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Abstract

:

To avoid the issues of seeds lying atop straw, where the seeds cannot germinate, during no-till maize seeding, a seed furrow cleaning device is proposed. The device uses rotating spring teeth and a curved sliding shovel to clear the straw from the seed furrow to the outside. The critical components of the side throwing mechanism, rotary disc and spring teeth design are analyzed, and the value range of the installation inclination angle, rotating speed and bending angle of spring teeth are determined. The force on the straw at the moment of starting to touch and throw it is analyzed theoretically in the three installation directions of forward inclination, radial and backward inclination on the rotary disc, and the backward inclination of the spring teeth is determined. A simulation model of the seed furrow cleaning device is established by using the discrete element method simulation software; the forwarding speed, rotating speed, installation inclination angle, and bending angle of spring teeth are used as influencing factors to carry out single-factor experiments. The influence characteristics of different parameters on seed ditch cleaning effect are analyzed from the aspects of straw cleaning quantity and soil disturbance. A field validation experiment is carried out, and the results show that when rotating speed is 180 r/min, installation inclination angle of spring teeth is 40°, and bending angle is 30°, the straw cleaning rate is 82.26%. The research could provide references to develop the no-till seeder for maize seeding.
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1. Introduction


No-till seeding is carried out by seeding and fertilizing unploughed cropland after harvesting [1,2]. This method can reduce wind and water erosion and improve soil fertility and drought resistance. During the no-till seeding process, the ground remains covered by the previous crop straw [3,4,5,6]. When the moisture content of straw is high or straw quantity is large, some straws cannot be cut by the stubble discs, which are pressed into the seed furrow. The straw that is distributed in the seed furrow will seriously affect seeding quality [7] since seeds on top of the straw cannot make contact with the soil. The operation environment is complicated and it is important to clear the furrow of straw before seeds fall in, to provide a clean working environment for seed implantation.



Currently, much research has been carried out on no-till surface straw clearing and planting operations to prevent blockage, mainly including straw self-flow, disc gravity cutting and stubble breaking, and power-driven anti-blocking methods [8,9,10,11,12,13]. Straw self-flow is a method to increase the straw flow space or accelerate the straw flow by increasing frame beam, improving ground gap, optimizing furrow opener, or adding a straw cleaning mechanism [14,15,16,17]. These measures reduce the interaction between straw and seeding components, and thus promote the smooth passage of straw from both sides of the seeding parts, reduce straw accumulation, and avoid straw stubble blocking at the seeding position. Disc gravity stubble breaking is driving the stubble breaking disc into the soil and rolling it to cut the straw with the stubble using the gravity of the machine [18,19,20,21,22], which requires a considerable positive pressure. This type of seeder is heavy, and the traction method is mostly adopted. The shape and structure of the cutting disc mainly includes a notched disc, corrugated disc, flat disc, concave disc and combined disc [23,24,25]. The power-driven anti-blocking technology uses high-speed rotating parts to pick up, crush, throw or actively displace the straw in the seeding belt [26,27,28]. The displaced straws are covered between the seeding rows, creating a good environment without straws for seeding; however, the drawback is that the power consumption of this type of machine is high [29]. The above studies are mainly focused on straw clearing from the surface seeding zone. There are few studies on clearing of the pressed straw in the seed furrow, which would directly affect the emergence rate of seeds.



Based on the above problems, a no-till seed furrow clearing device is proposed in this study for the complex working environment and clearing requirements in the seed furrow during no-till maize seeding. In this study, rotating spring teeth are used to clear the straw from the seed furrow to the outside. The influence of the installation inclination angle and the rotation speed of the spring teeth on the operation effect are analyzed. Meanwhile, the clearing rate of the seed furrow under different parameters and the disturbance to the seed furrow are simulated and analyzed using the discrete element method (DEM). The key parameters are optimized and verified through field experiments. The research provides references to develop a no-till seeder in northwestern regions of China.




2. Materials and Methods


2.1. Mechanized No-Till Seeding of Maize


2.1.1. Process Route


Maize no-till seeding needs to complete a series of procedures, such as applying base fertilizer, clearing the surface straw, opening a seed furrow, seeding, and covering and consolidating soil. The existing maize no-till seeders do not perform seed furrow clearing. Therefore, in view of the special soil environment and agronomic requirements in northwest China, a seed furrow clearing device was added to the conventional no-till seeder to clear off the straw and previous crop residue from the processed seed furrow. The process route of mechanized no-till maize seeding is shown in Figure 1. Each operation link is connected in an orderly manner, and the procedures of applying base fertilizer, clearing surface straw, opening a seed furrow, clearing the seed furrow, seeding, covering and consolidating soil can be completed in one operation.




2.1.2. Structure and Working Principle of Maize No-Till Seeder


A maize no-till seeder is composed of traction mechanism, fertilization mechanism, double disc furrow opener, seed metering device, seed furrow clearing device, soil covering and consolidating device, and transmission device. The overall structure of a maize no-till seeder is shown in Figure 2. The surface straw clearing mechanism, furrow opener, seed furrow cleaning device, seed delivery tube, covering and consolidating device are sequentially installed on the no-till seeder unit.



The maize no-till seeder is mounted on a tractor and pulled. Firstly, the fertilization disc is used to open the furrow, and fertilizers are applied to the soil by the fertilization mechanism. Secondly, the previous maize surface straws are cleared to both sides by the surface straw clearing mechanism, and the double disc furrow opener processes seed furrow on the cleared seeding belt. Thirdly, the seed furrow clearing device clears the straw. Finally, the seeds fall into the cleared seed furrow and are covered and consolidated.





2.2. Parameter Design of the Seed Furrow Clearing Device


The structure of the seed furrow clearing device is shown in Figure 3. The seed delivery tube, soil covering and consolidating wheel are installed at the rear of the seed furrow clearing device. The spring teeth are uniformly distributed on the rotary disc and rotated with it. A hydraulic cylinder is used to control the height of spring teeth from the ground. The height of the curved sliding shovel is measured by adjusting the fastening bolts to keep the height consistent with the spring teeth. Meanwhile, the rotating speed of spring teeth is controlled by the flow speed control valve. The rotary disc and spring teeth are driven by the hydraulic motor. Under the action of centrifugal force, the straw in the seed furrow is thrown out. Moreover, the curved sliding shovel is used to slide and prevent straw from falling into the cleared seed furrow.



2.2.1. Throwing Mechanism


As shown in Figure 4, the throwing mechanism is composed of rotary disc, flange, hydraulic motor, spring teeth, and adjustment bolts, which complete the actions of picking up, carrying, guiding, and throwing the straw to the outside. In the axial and top two directions, the spring teeth and the rotary disc are fastened by bolts, the top threaded hole is arranged in the circumferential direction of the rotary disc edge arc, and the axial hole is arranged in the axial plane of the rotary disc edge, which effectively prevents relative slippage.



The installation inclination angle between the spring teeth and the rotary disc affects the clearing effect of the seed furrow. Three top fastening thread holes are set in the arc circumference direction of the disc edge. The installation inclination angle of spring teeth is adjusted by adjusting the installation position of the top fastening bolts and the threaded hole. As shown in Figure 5, the installation inclination angles are 20°, 40° and 60°, respectively.



During seed furrow clearing, the interaction between spring teeth and straw requires four stages. The movement process of these stages is shown in Figure 6 and can described as:



a-b Picking up stage: This is the most critical process of seed furrow clearing. The spring teeth contact and move the straw at a certain speed and insert it into the gap between the straw and the soil, then pick up the straw, simultaneously, give a certain acceleration to the straw.



b-c Carrying and conveying stage: This process carries the straw to the position of throwing. If the rotation speed is too low or the number of spring teeth or the installation inclination angle of the spring teeth is not appropriate, the straw will slip and fall back into the seed furrow.



c-d Throwing stage: Under centrifugal force and self-gravity, the straw is thrown to the outside. This process determines whether the straw can be separated from the spring teeth in time as well as the position where the straw is thrown. If the rotation speed of spring teeth is low, the straw is not thrown out in time, which will carry the straw to the hollow travel stage.



d-a Hollow travel stage: The process of straw being thrown and the next straw being picked up.




2.2.2. Rotary Disc


The edge of the rotary disc has some arcs, which are used to install the spring teeth at the arc space. The structure and parameters of the arc match the structure and size of the spring teeth and correspond to the number of spring teeth. Three top fastening thread holes are machined at the arc position of the disc edge to adjust the installation inclination angle of spring teeth. The thickness of the rotary disc is 10 mm to ensure the processing size and working intensity of the top fastening thread holes. The axial hole is machined at the plane position of the disc edge. The structure and parameters of the rotary disc are shown in Figure 7.




2.2.3. Spring Teeth


The parameters of the spring teeth affect the picking up and throwing trajectory of the straw. As shown in Figure 8, the spring teeth are mainly composed of fixed end, spring teeth spiral and rod, wherein the spring teeth fixed end is composed of axial and top fixing end, spring teeth bar is composed of a straight segment and a bent segment. According to relevant research, the diameter of the spring teeth is 6 mm [30].



The number of spring teeth distributed in the circumferential direction affects the quality of seed furrow clearing. To ensure that the spring teeth can continuously stir and throw the straw without omitting areas, Equation (1) is used to calculate the number of spring teeth distributed on the rotary disc according to the requirements of the agricultural machinery design manual.


  n =   2 π ( R − l )  s   



(1)




where, n is the number of spring teeth; s is the chord length of adjacent spring teeth, mm; l is the effective working length of spring teeth, mm.



According to Equation (1), the number of spring teeth is related to the radius of rotary disc R and the effective working length l of spring teeth.



The circumferential velocity of the spring teeth is as follows:


  v = R ω  



(2)




where, v is the circumferential velocity of the spring teeth, m/s.


  λ =  v   v j    =   R ω    v j     



(3)




where, λ is the velocity ratio.



To meet the clearing conditions of straw in the seed furrow, λ > 1 is required. During the clearing process, the motion trajectory of each point on the spring teeth is a cycloid, and a buckle is formed on the cycloid, as shown in Figure 9. The larger the λ is, the larger the buckle will be. When λ = 1, it is the critical value of the disappearance of the buckle. To ensure the normal clearing of spring teeth, the rotating speed is required to be greater than the forwarding speed of the seed furrow clearing device. The forwarding speed vj of the no-till seeder is generally 4~10 km/h; therefore, R = 150 mm, 175 mm, and 200 mm, n = 120 r/min, 150 r/min, and 180 r/min are substituted into Equation (3), respectively. The calculation shows that the speed ratio of straw clearing λ is greater than 1, and the above parameters meet the normal operating conditions.



As shown in Figure 9, when the forwarding speed vj is a constant value, the motion trajectories of the spring teeth are different at different speeds. With increased rotating speed, the velocity ratio λ increases, and the maximum transverse chord increases, which indicates that the operation effect will be better.




2.2.4. Installation Direction of Spring Teeth


The straw is not only picked up and thrown out, but also must smoothly fall off of the spring teeth. The installation direction of the spring teeth on the rotary disc affects the clearing effect of straw, as well as the speed of straw after throwing, and then affects the distance of throwing. Along the forward direction of the no-till seeder are three main installation directions of spring teeth: radial, forward and backward inclination.



The diameter of maize straw is generally 15~30 mm, which is smaller than the rotary radius of the spring teeth. Therefore, for this analysis, the maize straw is simplified as particles. The force of maize straw is analyzed when the straw is touched and thrown by the spring teeth in forwarding, radial, and backward inclination. The force analysis of straw at the moment when spring teeth start to touch under three installation types is shown in Figure 10. The coordinate system is established with the straw center as the coordinate origin O, parallel to the forward direction of the machine is the x-axis, and vertical to the ground direction is the y-axis.



When the spring teeth start to touch the straw, the straw has no movement relative to the ground in the vertical direction. That is, the force of the maize straw is balanced in the vertical direction.


       F G    1  +  f  n 1   cos  α 1  +  F   N 1    sin  α 1  =  G 1       F   G 2    +  f  n 2   cos  α 2  =  G 2  +  F   N 2    sin ( −  α 2  )      F   G 3    +  f  n 3   cos  α 3  =  G 3  +  F N    3  sin ( −  α 3  )      



(4)







Then


       F G    1  =  G 1  −  F   N 1    sin  α 1  −  f  n 1   cos  α 1       F   G 2    =  G 2  −  F   N 2    sin  α 2  −  f  n 2   cos  α 2       F   G 3    =  G 3  −  F N    3  sin  α 3  −  f  n 3   cos  α 3       



(5)







The maize straw has a forward rolling trend along the ground. Thus, the velocity of the straw in the horizontal direction is determined by the resultant force in the horizontal direction. The resultant force in the horizontal direction of the spring teeth under three installation types is as follows:


       F  s x 1   =  F  N 1   cos  α 1  −  f  n 1   sin  α 1  −  f  g 1        F  s x 2   =  F  N 2   cos  α 2  +  f  n 2   sin  α 2  −  f  g 2        F  s x 3   =  F  N 3   cos  α 3  +  f  n 3   sin  α 3  −  f  g 3        



(6)




where, Fsx1 is the horizontal resultant force when the straw is touched by forwarding inclination spring teeth, N; Fsx2 is the horizontal resultant force when the straw is touched by radial spring teeth, N; Fsx3 is the horizontal resultant force when the straw is touched by backward spring teeth, N.



As


       f g  =  μ g   F G       f n  =  μ n   F N       



(7)




where, μg, μn are the friction coefficient between maize straw and ground, maize straw and spring teeth, respectively.



Equation (7) is substituted into Equation (6).


       F  s x 1   =  F  N 1   cos  α 1  −  μ n   F N    1  sin  α 1  −  μ g  (  G 1  −  F   N 1    sin  α 1  −  μ n   F N    1  cos  α 1  )      F  s x 2   =  F  N 2   cos  α 2  +  μ n   F N    2  sin  α 2  −  μ g  (  G 2  −  F   N 2    sin  α 2  −  μ n   F N    2  cos  α 2  )      F  s x 3   =  F  N 3   cos  α 3  +  μ n   F N    3  sin  α 3  −  μ g  (  G 3  −  F   N 3    sin  α 3  −  μ n   F N    3  cos  α 3  )      



(8)







Let Equation (8) be the following function


   y s  =  F N  cos α −  μ n   F N  sin α −  μ g  ( G −  F N  sin α −  μ n   F N  cos α )  



(9)







It can be obtained by deriving Equation (9)


     y s    ′    = −  F N  sin α −  μ n   F N  cos α +  μ g   F N  cos α −  μ n   μ g  sin α      = − ( 1 +  μ n   μ g  )  F N  sin α − (  μ n  −  μ g  )  F N  cos α    



(10)







It can be realized from Figure 10 that the included angle between the thrust of spring teeth on maize straw and the x-axis is α < 90°, then the equation    y s    ′  < 0   can be obtained, with the increase of angle α, and    y s    ′    decreases. Meanwhile, α1 < α2 < α3, so, Fsx1 > Fsx2 > Fsx3 can be obtained. That is, when the spring teeth start to touch the straw under the three installation types, the movement trend of the straw in the horizontal direction is the forward inclination > radial > backward inclination.



The force analysis of straw when spring teeth throw straw under three installation types is shown in Figure 11. Perpendicular to the spring teeth direction is the x-axis, and parallel to the spring teeth direction is the y-axis. When the straw is thrown, the straw leaves the ground, so the ground has no force on the straw, and the straw is only affected by gravity and the force of the spring teeth on the straw.



The force of the straw is balanced along the contact surface of spring teeth, so the velocity of the straw when spring teeth throw it is determined by the resultant force in the horizontal direction. The resultant force in the horizontal direction of the spring teeth under three installation types is as follows:


       F  t x 1   =  F  N 1   −  G 1  sin  β 1  −  F  r 1   sin  γ 1       F  t x 2   =  F  N 2   −  G 2  sin  β 2  +  F  r 2   sin  γ 2       F  t x 3   =  F  N 3   +  G 3  sin  β 3  +  F  r 3   sin  γ 3       



(11)




where Ftx1 is the horizontal resultant force when the straw is thrown by forwarding inclination spring teeth, N; Ftx2 is the horizontal resultant force when the straw is thrown by radial spring teeth, N; Ftx3 is the horizontal resultant force when the straw is thrown by backward spring teeth, N.



It can be determined from Equation (11) that Ftx3 > Ftx2 > Ftx1, that is, when the straw is thrown under the three installation types, the movement trend of the straw in the horizontal direction is the backward inclination > radial > forward inclination.



According to the above analysis, the forward inclination of the spring teeth is conducive to the action of stirring and picking up the straw, but it has a poor effect on the falling and throwing. The reason is that part of the straw was clumped and could not fall off when thrown at the designated position. However, as the spring teeth continue to rotate, they may fall back into the seed furrow during the rotation process. Therefore, the clearing effect of the seed furrow is affected.



The spring teeth set in the radial direction have a better effect on the straw in working intervals. When the spring teeth rotate at high speed, the straw is easily stirred, picked up, and carried by the spring teeth, but it is also easily thrown into the rear seed furrow, so the side throwing effect is not better.



When the spring teeth are at backward inclination, the stirring of the spring teeth does not affect, and the straw falls off at an appropriate backward angle. In the effective working area, the functions of the spring teeth set backward on the straw is as follows: touching straw, pressing, stirring, picking up, carrying and conveying, falling off, and throwing. Therefore, the spring teeth installation direction is the backward inclination in this study.





2.3. DEM Simulation


2.3.1. Model Materials


The solid model of the maize no-till seed furrow clearing device was established using three-dimensional drawing software, the model of the seed furrow clearing device was simplified, the parts that were not related to the working process were removed, then STP format was imported into the discrete element simulation software EDEM Geometry item. Considering the simulation efficiency, spherical particles with a radius of 5 mm were selected as soil particles. According to the actual situation of the straw pressed into the seed furrow, a long linear model with a length of 60 mm, which consisted of a diameter of 12 mm, and a spherical center interval of 5 mm was used as the straw particle model. The physical parameters of materials are shown in Table 1, and the basic contact parameters among different materials are shown in Table 2 [31].



According to the actual size and operation conditions of the seed furrow, a virtual model of the bin was established in EDEM. The basic dimension (length × width × height) of the soil bin was set as 1800 mm × 800 mm × 120 mm, and the thickness of the soil layer was 120 mm. As shown in Figure 12, the width of the upper surface of the seed furrow was 42 mm, the width of the bottom was 22 mm, and the depth of the seed furrow was 40 mm. Soil particles fell freely from the grain factory under the action of gravity, so that the simulation environment was as consistent as possible with the actual soil. Maize straws were distributed in the seed furrow, and the straw particles fell freely under the action of gravity.



The no-till seed furrow clearing device was installed at one end of the soil bin for initial operation. During the operation of the no-till seed furrow clearing device, in order to ensure the continuity of straw and soil particle movement, the total simulation time was set to 2.0 s, and the mesh size was set to 2.5 times the minimum soil particle size.




2.3.2. Test Design and Index Measurement


According to the previous analysis, the main factors of the forwarding speed, rotating speed, installation inclination angle and bending angle of spring teeth were selected, and the influence rules of the above factors on the straw clearing rate and the soil disturbance were analyzed. The forwarding speed of no-till seeder is generally 4~10 km/h, so, the forwarding speeds selected in the test were 4 km/h, 6 km/h and 8 km/h, respectively. According to the previous research [32], the rotating speeds of the spring teeth selected were 120 r/min, 150 r/min, and 180 r/min, respectively. Three top threaded holes were arranged in the circumferential direction of the rotary disc edge arc, and the installation inclination angles were 20°, 40° and 60°, respectively. If the bending angle is too large, the shape of the seed furrow will be damaged; if too small it will not throw the straw out of the seed furrow. According to the pre-experiment, the bending angle was 20°~40°, and the bending angles selected were 20°, 30° and 40° respectively. The single-factor method was conducted, and twelve group experiments were carried out. The single-factor scheme is listed in Table 3.




2.3.3. Data Collection and Processing


	
The straw clearing rate (SCR)






The straw clearing rate is the initial straw quantity minus the remaining quantity in the seed furrow after the operation, and the calculation equation is as follow:


  φ =    N 1  −  N 2     N 1    × 100 %  



(12)




where, φ is SCR, %; N1 is initial straw quantity in the seed furrow before operation, pcs; N2 is remaining straw quantity in the seed furrow after operation, pcs.



	2.

	
Soil disturbance quality in seed furrow







During the operation of the seed furrow clearing device, the soil in the seed furrow will be disturbed by the action of the spring teeth and the displacement of the disturbed soil will change. Therefore, soil disturbance quality can be obtained by statistical soil quality changes. A quality sensor was set above the soil surface of the initial seed furrow to monitor the quality of the soil entering the sensor in real-time, that is, the soil disturbance quality.



The simulation process is shown in Figure 13.





2.4. Field Experiment


The field experiment was conducted in April 2021 at Bole, Xinjiang, China. The soil texture was medium loam, the soil moisture content was 14.35%. The average soil compaction at depth 25 mm was 791 kPa, 50 mm was 1120.8 kPa, and 75 mm was 1283 kPa. The maize straw mulching quantity was 1.64 kg/m2. The field experiment is shown in Figure 14.





3. Results and Discussion


3.1. DEM Simulation Analysis


3.1.1. Seed Furrow Clearing


The changes of straw quantity in the seed furrow under different parameters are shown in Figure 15. With the increase of time, the straw quantity in the seed furrow decreases continuously and then remains stable. This stage is the remaining straw quantity that was not cleared out after the seed furrow was cleared. Figure 15a shows the variation curve of straw quantity in seed furrow under different forwarding speeds. It can be seen that the straw quantity decreases with the increase of forwarding speed, so the SCR improved. The results under different rotating speeds can be seen in Figure 15b. With the increase of the rotating speeds, the SCR increases. Figure 15c shows the effect of different installation inclination angles of the spring teeth on the changes of straw quantity in the seed furrow. With the increase of the installation inclination angle of the spring teeth, the clearing effect of the seed furrow is better. However, when the installation inclination angle is 40° and 60°, the clearing effect of the seed furrow has little difference during 0~0.75 s. Figure 15d shows the variation curve of straw quantity in seed furrow under different bending angles. The straw quantity remaining in the seed furrow decreases with the increase of bending angle.




3.1.2. Seed Furrow Soil Disturbance


Soil disturbance affects the original shape of the seed furrow. Hence, in order to maintain the shape of the seed furrow, it is required that the spring teeth have little disturbance to the soil in the seed furrow. The variation curve of soil disturbance in seed furrow clearing under different parameters is shown in Figure 16. It can be seen from Figure 16a that the soil disturbance increases with the decrease of forwarding speed. When vj = 4 km/h, the soil disturbance is the largest, and when vj = 6 km/h and vj = 8 km/h, the soil disturbance is not much different during 0.5~2.0 s. Figure 16b, c shows the variation curve of soil disturbance under different rotating speeds and installation inclination angles, respectively. With the increase of the rotating speeds and installation inclination angle, the soil disturbance increases. Figure 16d shows the variation curve of soil disturbance under different bending angles. When the bending angle α = 20° and α = 30°, the variation trend of soil disturbance in the whole operation process is basically the same. When the bending angle α = 40°, the soil disturbance is greater than that of the bending angle α = 20° and α = 30° during 0.5~1.0 s, and the variation trend is basically the same in other time periods. Therefore, the change of bending angle has little effect on soil disturbance.



Therefore, comprehensive straw clearing and soil disturbance evaluation index results are summarized. According to Figure 15a and Figure 16a, with the increase of the forwarding speed, the straw clearing effect is improved, and the soil disturbance is small. Therefore, the forwarding speed is determined to be 8 km/h. With the increase of rotating speed, the straw clearing effect and soil disturbance increases. To obtain better clearing effect, the rotating speed was determined as 180 r/min. With the increase of installation inclination angle, the soil disturbance increased, according to the indicators of straw clearing and soil disturbance, the installation inclination angle was selected as the median value 40°. The change of bending angle had little effect on soil disturbance, according to straw clearing, the bending angle was determined as 30°.





3.2. Field Experiment Analysis


According to the theoretical analysis and simulation results, when the rotating speed of spring teeth was 180 r/min, the installation inclination angle of the spring teeth was 40°, and the bending angle was 30°. The field experiment was conducted. The clearing effect of straw in seed furrow is shown in Figure 17, and the field test results are shown in Table 4.



It can be seen from Table 4 that the average SCR of the seed furrow clearing device was 82.26%. At the same time, the maximum and mean value of throwing distance were measured. The maize maximum value was 314.6 mm. The mean values were 273.4 mm and 117.6 mm, respectively.





4. Conclusions


	(1)

	
A seed furrow clearing device for no-till maize seeding was proposed, which used rotating spring teeth and curved sliding shovel to clear the straw to the outside. The seed furrow was cleared, followed by seeding, covering and consolidating soil.




	(2)

	
The installation directions of the spring teeth on the rotary disc include forward inclination, radial and backward inclination. The force on the straw at the moment of starting to touch and throwing the straw was analyzed theoretically, and the backward inclination of the spring teeth was determined. In the appropriate backward inclination angle, the stirring of the spring teeth would not affect, and the straw would fall off the spring teeth.




	(3)

	
The straw clearing rate and soil disturbance were analyzed by using the DEM method. The results indicated that increases in the forwarding speed, rotating speed, installation inclination angle and bending angle, the straw clearing rate increased, generally. With the increase of the forwarding speed, the straw clearing effect was improved, and the soil disturbance was small, the forwarding speed was determined as 8 km/h. With the increase of the rotating speed, the soil disturbance increased, to obtain better clearing effect, the rotating speed was determined as 180 r/min. With the increase of installation inclination angle, the soil disturbance increased, according to the indicators of straw clearing and soil disturbance, the installation inclination angle was selected as the median value 40°. The change of bending angle had little effect on soil disturbance, according to straw clearing, the bending angle was determined as 30°.




	(4)

	
The field experiment results showed that when the rotating speed was 180 r/min, installation inclination angle of spring teeth was 40°, and bending angle was 30°, the SCR was 82.26%.
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Figure 1. Process route of maize mechanized no-till seeding. 
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Figure 2. Structure of maize no-till seeder. 






Figure 2. Structure of maize no-till seeder.



[image: Agriculture 12 01901 g002]







[image: Agriculture 12 01901 g003 550] 





Figure 3. Structural diagram of seed furrow clearing device. 






Figure 3. Structural diagram of seed furrow clearing device.



[image: Agriculture 12 01901 g003]







[image: Agriculture 12 01901 g004 550] 





Figure 4. Structural diagram of side throwing mechanism. 
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Figure 5. Schematic diagram of different installation inclination angles. 
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Figure 6. The movement process of seed furrow clearing. The functions of a–d are described in the text. Note: a is the critical point to touch maize straw; b is the critical point to contact soil; c is the point to leave soil; d is the critical point to throw away; ω is the angular velocity of the spring teeth, rad/s; R is the radius of rotary disc, mm. 
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Figure 7. Structural diagram of rotary disc. (a) Front view; (b) Partial enlarged view. 
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Figure 8. Structure diagram of spring teeth. 
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Figure 9. Motion trajectory of spring teeth at different speeds. 
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Figure 10. Force analysis of straw at the moment when spring teeth start to touch under three installation types. (a) Forward inclination; (b) Radial; (c) Backward inclination. Note: G1, G2 and G3 are the gravity of maize straw under the three installation types, respectively, N; FN1, FN2 and FN3 are the thrust of spring teeth on maize straw when they are picked up, respectively, N; FG1, FG2 and FG3 are the supporting forces of the ground to maize straw respectively, N; fg1, fg2 and fg3 are the friction between the ground and maize straw, respectively, N; fn1, fn2 and fn3 are the friction between the spring teeth and maize straw, respectively, N; α1, α2, and α3 are the included angles between the thrust FN1, FN2, FN3, and the x-axis, °. 
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Figure 11. Force analysis of straw when spring teeth throw straw under three installation types. (a) Forward inclination; (b) Radial; (c) Backward inclination. Note: β1, β2 and β3 are the included angles between the gravity of maize straw G1, G2, G3, and the y-axis, °; Fr1, Fr2 and Fr3 are the centrifugal force of maize straw, N; γ1, γ2 and γ3 are the included angles between the centrifugal force of maize straw Fr1, Fr2, Fr3, and the y-axis, °. 
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Figure 12. Virtual model of bin. (a) Soil; (b) Soil-straw bin. 
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Figure 13. The seed furrow clearing process. 
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Figure 14. Field experiment of no-till seed furrow clearing device. 






Figure 14. Field experiment of no-till seed furrow clearing device.



[image: Agriculture 12 01901 g014]







[image: Agriculture 12 01901 g015 550] 





Figure 15. Variation curve of straw quantity in seed furrow clearing under different parameters. (a) Forwarding speed; (b) Rotating speed; (c) Installation inclination angle of spring teeth; (d) Bending angle of spring teeth. 
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Figure 16. Variation curve of soil disturbance in seed furrow clearing under different parameters. (a) Forwarding speed; (b) Rotating speed; (c) Installation inclination angle of spring teeth; (d) Bending angle of spring teeth. 
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Figure 17. Effect of seed furrow after clearing. (a) Before clearing; (b) Seed furrow after clearing; (c) Seed furrow after covering soil. 
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Table 1. Physical parameters of materials.
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	Object
	Poisson’s Ratio
	Shear Modulus (MPa)
	Density (kg/m3)





	soil particle
	0.38
	1.0 × 106
	1850



	steel
	0.3
	7.0 × 1010
	7800



	straw
	0.4
	7.0 × 106
	180
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Table 2. Basic contact parameters among different materials.
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	Object
	Soil-Straw
	Soil-Soil
	Straw-Straw
	Steel-Soil
	Steel-Straw





	Coefficient of restitution
	0.5
	0.25
	0.3
	0.28
	0.3



	Coefficient of static friction
	0.3
	0.4
	0.3
	0.5
	0.3



	Coefficient of rolling friction
	0.05
	0.25
	0.01
	0.04
	0.01
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Table 3. Single-factor simulation scheme.
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	Number
	Factor
	Variable Values
	Conditions





	1–3
	Forwarding speed vj/(km·h−1)
	4, 6, 8
	n = 150 r·min−1

θ = 40°

α = 30°



	4–6
	Rotating speed n/(r·min−1)
	120, 150, 180
	vj = 6 km·h−1

θ = 40°

α = 30°



	7–9
	Inclination angle of spring teeth θ/°
	20, 40, 60
	vj = 6 km·h−1

n = 150 r·min−1

α = 30°



	10–12
	Bending angle of spring teeth α/°
	20, 30, 40
	vj = 6 km·h−1

n = 150 r·min−1

θ = 40°
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Table 4. Field test results of seed furrow clearing effect.
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	No.
	SCR/%





	1
	73.42



	2
	85.10



	3
	92.13



	4
	74.91



	5
	82.57



	6
	89.82



	7
	71.28



	8
	80.96



	9
	90.14



	Average
	82.26
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