designed as 20° with horizontal
direction, ifs location was tangent with the arc-shaped
shell in the offset 20° with the vertical direction. The
device improves through performance of soil and rice
straws and reduce the soil of repeated cutting and

throwing. It was shown in Figure 5.

Figure 4 Analysis of collision theroy between soil and
arc-shaped shell

Figure 5 Drc-shaped shell and blocking rice straw device

To design and install the blocking rice straw device in
the position of soil thrown, so that the larger soil block
can be broken for the second time. Point O was analyzed
at the end of the blocking rice straw device. As the Figure
6 shows that the straight linc EF is the angle bisector of #
at the end of the blocking rice straw device, a is the angle
between the thrust of the blocking rice straw device and
the horizontal direction. The rice straw was analyzed

along the horizontal and vertical directions:
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Feosa+ feosa=F,
G+Fsina— feosa=1F,
pGosa+ E)=f
2a=F4

Finishing Equation (1):

(1)

(l-pusinacosa)G+ F(sina— ycosa)+ F, (2)
where, F) is the thrust of blocking rice straw device to rice
straw, N; fis the friction of blocking rice straw device to
rice straw, N; G is the gravity of rice straw, N; « is the angle
between thrust of blocking rice siraw device and horizontal
direction, °; f is the angle of the end of the blocking straw
device, °; F, is the total force of rice straw at the vertical
direction, N; F} is the total force of rice straw at the
horizontal direction, N; u is the coefficient of friction
between the blocking rice straw device and the rice straw.

' Analysis shows that the greater the value of F,, the
greater the possibility that the rice straw is returned to the
field by the thrust of the blocking tice straw device.
Because the quality of rice straw is so light that it can be
ignored, so « should be greater than 45°. In this paper, a
was 50°. Considering that the length of the whole rice
straw and the situation of soil crushing, the distance
between the two bars of the blocking rice siraw device
was designed as 100 mm, and the angle of the end of the
100°. That can

significantly improve the performance of the whole rice

blocking rice straw device was
straw buried and the rate of broken soil, and get the
high-quality soil layer ultimately. The size of the

blocking rice straw device was shown in Figure 5.

Figure 6 Force analysis of the rice straw at the end of blocking

rice straw device

4  Theoretical analysis of soil covers rice

whole straw machine

4.1 Theoretical analysis of soil covers rice whole straw

The movements of soil and rice straw were analyzed.
There were three processes that rice straw was covered
into the soil: the process of soil and straw thrown up,
transport process of soil and straw, and the process of soil
and straw thrown out, as shown in Figure 7. Due to the
charateristics of knife and the interaction between soil
and rice straw, the soil layer is located in the up and
vicinity of the rice straw layer during the throwing up and
transporting stages. Therefore, only the stage of soil and

rice straw thrown out was analyzed.

Figure 7 Process of soil covers rice whole straw

In order to achieve the effect of rice siraw buried, the
method of counter-evidence was used to prove that the
soil and rice straw have different heights at the stage of
throwing out. Assuming that at the stage of throwing out,
the soil and rice straw reach the same height % for a
period of time . Based on the physical characteristics of

rice straw at the moment. The formula is as follows:

{V;Z*Vﬂz—zgh

3
V=\2gh+V,}

whers, V) is the speed of tice straw after time £, m/s; V5 is
the initial speed of rice straw at the throwing out stage,
m/s; h is the height of rice straw after time £, m. g is the
gravity acceleration, m/s.

The soil was analyzed. When the soil falls, it will be
blocked by the blocking rice straw device. The distance
was set to s. According to the kinetic energy theorem:

-

I 1
Eszz —EmVDZ =mgh—2FS
h .
S = 4
sin & @
V2=\/V02— 2h_\ 2gh
msin @
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where, ¥, is the speed of soil after time ¢, m/s; S is the
distance of soil and blocking rice straw device, my; F is
the friction between soil and blocking rice straw device,
N; 6 is the angle between friction and horizontal line, °; m
is the quality of soil, kg.

By analyzing Equations (3) and {4), it can be shown
that ¥, and ¥ are different. Tt was proved that there was a
speed difference between soil and rice straw in the
process of falling. The speed difference of rice straw and

soil can be expressed as:

AVle—VZ:JV(f+2gh—\/V;2+2gh 5

The Equation (5) was analyzed. When 0 was smaller,

2Fh
— (5)
sin

m

AV will would be larger. When AV is was larger, the gap
between the speed of soil and rice straw would be larger.
When F was smaller, AV will would be larger. When AV
was larger, the gap between the speed of soil and rice
straw would be larger. Increasing the speed gap would
allow most of the rice straw to fall into the ditch before
the soil. It can ensure that most of the rice straw could fall

to a certain depth which met the agronomic requirements.

5 Indoor test bed

5.1 Test equipments and conditions

In order to investigate the performance of soil covers
rice whole straw machine and find the best combination
of parameters which influences the power consumption
and the returning rate of rice straw. Reducing the power
consumption of the machine, while fo obtain a good
operating quality (Zhang, 2008; Liu et al., 2010; Guo et
al.,, 2012; Wang et al., 2016; Zhou et al., 2012; Wang et
al., 2010 ). The experiment of soil covers rice whole
straw machine was designed based on the test-bed of
Heilongjiang Agricultural Machinery Research Institute.
The power consumption and the returning rate of rice
straw was studied in the experiment.

The soil of soil tank is typical black loam in
Heilongjiang region. The test platform consists of the soil
tank, the TCC-1II computer monitoring and the auxiliary
test vehicle, the track, the measurement and control
system. The forward speed, output shaft speed, tillage and
the other factors in step-less speed regulation could be

adjusted by the measurement and control system, and

average-value data such as torque and power
consumption were obtained. Due to the restriction of test
conditions, the experiment was carried out by soil covers
rice whole straw machine with a working width of 1 m.
The machine consists of knife roller, knife seats (6),
knives (symmetrical [2), reducer, rack, blocking rice
straw device and limiting the depth plank, as shown in

Figure 8.

SR i

1. Soil tank 2. TCC-III computer moniforing 3. Auxiliary test vehicle

4. Device 5. Measurement and control system

Figure 8 Test bed for the soil covers rice whole straw. machine

The machine was connected and tested by the
structure of biased suspension. Power was output from
the test car, from the universal coupling transmission to
the reducer which made power change, drove the roller to
achieve the way of up-cut rotary tillage. The main
parameters of the machine: operating width was 1 m,
tillage depth was 19-22 cm and the roller diameter was
240 mm.

5.2 Experimental design

The performance of the machine was mainly verified
by testing. The influences of various factors on the power
consumption and the returning rate of rice straw were

analyzed. The test car and the machine through the

“hydraulic three-point suspension was connected to ensure

the height that limiting the depth plank and soil surface in
each test, which would fix the depth of 200 mm. The test
unit area was 2x1 m, as shown in Figure 9. After
treatment, the soil meisture was 30%,; the soil firmness
was 900nKpa; the row spacing of rice straw was 30c¢cm,
the spacing of rice straw was 15 cm.

First, the average weight of rice straw in a ceriain area
was calculated before the test, after the test was

completed, the weight of rice straw which was cut by
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using scissors was measured with an electronic balance,
Through the above steps, the returning rate of rice straw

was calculated.

Figure 9 Treatment status of rice straw

The forward speed of machine X; and the rotation
speed X; were selected as the test factors. Each factor was
taken five levels. The power consumption of machine ¥;
and the returning rate of rice straw Y, were the test
indicators. The experiment was carried out by quadratic
rotation orthogonal combination design. Table 2 showed
the factors level coding table.

Table2 Coding table of factors level

Factars

Levels
Forwatd speed, km/h Rotation speed
+1.414 1.50 267.00
+1 1.40 258.00
0 1.25 237.00
-1 110 216.00
-1.414 1.00 207.00

The test schedule and results were shown in Table 3,
and the average of each test was repeated three times as

the test results.

Table 3 Data table of the test using quadratic
orthegonal-retation combination design

Test Forward speed, Rotation speed, Power, The returning rate of
sequence km/h r/min kW rice straw, %
i 1.40 216.00 15.45 925
2 1.25 267.00 24.05 919
3 1.25 237.00 14.82 934
4 1.10 216.00 12.07 86.4
5 1.50 237.00 20.57 91.5
6 1.60 237.00 12.10 89.2
7 1.25 237.00 14.43 93.7
8 1.25 237.00 14.36 922
g 125 207.00 12.44 898
10 110 258.00 16.75 90.1
11 1.25 237.00 13.76 93.3
12 1.25 237.00 14.23 83.1
13 '1.40 258.00 23.37 913

5.3 Analysis of results
5.3.1 The influence of each test factor on the power
consumption

Design-Expert software was applied to analyze the
data in Table 2 to obtain the variance analysis table about
the forward speed and rotation speed of the machine on
the power consumption, as shown in Table 4.,

Table 4 Variance analysis for the influence of each factor to
the power consumption

Source Sum of square  Freedom F vafue Significance (P>F)
Model 195.7 5 8574 <0.0001
x1 60.39 1 1323 <0.0001
Xz 105.3 i 230.6 <0.0001
x® 5.79 1 12.68 0.0092
xt 24.25 1 53,13 0.0002
X% 2.61 1 5.73 0.0479
Error 0.59 4
Sum . i93.9 i

Table 4 shows: when the significance level is 0.05,
the effective terms of the models are xi, xz, x;°, xzz, X1Xg.
The influence of the rotation
consumption was significant than the forward speed of

speed on power

the machine. The contour plot and response surface chart
for the influence of x; and x, were cbtained, as shown in
Figure 10. The influence of each factor on power

consumption was analyzed and the regression equation

was obtained.
¥, =327.66—143.86x, —2.15x, +40.54x] + ©
4.23%} +0.26x,x,

Figure 10 shows: x| and x, interacted between the two
factors significantly, power consumption increased with
the increase of the two factors. When the forward speed
and rotation speed of the machine are at a low level, the
variation of power consumption is small with the increase
of the forward speed and rotation speed. When the
forward speed and rotation speed are at a high level, the
variation of power consumption is large with the increase
of the forward speed and rotation speed. The change of
response surface along the direction of rotation speed is
faster than that of the forward speed. It indicated that the
influence of the rotation speed on power consumption
was larger.

Analysis shows when the forward speed and rotation
speed of the machine are at a low level, that the soil is cut

and thrown by the machine would be more stable. The
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power consumption of the machine increases slowly as
the forward speed and rotation speed increases. When the
machine in the situation of a high forward speed and the
rotation speed, the high rotation speed increases the times
that the machine cuts and throws soil repeatedly. The
machine consumes more energy per unit time. So, the
power consumption of machine changes greatly with the

Increase of the rotation speed.

Power

258

237

B: Rotation spsed

216

110 1.18 1.25 1.33 1.40
Al Farward speed

a. Contour plot

Power

237

“Rog, iy

226

1.18 ’ msa&?eﬂd
ey 216 1.10 ¥

L §a
ae ¥

b. Response surface chart
Figure 10 Contour plot and response surface chart for the

.inﬂuence of the forward speed and rotation speed on power
consumption

5.3.2 Influence of test factors on the returning rate of
rice straw

The data in Table 3 were analyzed by Design-Expert
software, the variance analysis table about the forward
speed and rotation speed of machine on rice straw
covered was obtained, as shown in Table 5.

Table 5 shows: when the significance level is 0.03,
the effective term of the models 18 x1, x3, xl"‘, JC22, x1%. The
influence of the forward speed on the retumning rate of

rice straw is more significant than that of the rotation

speed. The contour plot and response surface chart of the
influence of x; and x; were obtained, as shown in Figure
11. The influence of each factor on the returning rate of
rice straw was analyzed and the regression equation was

obtained.

¥, =—309.32 +270.54x, +1.89x, — 67.83x —

-
2.89x; - 0.39xx, @

Table 5 Variance analysis for the influence of each factor to

the returning rate of rice straw

Source Sum of square Freedom F value Sigoificance (P>F}
Model 48.08 5 17.18 0.0008
x 13.92 1 24.87 0.0016
Xz 3.74 1 6.68 0.0362
o 16.20 1 28.95 0.0010
x° 11.33 1 20.24 0.0028
XX 6.00 1 10.72 0.0136
Error 1.29 4
Sum 52.00 i2
238 The returning rate of vice straw

B: Rotation speed

.10 1.18 1.25 1.33 1.40
A Forward speed

a. Contour plot

The returning rale of rice straw

216 L10

b. Response surfacechart
Figure 11  Contour plot and response surface chart for the
influence of the forward speed and rotation speed on the returning

rate of rice straw
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It can be seen from Figure 11, x; and x; interacted
significantly, the returning rate of rice straw increased
with the increase of the factors. When the forward speed
and rotation speed of the machine are at a low level, with
the increase of the forward speed and rotation speed the
variation of the returning rate of rice straw is large. When
the forward speed and rotation speed are at a high level,
the returning rate of rice straw decreases with the increase
of the forward speed and rotation speéd, but the trend of
decline is slower. The change of response surface is faster
than that of the rotation speed along the direction of the
forward speed. It indicated that the influence of the
forward speed on the returming rate of rice straw was
larger,

Analysis shows when the forward speed and rotation
speed of the machine are at a low level, the soil and rice
straw are fully thrown. The returning rate of rice straw is
relatively rapid. But with the increase of the forward
speed and rotation speed, the action of excessive rice
straw thrown influences the trajectory and position of rice
straw. The relative position of soil and rice straw are
disrupted to influence the order of their fall, thereby
lowering the returning rate of rice straw.

5.3.3 Scheme of optimization parameter combination

The fundamental purpose of the experiment is to find
the optimal combination of working parameters, so as to
achieve the effect of reducing the power consumption and
increasing the returning rate of rice straw. By way of
analysis and optimization of Design-Expert software to
find the optimal combination of parameters of the
forward speed and rotation speed.

The objective functions used in the optimization are
(6) and (7), The
¥ €(12.07, 24.05) , y, €(90, 93.07), x; €(1.00, 1.50),

the Equations constraint  of

x, € (207, 266) was set up. The optimal combination of

parameters was obtained. When the forward speed is
1.25 km/h and the rotation speed is 217 r/min, the power
consumption of the machine is 12.56 kW and the
refurning rate of rice straw is 91.27%. A smaller value
was taken in the range of 12.31 to 25.83 kW as described
above for the calculation of the power consumption. It is
proved that the theoretical analysis is the same as the

optimization results. The results showed that the optimal

combination of parameters could reduce the power

consumption and improve the returning rate of rice straw.
6 Field performance test

6.1 Field test machine

The main technical indicators for the machine: 48
knives were installed, the working width was 2.1 m, the
forward speed of the machine was 1.25 km/h, the
production efficiency was 0.26 hm® h™, rotation speed
was 217 1/min, more than 90 horsepower tractor
supported.

6.2 Results of performance test and analysis

Field prototype test was done according to the
standard GB/T 5668.3-1995 and JB/T9401.3-2001 and
according to the specific test conditions to determine the
test indexes: the returning rate of rice straw, tillage depth,
the returning depth of rice straw, soil flatness, the
crushing rate of soil.

In late September, 2013, the field experiment of soil
covers rice whole straw machine was conducted in
Jiamusi City, Heilongjiang Province. The state of rice
straw 1is the rice whole straw of semi-fed combine

harvester after harvesting as is shown in Figure 12.

Figure 12 State of the test machine and test ground

The length of rice straw was 70-80 cm, the soil
firmness was 700-900 kPa, the length of rice straw was
70-80 cm, the thickness of soil layer was 8-10 cmy, the
soil firmness was 700-900 kPa and the soil moisture was
35%-45%. The test results are shown in Table 6.

Result analysis: The results of field experiment are in
accordance with the results of the test-bed. The soil
covers rice whole straw machine can bury rice straw into

the ground 15-20 cm and ensure that the returning rate of
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rice straw more than 90%. The rate of soil crushing, the
stability of tillage depth and surface roughness after
tillage can meet the agronomic requitements of rice
growth. The tests showed that the machine could
complete the rice whole straw deep-buried and

rotary-tillage operation at one time.

Table 6 Test results of soil covers rice whole straw machine

Technical indicators _ Test Resuits
Matching power, kW =66
Operating speed, km/h 1.25
Working width, m 1.6
Tillage depth, cm 20-23
Stability of tillage depth, % 86
The rate of straw returning, % 92.7
Surface roughness afler tillage, cm 14
The crushing rate of the seil, % 0.6

7 Conclusions

(1) Based on the theory of up-cut rotary, the soil
covers rice whole straw machine was designed and
developed. The experimental data were obtained and
analyzed by the test-bed and Design-Expert software. The
optimal combinations of parameters are as follows: the
power consumption is 12.56 kW and the refurning rate of
tice straw is 91.27%, when the forward speed of the
device is 1.25 km/h and the rotation speed of the knife
roller is 217 r/min.

(2) Through the ficld experiments, it showed that the
returning rate of rice straw of the soil cover rice whole
straw machine could reach more than 90%. The rate of
the soil crushing, the stability of tillage depth and surface
roughness after tillage could meet the agronomic

requirements of rice growth.
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Abstract: The problem of poor particle flow during the actual production of coal bunker can be effectively alleviated by
hyperbolic funnel.
methods of hyperbolic funnel curve equation, sectional shrinkage, and inclination angle of funnel wall were analyzed, and an
According to the hyperbolic funnel model within the
example celculation, three funnel models, hyperbolic funnel, conical funnel and pyramid funnel were designed. The discrete

In order to study the mechanical and discharging characteristics of hyperbolic funnel, the calculation
example calculation was made based on a coal bunker funnel model.

element software-EDEM was applied to establish the model of coal particles, and simulate the charging and discharging process
of three kinds of fumnel.
while the conical funnel was the slowest one. The particle flow was fimnel flow near the discharging port, and the upper part
was the overall flow state within the hyperbolic funnel.
opfimization of coal bunker.

Keywords: hyperbolic funnel, coal particles, discharging flow

Results showed that the hyperbolic funnel was the fastest in discharging among these three funnels,

This study can provide scientific guidance for the design and
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1 Imiroduction

Silo is widely used in mining, machinery, metallurgy,
coal, grain, fertilizer, food, cement and other industrial
fields for storing loose material because of its advantages
of simple convenient access,
stability
(Gonzdlez-Montellano et al., 2011; Tejchman, 2013;
Schulze, 2007; Wang et al., 2013). Generally, the main

structure of overhead silo includes straight silo and funnel

structure, low cost,

circulation  space saving and  good

part. The straight silo i3 mainly used for storing material,
and the funnel part is mainly used for discharging. The
object of this study was the funnel part. According to the
shape of section, silo can be made into circular or

rectangular. Discharging funnel is also designed as cone
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or pyramid. In bunker applications, flow problems of
arching and blocking eften occur in these two kinds of
discharging funnels. Especially, when the coal particles
have large viscosity, high moisture c‘ontent, and the
number of pulverized coal particles is relatively large, the
flow and discharging problems are particularly
significant.

Generally, the physical properties of loose materials
will have a significant impact on the discharge status. For
the coal bunker fields, which are different from other
loose materials (such as grain, soil, gravel), the size
composition and distribution of coal particles changed
and destroyed in different degrees due to the shear
friction between particles and particles, particles and
equipment (Cleary et al., 2009;-Femandez et al., 2011;
Cieary‘et al,, 2009). Therefore, a large number of small
particles would be formed during the coal particles
charging, discharging and transporting. Since the
different fluidity of particles in different sizes and the

infiltration of fine particle, the segregation of coal
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particles easily occurs when coal particles flow slowly in
the discharging funnel. Fine particles will concentrate in
the center of the hopper and outflow first, and the larger
particles concentrate closing to the inner wall of the
funnel and discharge finally. It would easily lead to
funnel arch, suspension, until blockage. In order to
eliminate blocking, arch broken solutions such as steel
tapping and poking have been used by engineers. But it
would cause the damage or even collapse of the funnel,
which is bad for the equipment and production safety
management. Finite element method (FEM) has been
iried for analyzing the mass and funnel flow modes, the
mass flow rate and the wall pressure (Zheng and Yu,
2015; L1 et al., 2014) However, FEM usually treated the
material as a whole, which was not suitable for loose
material.

The discrete element method (DEM), mainly deals
with particle problems, has been widely used in many
fields including the filling and discharging of silos. The
material flow state had been simulated by DEM
{Gonzdlez-Montellano et al., 2012; Yu and Sagén, 2011;
Lin et al, 2013; Oldal and Safranyik, 2015). The
underlying mechanisms of segregation during filling and
discharge of silos have been studied by Garcia et al.
(2016). Zeng et al. (2017) studied the relationship
between particle velocity fluctuations and contact force.
The distribution of the load in silos was studied by
rescarchers (Horabik et al., 2016; Acevedo et al., 2014;

Vidyapati et al.,, 2013). Kobytka et al. (2017) simulated

the discharge initiation of a grain silo. It was found that
the passage of the rarefaction wave resulted in dynamic
changes of all considered micro- and macro- variables
describing the behavior of the bulk of solids. The loads in

the silo were also analyzed (Kobytka and Molenda, 2014).

The shape of the blast furnace sector would influence the
solid flow state (Yang et al, 2015), similarly, funnel
design has an important impact on the loose material flow
found by application engineers and design engineers.
Through the locale practice, the flow resistance of the
coal particles is small when conic hyperbolic funnel is
arranged at the bottom of the coal bunker, and the
problem of poor flow can be alleviated to a certain extent

in the application field of the coal bunker.

In order to further understand the mechanical
of the funnel and the

discharging characteristic relative to other forms of

characteristics hyperbolic
funnel, the detailed theoretical analysis and example
analysis of hyperbolic funnel were carried out in this
study. In addition, the discharging flow simulation and
comparison of conical funnel, pyramidal funnel and
hyperbolic funnel were carried out using EDEM. This
study would provide theoretical basis for the application
in mine, hydroelectricity, metallurgy and other fields.

2 Discharging theory and example analysis of

hyperbolic funnel

The section of the hyperbolic funnel is shown in
Figure 1. The solid line presented the hyperbolic funnel
while the dashed line presented conic funne!l, and the

cross section 1s circular.

g\ /

=

Figure 1 Hyperbolic funnel

" The calculation methods of hyperbolic funnel curve
equation, sectional shrinkage C, and inclination angle a
of funnel wall are shown as follows: | '

(1) Determine the hyperbolic funnel curve equation
(Figure 1) ' |
Calculate according to the constant section shrinkage: 7
A4—4,  dd

Ady  Ady

= KC =constant (1)

where, d4 = sectional area reduction (mz); Ay, Ap =
sectional area (m’); C = constant sectional shrinkage; K =
section shape coefficient {circular, K=l; pyramid,
K=0.75-1); dy = micro height of particles falling.

For the hyperbolic funnel of circular section in this
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paper:
dd 2
S ”fdx:Kc N I
Ady  mxtdy x 2
After integral:
~dx ¢y KC
ShEe ®
After simplify:
d % 2 2x
x=—e? or y=—»Imh— 4
2 ’Tkc " a ®
(2) Calculate section shrinkage C
Integrate Equation (2) again:
Zdx  HKC
27
L;_ —=], (3)
Then: '
KH \d
(3) Calculate inclination angle « of funnel wall
o= arctan—z— (7)
KCx

2.1 Discharging theory

Compared with the conical funnel, the hyperbolic
funnel had two main characteristics in its structure: 1.
constant section shrinkage (the shrinkage ratio of conical
funne!l increased gradually from top to bottom, and
reached the maximum near the discharging outlet); 2.
inclination angles at different heights of funnel varied and
increased gradually from charging port to discharging
outlet (the inclination angles of conical funnel wall were
constant).

When discharging, particles in the funnel moved
slowly downward under the action of gravity to overcome
the frictional resistance between particles themselves and
the funnel wall. When the particles in the funnel dropped
from the section 4; flowing to the next section 4, the
extrusion between the particles became more serious and
the particle position was redistributed with the decreasing
of the section area. Sectional shrinkage C was used to
indicate the decrease of section, The actual test showed
that the greater of sectional shrinkage C would lead
to more severe extrusion of particles at next section.
What's more, the resistance became greater, and the
discharging was getting worse. When the resistance was

equal to the particle's gravity, the particles stopped

flowing downward, and then a funnel jam occurred.

Generally, increasing the cone angle of the fumnel
until it was larger than friction angle of the wall between
coal particle and the inner wall of the silo, then the wall
friction of particles would be reduced and the flow of
particles would be easier. Decreasing the section is
generally not conducive to discharge, but the inclination
angle of the hyperbola funnel wall is different at any
height. The inclination angle -« was greater when closing
to the discharging port. To a certain extent, the inter
particle resistance increment caused by the decrease of
section was compensated.

The resistance of particles from the top to the bottom
was almost constant and the overall particies flow in the
funnel was almost the uniform velocity. Problems such as
arch and suspending were not easy to appear.

Therefore, the two characteristics of hyperbolic
funnel, unltke conical funnel, were apparently helpful for
discharging.

2.2 Example analysis

Base on the coal bunker hyperbolic funnel of a coal
preparation plant, the inner diameter of the upper and
lower openings of funnel were 8and lm, respectively.
The funnel height H was 10m (HF=1.25D), and the cross
section was circular (K=1}.

According to Equation (6), the sectional shrinkage
(C=0.415 was obtained. In order to get the inclination
angle-a and curvature radius-x of each height of the
hyperbolic funnel, the height of the funnel was divided
mto 10 sections on average, each of which was 1m high
(Figure 2).

iy

| D= m

SR E.
.
10m

b4
[
H

x|
5/
X,

i .
d=1m &

Figure 2 Subsection sketch map of the hyperbolic funnel




December, 2017

Analysis and comparison on the discharging flow of coal particles through hyperbolic finnel

Vol. 26,No.4 119

According to Equations (4) and (7), the corresponding
curvature radius— and inclination angle -a in each
section were calculated in turn. The specific results were

shown in Table 1. The inclination angle -a reached the

maxinmum at the discharging port of the hyperbolic funnel.

Under the same conditions, the conical funnel had a
constant angle of 70°42'36"(= arctan D/(D-d)). Although
the inclination angle of the upper part was small in the
hyperbolic funnel, the gradual increase of inclination
angle in the lower part could partially offset the resistance
between particles, which was easy to discharge.

Table 1 Subseciion parameters of hyperbelic funnei

Ordinate value - y, Curvature radius -x, Inclination angle -z,  Sectional
m m ©) shrinkage- C
o 10 4.000 50925517 0.415
9 3.236 56°0704" 0.413
8 2.630 61°22'46" 0415
7 2.137 66°0510" 0.415
& 1.736 70°11°02" 0.415
5 1.411 73°940r435" 0415
4 1.150 76°36'56" 0.415
3 0.932 79903237 0.415
2 0.757 81°04'13" 0415
1 0615 82°43725" 0415
0 0500 84°04'35" 0415

3 Discrete element analysis

3.1 Funnel model

Refer to the hyperbolic funnel model analyzed in the
above example, three funnel models were designed:
hyperbolic funnel, conical funnel and pyramidal funnel.
The wall thickness was 0.2 m for these three funnels. The
opening and outlet -section area of these three kinds of
fonnel were equal, in which the shape of pyramidal
funnel section was square, and the inner diameter was its
side length. The specific geometric structure parameters

were listed in Table 2.

Table 2 Geometric parameters of three funnels

Parameters Hy;zf;ljc Conical funnel ~ Pyramidal funnel
Opening inner diameter, m 8 8 7.1
Outlet inner diameter, m 1 1 G.8%
Height., m 10 10 10
Inclination angle gI:aidri;]slir Constant Constant
Secticnal shrinkage constant  Increase gradually Increase gradually

In order to compare the discharging of these three

funmels, the calculation and analysis parameters were set

equally. Three models of furnnel were established using
three-dimensional modeling software Pro/E and then
imported into Hyper mesh for meshing and numbering.
The mesh types were triangular units with size of 250 mm,
The mesh numbers were hyperbolic funmel (1-5002),
conical funnel (1-5114) and pyramidal funmel (0-6096).
After adding funnel material parameters, it was saved
asmosh format and imported into EDEM for discrete
element discharging simulati,on {EDEM, 2016).
3.2 Coal particle discrei:/e’I element model

The generation of coal particle was essential in the
whole simulation process, which greatly influenced the
simulation results. Becaﬁse of the uncertainty caused by
cutting coal wall of coal mining machine, the shapes of
bulk coal were different from each other. It was not
similar to the loose materials such as chemical fertilizer
or grain whose particle shape was similar to each other.
Therefore, it was not easy to define the true shape of coal
with accurate data in modeling software. To simplify
calculation, the coal particles were simulated by the
method of circle filling by EDEM software in this study.
The material properties of the coal particle are shown in
Table 3.

Table3 Material parameters of coal particle

Material Poisson’s ratio Shear modulus, Pa Density, kg/m®

Coal 0.25 3x107 1300

In order to meet the actual situation as much as
possible, the standard coal particle model was built by
four combined spheres, and the dimensions of the model
855912 mm wide and
80.0494 mm high. The coordinates of four sphere center
were  (-5.18227, -3.17466, —0.027229), (7.55455,
0.107193, 0.0247), (-5.77856, 2.79558, —0.001594) and
(5.56446, —0.091541, 0.018026), respectively.

Calculation results showed the quality of the standard

were 951091 mun long,

coal particle model was 0.564549 kg, the volume was
0.000353 m® and the moment of inertia relative to X, Y, Z
axis was 0.000401, 0.000448 and 0.000465 kgm®,
respectively.

The generation mode of the particle factory was a
dynamic model. The minimum computational mesh
radius was 2.6 R and the mesh number was 87412. The

target iteration data storage interval was 0.05 s, and the
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time step was 0.002 s. _

After the model imported into EDEM and the relevant
settings finished, a circular baffle was added to the
discharging outlet. The particles were blocked at the
discharging outlet after they were generated. The
establishment of the baffle model was consistent with the
funnel. The particle factory (round shape with diameter of
3.4 m) was set at 0.3 m below the upper openings of
funnel. The particle generation rate was 5000 per second,
and the total number of particles was 30000, When all the
particles reached the stabie state, the particles began to
move down under their own gravity to overcome the
frictional resistance.

3.3 Contact model

There were two kinds of contacts in the model, one
was the contact between coal, the other one was the
contact between coal and the funnel wall. The coal
particles broke and deformed, and the wall of the silo also
had micro deformation during discharging. The two kinds

of contacts should be soft-soft contaci. The actual

Velocity,

a. Charging

situation could be reflected when two contact bodies were
deformed.

The contact state between particles and the contact
between the particles and the silo wall were complicated
{Weinhart et al., 2016; Gonzélez-Montellano et al., 2011).
To simplify the calculation, two non-slip-contact models
of Hertz-Mmdlin were established according to the
analysis model and the actual working conditions. The
gravitational acceleration was set to 9.81 m s\, and the

material parameters were shown in Table 4.

Table 4 Material parameters (Reimbert and Reimbert, 1976;

Gai, 2009)
Parameters Coal particle Sile wall
Elastic recovery coefficient of coal particles 0.1 c.15
Static friction coefficient of coal particles 0.45 0.5
Dynarmic friction Coefficient of ceal particles 0.1 6.15
Normal stiffiiess, Pa 0.5x10° 1.ox10°
Tengential stiffness, Pa 0.3x10* 0.9x10°%

b. Standing

3.4 Result analysis
Figures 3, 4 and 5 were the discrete clement

simulation tesults for three funnel discharging processes.

Velocity,

¢. Discharging

Figure 3 Charging and discharging processes of the hyperbolic funnel

Velocity,
ms’

a. Charging

b. Standing -

Velocity,
ms"

c. Dischargimg

Figure 4 Charging and discharging processes of the pyramidal funnel
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a. Charging

b. Standing

Valooity,
s’

3

¢. Discharging

Figure 5 Charging and discharging processes of the conical funnel

341 Charging analysis

Particles moved to the bottom of the funnel under
gravity during charging. As the section of funnel
shrinking, particles around the edge would first contact
with the silo wall, and particle velocity would decrease.
This phenomenon was most prominent for the hyperbolic
funnel. At the same height, the wall of hyperbolic funnel
was closest to the central axis, followed by the conical
funnel. In the pyramidal funnel, the frictional contact
between particles near the junction of adjacent walls was
relatively serious, and the descending velocity of particles
was alsé slow, which was not conducive to charging
(Figure 4).

During the process of charging, crushing and collision
of particles near the silo wall were more serious for
hyperbolic funnel, comparing with conical funnel and
pyramidal funnel. Conical funnel was most suitable for
loading. It was easy to form suspended material at the
junction of wall for the pyramidal funnel.

3.4.2 Charging capacity at standing state

When standing, as shown in Figures 3, 4 and 3,
pyramidal funnel could be charged the most under the
same condition, followed by the conical funnel, and the
hyperbolic one was the least charged.

3.4.3 Discharging analysis _

Obviously, when discharging, the velocity of particles
in discharging outlet of hyperbolic funnel was higher than
that in the other two kinds of funnels, followed by the
velocity in pyramidal funnel, and the velocity of particles

in conical funnel was the slowest. Under the same

conditions, according to the numerical results of funnel
discharging, all the particles in the conical funnel flowed =
out when time was 109.25 s. At the time of 103.5 s, all
the particles in the pyramidal funnel flowed out. Particles
in the pyramidal funnel used the least time (76.75 s),
saving 32.5 s, almost one third of the time compared with
the conical funnel.

When discharging, particles in three kinds of funnels
showed the form of funnel flow. However, the hyperbolic
funnel was more prominent. Particles near the center
flowed out first, but funnel flow with particles appeared
only in a certain tange above the discharging port.
Particles closing to the upper discharging port were still
in the overall flow state. ‘ '

The hyperbolic funnel had two main characteristics in
its structure: (1) constant sectional shrinkage; (2) the
inclination angle of funnel walls varied- at different
heights, gradually increasing from the loading port to the
discharging port. By example anélysis' énc'il- ﬂisbrete
element simulation, the two characteristics of hy;éerb_ol_ié

funnel were obviously favorable for unloading.
4 Conclusion

Three kinds of funnels: hyperbolic funnel, conical
funnel and pyramid funnel was designed. DEM‘WaS used
to establish the coal particle model and the chargin;g‘:a_ﬁc‘i"
discharging processes of three kinds of funnels wé:ré_:.
simulated.