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Abstract

:

To address the problem of large tractive resistance in traditional subsoiling methods, this paper designed a pulse-type gas explosion subsoiler, as well as an air-blown double-ended chisel type subsoiling shovel and a conduit. The mathematical equation of the influence of the structural parameters of the subsoiler on the groove profile is established. The EDEM 2022 software was used to simulate the subsoiling operation process. The soil disturbance law of the chisel subsoiler was analyzed by the change of soil particle velocity. The optimum value interval of quadratic regression orthogonal rotation combination test factors was determined by using the steepest climb test, with specific tillage resistance and filling power as evaluation indicators. Based on the Box–Behnken design test, a second-order regression model of response value and significance parameter was obtained, and an optimal combination was found by optimizing the significance parameter. The effects of subsoiling air pressure, pulse width and pulse interval on evaluation indicators were analyzed by the response surface method; the test results show that when the air pressure was 0.8 MPa, the pulse width was 0.17 s and the pulse interval was 0.12 s, and the specific tillage resistance was 0.4421 N/mm2 and the filling power was 18.5%; a comparative test between the pulse-type gas explosion subsoiler and a continuous gas explosion subsoiler was carried out, and the specific tillage resistance was reduced by 12.2% and the filling power was reduced by 10.5%; the comparative test shows that the pulse-type gas explosion subsoiler has smaller tractive resistance per unit area and smaller disturbance to soil. The research results provide a theoretical basis and reference for the optimization and improvement of gas explosion subsoilers.
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1. Introduction


Traditional farming methods and the use of agricultural machinery have caused soil compaction, which has formed a thick and hard plough layer on the cultivated land [1]. The plough bottom has great solidity which affects the root development and slows down the yield of crops [2,3]. At the same time, the surface runoff is caused by slowing down the infiltration rate of rainwater, which leads to the decrease in surface nutrients [4,5]. As one of the core technologies of conservation tillage, subsoiling has been used to eliminate soil compaction and restore soil productivity [6,7].



Subsoiling technology mainly includes natural, chemical, biological and mechanical methods [8,9,10]. Natural subsoiling and biological subsoiling methods require a long-term process that may affect crop production. Chemical subsoiling has little effect on crop growth, but it may cause soil and environmental pollution. Mechanical subsoiling technology often uses a subsoiler to cut and destroy the soil of cultivated land to subsoil the soil. Compared with the other two methods, it has the advantages of fast operation speed, strong controllability and good effect. Therefore, the application range of mechanical subsoiling is also the most extensive. In order to break the plow pan completely, the subsoiling shovel should plow much deeper than other farming machines do. To tackle the problems of large tractive resistance and high matching power requirements, domestic and foreign workers have conducted in-depth research on resistance reduction technology of the subsoiler [11,12].



In recent years, the pneumatic splitting principle has been used at home and abroad to crack soil and increase air flow channels, thus reducing tractive resistance. Araya et al. [13,14] installed a high-pressure jet device on the subsoiler, allowing the surface of the subsoiling shovel to eject air during operation to achieve the effects of subsoiling and soil breaking; Zuo S.J et al. [15] proposed pneumatic subsoiling based on the pneumatic splitting technology, that is, injecting high pressure air into cultivated soil to form cracks in the soil so as to achieve soil subsoiling, and also explored the change law of soil surface lift and porosity before and after the test; Su H J [16] designed an air-blown subsoiler, analyzed the disturbance behavior of the air-blown subsoiling shovel on soil through coupling simulation, and verified the resistance reduction effect of the subsoiler through a soil tank test; Chen J C [17] designed a gas explosion soil ripper suitable for orchard root soil loosening, and optimized the design of the drill pipe structure through coupling simulation; Tu J et al. [18] proposed a fixed-point soil subsoiling method based on pulse gas explosion, and designed a continuous spiral soil insertion device. In addition, Zhao S H et al. [19] designed a subsoiling shovel with a fitted curve based on a discrete element simulation test analysis of the shovel tip motion of the subsoiling shovel. Zou L L et al. [20] and Wang Yun X et al. [21] designed a subsoiling shovel with an actively lubricated and resistance-reducing surface and a subsoiling shovel with hydraulic excitation, respectively. In summary, researchers have carried out a lot of research by using theoretical analysis, finite element and discrete element methods [22,23,24], but the effect of pulse gas on the resistance reduction of the subsoiler was seldom reported.



Based on the above studies, this paper designed a pulse-type gas explosion subsoiler, combining the principle of pulse gas explosion and double-ended chisel type subsoiler. It is mainly composed of a subsoiling shovel, a pulse controller, a solenoid valve and a depth limiting wheel. During operation, the subsoiling shovel uses a pulse air flow to lift soil, thus achieving the purpose of reducing tractive resistance. The mathematical equation of the influence of the structural parameters of the subsoiler on the groove profile is established. The finite element model of the chisel-shaped subsoiler and the discrete element model of the soil bin were established. The EDEM software was used to simulate the subsoiling process. The soil disturbance law of the chisel-shaped subsoiler was analyzed by the change of particle velocity. Multi-factor tests were conducted with specific tillage resistance and filling power as evaluation indicators. Subsoiling air pressure, pulse width, pulse interval and other parameters were optimized. The research results are expected to provide a theoretical basis and reference for the optimization and improvement of gas explosion subsoilers.




2. Materials and Methods


2.1. Overall Structure and Working Principle of Pulse-Type Gas Explosion Subsoiler


2.1.1. Overall Structure


The structure of the pulse-type gas explosion subsoiler is as shown in Figure 1, which is mainly composed of a subsoiling shovel, an air compressor, a pulse controller, a solenoid valve, a depth limiting wheel and a rack. The subsoiling shovel and depth limiting wheel are connected to the rack through U-shaped buckles, the air release valve of the air compressor is connected to the solenoid valve air supply port through an adapter, and the air outlet of the solenoid valve is connected to the subsoiling shovel conduit through pneumatic quick coupling.




2.1.2. Working Process


The machine applies the pulse gas explosion subsoiling principle to lift soil by blowing a pulse air flow during operation of the subsoiling shovel, thus achieving the purpose of reducing tractive resistance. During operation, the tractor hung with the machine at three points moves forward, and the subsoiling shovel cuts, lifts and squeezes soil to break the soil. At the same time, the air compressor provides a continuous air flow. By adjusting the opening and closing of the solenoid valve through the pulse controller, the air flow is generated and released intermittently to obtain a pulse air flow. The pulse air flow is released from the nozzles on the subsoiling shovel conduit and can uplift the soil. During this process, different pulse width and pulse interval parameters are obtained by adjusting the pulse controller.




2.1.3. Main Technical Parameters


Combined with the relevant design standards of a subsoiler, in order to achieve energy saving and drag reduction, the main technical parameters of the pulse-type gas explosion subsoiler are determined, as shown in Table 1.





2.2. Key Components Structural Parameters Determination


2.2.1. Subsoiling Shovel


According to the standard GB/T 24675.2-2009 [25] Conservation Tillage Equipment-Subsoiler, the working depth of the subsoiling shovel is 30 cm. The subsoiling shovel consists of a shovel handle, a shovel tip and a conduit, as shown in Figure 2. Under the condition of equal soil moisture content, working depth, working speed and shovel handle thickness, a bent shovel handle has the best stress [26]. According to the Design Manual of Agricultural Machinery [27] and the standard JB/T 9788-1999 Subsoiler and Share Shaft [28], the soil contact portion of the subsoiling shovel handle was designed in a shape of circular arc with an arc radius of 300 mm, the transition portion of the shovel handle was designed to be on a straight line, the shovel handle height was 700 mm and the width was 80 mm.



By referring to the literature [27,29], a double-ended chisel type subsoiling shovel tip was designed, which is symmetrical on both sides with a penetrating angle of 21°, a width of 180 mm, a height of 40 mm and a thickness of 10 mm. The following conditions must be met in order to generate a sliding cutting effect during the operation of the shovel tip [30].


  γ ≤ 90 ° − φ  



(1)




where φ is the internal friction angle of soil, which is 26° as measured by triaxial shear test; γ is the angle of the shovel tip.



According to the Formula (1),   γ   should be less than 64°, and 60° was selected. The subsoiling shovel tip was connected to the shovel handle with an M14 countersunk head screw. The subsoiling shovel handle was made of Q275 steel according to GB/T 700-2006 Carbon Structural Steels [31]. The subsoiling shovel tip was made of #65 manganese steel according to GB/T 711-2017 Hot-rolled Quality Carbon Structural Steel Plates and Strips [32].




2.2.2. Subsoiling Conduit


In the process of the subsoiling operation, the soil in the shallow layer tends to move forward, upward and laterally under the cutting and lifting of the subsoiling shovel and the squeezing, shearing and friction affects the surrounding soil particles because it is less affected by the gravity stress of the upper soil. On the other hand, because it is more affected by the gravity stress of the upper soil, the soil in the deep layer is unable to generate a trend of upward and lateral movement, and the soil will generate a pure cutting effect and move forward after being squeezed by the subsoiling shovel. Therefore, the subsoiling shovel cannot lift the disturbed soil in the deep layer to the ground surface. The depth of the boundary where the direction of movement of the upper and lower soil changes is generally called the critical depth. In order to reduce the influence of the gravity stress of shallow soil on the movement of deep soil, it is intended to distribute the nozzles of the subsoiling shovel conduit at various locations below the critical depth, so that deep soil can be subjected to the drag force of pulse air flow, thereby reducing the pressure generated by shallow soil, increasing the critical depth and reducing tractive resistance.



At present, the gas explosion subsoiler working at a fixed point generally uses a drill pipe structure to inject air into the soil to crack the soil. It has a large blowing range. The gas explosion subsoiler working continuously injects air into the shovel tip through a conduit to blow the soil in the deep layer, but the blowing range is small [33]. Moreover, soil cores will be generated during the operation of the cylindrical working part to increase tractive resistance. In this paper, under the condition of continuous operation, a steel circular conduit was installed on the inner edge of the subsoiling shovel and was provided with a pulse air flow so that the soil can be blown and lifted, and the relative friction between the soil is changed into the sliding friction between the soil and metal surface, so as to avoid the generation of soil cores and reduce tractive resistance.



Based on the 30 cm working depth of subsoiling, it is intended to blow the deep soil within 15 cm from the shovel tip to increase the critical depth [34]. During the operation, pulse jets are shot out from the circular nozzles on the subsoiling shovel conduit and impact the soil disturbed by the subsoiling shovel to form multiple axially symmetric near-wall pulse jets. According to jet mechanics [35], the relationship between the maximum jet velocity and the incident distance satisfies Formula (2).


       u   m   H    K     = 1.32        r   H        − 1.1    



(2)




where     u   m     is the maximum jet velocity;   H   is the outlet distance;   r   is the nozzle radius; and   K   is the momentum flux.



It can be seen that the smaller the nozzle radius is, the larger the maximum jet velocity and the better the blowing effect on soil will be, but the smaller the blowing range is, the less the soil subjected to the drag force of air flow will be. Considering the blowing effect and blowing range comprehensively, the diameter of the conduit was set as 20 mm and the diameter of the nozzles was set as 6 mm. The schematic diagram of the conduit structure is as shown in Figure 3.





2.3. Analysis of Subsoiled Furrow Contour


When the subsoiling shovel is working, the soil in front of it is pushed up and to the two sides, forming a wedge-shaped soil block in front of it. The side faces of the wedge-shaped soil block are called slip surfaces. As shown in Figure 4, the slip surfaces curve upward and appear in the shape of a circular fan. As the soil on both sides of the subsoiling shovel is subjected to a friction force between the soil and the subsoiling shovel in the lateral direction, the direction of the principal stress on the soil below the ground surface will be deflected due to the friction force, forming a furrow contour with the bottom being a straight line and the two sides being curves. The shape of the contours on the two sides is a logarithmic spiral [34]. As shown in Figure 5, the subsoiling disturbed soil is divided into two parts, that is, the part directly in contact with the subsoiling shovel, which is called the direct-action part. Its width is equal to the thickness of the subsoiling shovel, and its height is equal to the depth of the subsoiling operation. The part damaged by the shear action of the direct-action part is called the indirect action part. Its height is equal to the depth of the subsoiling operation. The indirect action part is located on the left and right sides of the direct-action part and is symmetrically distributed.



The subsoiled furrow contour is as shown in Figure 4. The width   c   of the subsoiled furrow contour can be expressed as the sum of the width of the direct acting part and the width of the indirect acting part on both sides. According to the literature [35], the width of the subsoiled furrow contour can also be expressed as follows


  c = a + 2 b = a + 2      h   1     tan  ⁡  (     σ   2   )     cos  ⁡  (   ξ + ε )     



(3)




where   ξ   is the friction angle of the soil to the subsoiler, and 25° is taken, and   ε   is the penetration angle of subsoiling shovel, taking 21°.



The width of the indirect acting part b can be expressed as follows


  b =      h   1     tan  ⁡  (     σ   2   )     cos  ⁡  (   ξ + ε )     



(4)







According to Formula (4),   b   = 18 cm and   η   can be solved by Formula (5) to be 31°.


  η =     tan   − 1    ⁡  (      b     h   1      )  



(5)







Take an arbitrary radius     r   0     to make a logarithmic spiral, then the furrow contour can be expressed with Formula (6) [34].


    r   1   =   r   0     e   θ   tan  ⁡  φ      



(6)







Since the angle between the tangent and radius vector at any point of the logarithmic spiral is complementary to angle   φ  , and the furrow contour is orthogonal [34] to the ground surface at point A,   τ   can be solved by Formula (7) as 64°.


  τ = 90 ° − φ  



(7)







According to the knowledge of trigonometric functions, obtain the following


    cos  ⁡  θ   =        r   0     2   +     r   1     2   −     b   2   +     h   1     2       2   r   0     r   1       



(8)






       r   1       r   0      =      sin  ⁡  (   τ + η )     sin  ⁡  (   θ + 180 ° − τ − η )    =      r   0     e   θ   tan  ⁡  φ         r   0      =   e   θ   tan  ⁡  φ      



(9)







Substitute   b   = 18 cm,     h   1     = 30 cm,   φ   = 26°,   τ   = 64°, and   η   =3 1° into Formulas (6), (8) and (9) to obtain     r   0     = 25 cm;   θ   =57°. The bottom of the subsoiled furrow contour is a horizontal line equally wide with the subsoiling shovel tip, and its two sides are logarithmic spirals. The equation is as follows:


    r   1   = 25   e      19 π   60      tan  ⁡     13 π   90          0 ≤ θ ≤ 5   7   ∘      



(10)








2.4. Simulation of Deep Loosening Shovel Operation Process


2.4.1. EDEM Simulation Model and Simulation Parameters


Since the soil is a complex heterogeneous material, the reliability of the simulation results depends on the choice of the intrinsic relationship. The soil used in the previous test was mainly composed of clay, silt and sand, and the clay content was 52.7%. According to the soil texture classification standard, it was determined to be clay. In this study, the Hertz-Mindlin (no slip) model was selected as the contact model between particles [36,37,38]. In this model, if two particle units contact, inelastic deformation will occur at the contact point, resulting in normal force and tangential force, which can restore the real state between soil particles and effectively simulate the interaction between the chisel deep loosening shovel and soil particles when moving in soil. At the same time, in order to improve the simulation efficiency, under the premise of ensuring the reliability of the simulation, the particle size and shape of the soil particles are simplified, and the spherical particles with a radius of 4 mm are used as the soil particles.



SolidWorks was used to construct a three-dimensional model (length × width × height) of the soil tank, which was 2000 mm × 400 mm × 350 mm. It was saved in .STL format, imported into EDEM software, the particle factory type as static was added, and the total amount of soil production was set to 470 kg. After the particles were completely generated, compaction was performed. After the virtual soil bin is generated, the three-dimensional model of the chisel deep loosening shovel is imported, as shown in Figure 6. In addition, the relevant parameters of the simulation are set by the team’s previous experiments and references [38,39,40,41], and the specific values are shown in Table 2.



In order to realize the cutting effect of chisel deep loosening shovel on soil, EDEM is used to add horizontal movement along the y axis to realize the chisel deep loosening shovel operation. The forward speed is set to be 2.5 km/h and the operation depth is 300 mm. The total simulation time is 30 s, the time step is set to be 20% of the Rayleigh step, the data storage interval is 0.01 s, and the simulation grid is 3 times the particle radius. At the same time, in order to speed up the simulation calculation time, a dynamic domain is established in the main working area of the chiseled subsoiler. The dynamic domain will move forward with the chiseled subsoiler at a speed of 2.5 km/h to ensure that the main working area is wrapped at all times. The size of the dynamic domain is set to 500 mm long, 400 mm wide and 800 mm high.




2.4.2. Analysis of Deep Loosening Operation Process


In the EDEM post-processing module, the soil particles are marked in different colors according to different motion speeds. According to the particle velocity from large to small, they are red, dark red, green, dark green, and blue. The particle velocity in the red area is the largest, and the particle velocity in the blue area is the smallest. Therefore, the particle velocity change can be used to reflect the law of the soil disturbance by the chiseled subsoiler.



It can be seen from Figure 7 that the shovel tip shears and destroys the soil layer during the operation of the chisel deep loosening shovel. The soil is squeezed by the shovel tip and slides upward along the surface of the shovel handle. The front end of the operation has obvious uplift, and the soil around the shovel is disturbed at the same time. The particle velocity at the contact of the chisel deep loosening shovel is large, and the particle velocity decreases gradually along both sides. The disturbance effect is mainly concentrated in the operation area of the chisel deep loosening shovel and spreads around. Finally, the purpose of destroying the original soil structure and reconstructing the soil state of the soil layer is realized.





2.5. Subsoiling Test of Pulse-Type Gas Explosion Subsoiler


2.5.1. Test Conditions


The pulse-type gas explosion subsoiler was trial-produced and was tested in a test field in April 2023, as shown in Figure 8.



The test equipment includes a pulse-type gas explosion subsoiler (self-made), field tillage resistance test system, JPC-2 subsoiling soil cross section mapper, SC900 soil compactness meter, mobile power supply, tape measure, stopwatch, brush, shovel, oven, electronic scale (division value 0.01 g), soil screen, cutting ring, aluminum box, rubber hammer, paring knife, scooper, Vaseline and other tools. Some key experimental equipment is shown in Figure 9. Judging by the experiment, the soil type is viscous soil, the internal friction angle is 25.6°, the soil bulk density is 1.49 g/cm3, the soil density is 1.68 g/cm3, the soil compactness is 128 kPa, and the water content is 13.1%.




2.5.2. Experimental Design


To explore the influence law of aerodynamic parameters on tractive resistance and soil disturbance during subsoiling operation, according to the DG/T 026-2019 Subsoiler [42], air pressure, pulse width and pulse interval were taken as influencing factors, and specific tillage resistance and filling power were taken as evaluation indicators. During the test, the adjacent area of the optimal value was determined by the steepest climb test. According to the Box–Behnken principle, a response surface test was designed to obtain the optimal combination of influencing factors and verify it. During the test, the tractive resistance of the machine was measured by the field tillage resistance test system, and the filling power and disturbance area were measured by the subsoiling soil cross section mapper.



Specific tillage resistance refers to the tractive resistance required for subsoiling soil per unit area and is an important indicator to measure the subsoiling efficiency of a subsoil shovel. It takes into account not only the tractive resistance of the subsoiling shovel, but also the soil disturbance area of the subsoiling shovel. The calculation formula is as follows [43]:


    K   f   =      F   d       A   s       



(11)




where     K   f     is the specific resistance of subsoiling;     F   d     is the tractive resistance required by the subsoiling shovel; and     A   s     is soil disturbance area.



And filling power refers to the percentage of the cross-sectional area formed by the surface line after tillage and the surface line before tillage in the entire working width to the cross-sectional area between the surface line before tillage and the bottom line of the furrow formed by the subsoiling shovel tip. It reflects the variation of the volume and bulk density of the soil structure before and after subsoiling. It is a main evaluation indicator for the soil disturbance effect of subsoiling. The calculation formula is as follows [44]:


  q =      A   h − q       A   q      × 100 %  



(12)




where   q   is filling power;     A   h − q     is the difference of the surface cross-sectional area after and before tillage;     A   q     is the cross-sectional area between the surface line before tillage and the bottom line of the actual subsoiling furrow formed by the subsoiling shovel tip.



The steepest climb test was carried out on three factors, namely: air pressure, pulse width and pulse interval, to determine the adjacent area of the optimal value. According to the previous research group research and pre-test results, the value range of air pressure from 0.3 to 0.8 MPa was selected [45]; the value ranges of pulse width and pulse interval from 0.05 to 0.55 s were selected, and specific tillage resistance and filling power were taken as evaluation indicators. The test design and results are shown in Table 3. To eliminate the influence of different dimensions between specific tillage resistance and filling power, the maximum-minimum normalization method was adopted to convert the membership values of specific tillage resistance and filling power. To obtain an ideal combination of test parameters, additional weights were set for specific tillage resistance and filling power. The weight of specific tillage resistance was 0.7 and the weight of filling power was 0.3. The calculation formula is as follows


    H   3   =      H   i   −   min  ⁡  I       max  ⁡  I   −   min  ⁡  I       



(13)






  W = 0.7   H   1   + 0.3   H   2    



(14)




where     H   3     is indicator membership value;     H   i     is indicator value;     H   1     is the membership value of specific tillage resistance;     H   2     is the membership value of filling power;   I   is the maximum indicator value: and   W   is a composite score.



To explore the significance of the influence of test factors on evaluation indicators and the influence of interaction of various factors on evaluation indicators and obtain an optimum parameter combination, the three-factor three-level Box–Behnken test was carried out. The levels of the test factors are shown in Table 3.






3. Results and Discussions


3.1. Result Analysis of the Steepest Climb Test


As can be seen from Table 4, when the air pressure gradually increases, the radial stress and tangential stress generated by the air impact on the soil reaches the splitting pressure of the soil, resulting in cracks in the soil and rapid diffusion. Under the dual action of the subsoiling shovel and jet flow, the soil is divided into several soil blocks. At the moment, the soil blocks above the subsoiling shovel are subject to a jet flow, and the cutting force and friction force of the subsoiling shovel to the soil are reduced. Moreover, the uplift of disturbed soil relative to the ground surface increases. When pulse width and pulse interval are large, the dynamic superposition effect cannot be generated on the soil blocks due to a long time between two adjacent pulse intervals. When pulse width and pulse interval decrease gradually, the blowing effect of air flow on soil gradually appears. When pulse width and pulse interval continue to decrease, as the pulse valve has a certain response time, the diaphragm cannot be opened or closed in time, resulting in the weakening of the blowing effect of the resistance reducing air flow on soil. As the composite score was the smallest in the fifth group of tests, the optimal value interval was near the test parameters in the fifth group. The three-factor three-level Box–Behnken test was further carried out by selecting pressure 0.7 MPa, pulse width 0.15 s and pulse interval 0.15 s as the central test points.




3.2. Results of the Box–Behnken Test


The test results are shown in Table 5. Regression analysis of variance was carried out on the prediction models of the two evaluation indicators, and the results are shown in Table 6. The data show that the p values as the significance levels of the models were both less than 0.01, and the regression model was highly significant. The R2 values as the determination coefficients of the two evaluation indicator models were 0.9782 and 0.9747, respectively, indicating that 97.82% and 97.47% of the changes of the evaluation indicators depended on the selected test factors. The p values of the lack-of-fit of the two evaluation indicators were both greater than 0.1, and the lack-of-fit of the regression model was not significant, indicating that the model has a good fit and can be used for the subsequent optimization analysis of optimal aerodynamic parameters.



The results of variance analysis for specific tillage resistance are shown in Table 6. p < 0.01 for the Y1 model, indicating that this regression model is highly significant, and its absolute coefficient R2 was 0.9782, indicating that this model can fit more than 97% of the test results. Among them, X1, X2, X3 and X1X3 had a highly significant influence on the specific tillage resistance model, and X2X3 had a significant influence on the specific tillage resistance model. The significance of the influence of each variable on specific tillage resistance was in a descending order of X1, X2, X3. The quadratic regression equation of each variable on specific tillage resistance was obtained, as shown in Formula (15), and its lack-of-fit was tested. The lack-of-fit p > 0.1, indicating that the quadratic regression equation has a high degree of fit.


     Y   1   = 1.53108 − 1.78175   X   1   − 1.9395   X   2   − 2.86775   X   3   + 2.305   X   1     X   3      − 1.35   X   2     X   3   + 0.68   X   1   2   + 3.545   X   2   2   + 5.38   X   3   2     



(15)







The variance analysis results of filling power are shown in Table 6. p < 0.01 for the Y2 model, indicating that this regression model is highly significant. Its absolute coefficient R2 was 0.9747, indicating that this model can fit more than 97% of the test results. Among them, X2, X1X3 and X2X3 had a highly significant influence on the specific tillage resistance model, and X1, X2 and X3 had a significant influence on the specific tillage resistance model. The significance of the influence of each variable on specific tillage resistance was in a descending order of X2, X3, X1. The quadratic regression equation of each variable on filling power was obtained, as shown in Formula (16), and its lack-of-fit was tested. The lack-of-fit p > 0.1, indicating that the quadratic regression equation has a high degree of fit.


     Y   2   = 142.0775 − 285.4   X   1   − 13.425   X   2   − 392.175   X   3   + 272.5   X   1     X   3      + 230   X   2     X   3   + 191   X   1   2   + 203.5   X   2   2   + 523.5   X   3   2     



(16)







A response surface diagram of the model was generated using the Design-Expert13.0 software, as shown in Figure 10. According to the response surface, the influence laws of interaction factors such as air pressure, pulse width and pulse interval on specific tillage resistance and filling power were analyzed.



Figure 10a shows the influence laws of air pressure and pulse interval under interaction on specific tillage resistance, respectively, when the pulse width is placed at the middle level. The specific tillage resistance decreased with the increase in air pressure and showed a changing trend of first decreasing and then increasing with the increase in pulse interval. Figure 10b shows the influence laws of pulse width and pulse interval under interaction on specific tillage resistance, respectively, when the air pressure is placed at the middle level. The specific tillage resistance showed a changing trend of first increasing and then decreasing with the increase in pulse width and pulse interval. Figure 10c shows the influence laws of air pressure and pulse width under interaction on filling power, respectively, when the pulse interval is placed at the middle level. The filling power showed a changing trend of first increasing and then decreasing with the increase in air pressure and pulse width. Figure 10d shows the influence laws of pulse width and pulse interval under interaction on filling power, respectively, when the air pressure is placed at the middle level. The filling power showed a changing trend of first increasing and then decreasing with the increase in pulse width and pulse interval.



The reason may be that with the increase in air pressure, the soil wedge and soil aggregate disturbed by subsoiling shovel will be uplifted and migrated by air flow, the subsoiling shovel will have a weaker effect of squeezing and moving soil, and the subsoiling shovel is subjected to less tractive resistance, thus the specific tillage resistance and filling power will gradually decrease. When the air pressure continues to increase, the effect of air flow on the uplifting and migration of disturbed soil continues to strengthen, and the volume of soil begins to increase, thus the specific tillage resistance continues to decrease, and the filling power gradually increases. When the pulse width and pulse interval are large, the blowing volume per unit time is small, which has no obvious effect on the uplifting of soil. Therefore, the resistance reduction effect of gas explosion is not obvious, and the filling power is large. When the pulse width and pulse interval decrease gradually, the blowing volume per unit time reaches the peak value, and the uplifting effect of gas injection on soil gradually appears, while the specific tillage resistance and filling power decrease gradually. When pulse width and pulse interval continue to decrease, as the opening and closing of the solenoid valve have a response time, a signal that the solenoid valve is closed is received before the diaphragm of the valve reaches the maximum opening degree, thus the diaphragm enters the closed state, the injection air cannot be completely released, which weakens the effect of soil uplifting, and the specific tillage resistance and filling power increase gradually.




3.3. Parameter Optimization and Test Verification


In order to obtain the optimum subsoiling operation parameters, with an aim of minimizing specific tillage resistance and filling power, the following conditions are used to select the objective function and various factors:


        M i n   W (   X   1   ,   X   2   ,   X   3   )       0.6 ≤   X   1   ≤ 0.8       0.05 ≤   X   2   ≤ 0.25       0.05 ≤   X   3   ≤ 0.25        



(17)







When the air pressure was 0.8 MPa, the pulse width was 0.17 s and the pulse interval was 0.12 s, the composite score was the lowest. The specific tillage resistance and filling power were 0.4255 N/mm2 and 17.4%, respectively. Test verification was repeated five times under the same test conditions. The specific tillage resistance and filling power obtained from the test are 0.4421 N/mm2 and 18.5%, respectively.




3.4. Comparative Test under Optimized Conditions


A comparative test of subsoiling performance was conducted between the pulse-type gas explosion subsoiler and a continuous gas explosion subsoiler. The running speed of the two machines was set at 2.5 km/h, the working depth was 30 cm, the air pressure of the pulse-type gas explosion subsoiler was 0.8 MPa, the pulse width was 0.17 s, the pulse interval was 0.12 s, and the air pressure of the continuous gas explosion subsoiler was 0.8 MPa. The average value of five tests was used to obtain the specific tillage resistance of the pulse-type gas explosion subsoiler and that of the continuous gas explosion subsoiler were 0.4447 and 0.5065 N/mm2, respectively; the filling power was 18.8% and 21.0%, respectively. The test results show that the tractive resistance and filling power required by the pulse-type gas explosion subsoiler to subsoil soil per unit area are small. It proves that the operation performance of the pulse-type gas explosion subsoiler is superior to that of the continuous gas explosion subsoiler.





4. Conclusions


In this study, according to the requirements of energy saving and drag reduction, based on the principle of pulse gas explosion, a double-end chisel subsoiler composed of subsoiler, air compressor, pulse controller, depth limiting wheel and frame was designed. Through theoretical analysis, the mathematical equations of the structural parameters of the deep loosening shovel and the profile of the deep loosening ditch were established, and the deep loosening operation process was simulated by EDEM software. The law of soil disturbance by chisel deep loosening shovel was analyzed by the change of soil particle velocity.



In order to explore the influence of pulse aerodynamic parameters on the actual subsoiling operation effect, the steepest climbing test and Box–Behnken test were carried out with tillage specific resistance and bulkiness as test indexes. The results showed that the comprehensive evaluation score was the lowest when the air pressure was 0.8 MPa, the pulse width was 0.17 s, and the pulse interval was 0.12 s. At this time, the tillage specific resistance and bulkiness were 0.4421 N/mm2 and 18.5%, respectively. In order to further explore the field operation effect of the design, a comparative test between the pulse gas explosion subsoiler and the continuous gas explosion subsoiler was carried out. The results showed that the specific tillage resistance of the pulse gas explosion subsoiler and the continuous gas explosion subsoiler was 0.4447 and 0.5065 N/mm2, respectively, and the filling power was 18.8% and 21.0%, respectively, which was reduced by 12.2% and 10.5%, respectively. It shows that the pulse gas explosion subsoiler has better working performance and can achieve the purpose of energy saving and drag reduction more effectively.



There are still some shortcomings in this study. The experiments in this paper are carried out under single soil conditions, and the effects of machine operation and subsoiling on crop growth under different soil conditions (different depths and different water contents) are not tested. In addition, the adjustment method of each working parameter of the test device is manual adjustment, which cannot realize the self-adjustment of the working parameters with the working parameters under different soil conditions. Therefore, in future research, it is more important and meaningful to pay more attention to the influence of jet airflow on soil environment and crop growth, and to realize the self-regulation of optimal parameters of the subsoiling device in different environments through intelligent adjustment system, so as to improve the operation effect of the subsoiler.
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Figure 1. Structural diagram of the pulse-type gas explosion subsoiler. 1. Air compressor; 2. Frame; 3. Subsoiling shovel; 4. Limit wheel; 5. Conversion connector; 6. Solenoid valve; 7. Pneumatic quick coupling. 8. Shovel tip; 9. Jet exhaust; 10. Subsoiling conduit. 
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Figure 2. Dimensional diagram of the subsoiling shovel. 
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Figure 3. Dimensional diagram of the duct. 
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Figure 4. Diagram of subsoil ditch outline. a is the thickness of subsoiler, 4 cm;   b   is the width of the indirect action part;   c   is the contour width of deep loosening groove;     h   1     is the depth of the subsoiling operation;     r   1     is the radius of the slip line;      r   0     is the logarithmic spiral radius;   θ   is the central angle of the slip line;   φ   is the internal friction angle of the soil, taking 26°; Point Q is the center of the logarithmic spiral; Point A is the upper vertex of the deep loosening groove profile; Point B is the lower vertex of the deep loosening groove profile; Point K is the intersection of the point A and the bottom line of the deep loosening groove; the angle BAK is   η  ; the angle between the straight line QA and the straight line KA is   τ  ; the size of AK is the depth of the deep loosening operation,     h   1    ; and the size of BK is the width   b   of the indirect action part. 






Figure 4. Diagram of subsoil ditch outline. a is the thickness of subsoiler, 4 cm;   b   is the width of the indirect action part;   c   is the contour width of deep loosening groove;     h   1     is the depth of the subsoiling operation;     r   1     is the radius of the slip line;      r   0     is the logarithmic spiral radius;   θ   is the central angle of the slip line;   φ   is the internal friction angle of the soil, taking 26°; Point Q is the center of the logarithmic spiral; Point A is the upper vertex of the deep loosening groove profile; Point B is the lower vertex of the deep loosening groove profile; Point K is the intersection of the point A and the bottom line of the deep loosening groove; the angle BAK is   η  ; the angle between the straight line QA and the straight line KA is   τ  ; the size of AK is the depth of the deep loosening operation,     h   1    ; and the size of BK is the width   b   of the indirect action part.



[image: Agriculture 14 01417 g004]







[image: Agriculture 14 01417 g005] 





Figure 5. Diagram of disturbed soil wedge. 
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Figure 6. EDEM subsoiling simulation process. 
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Figure 7. Simulation results of chisel deep loosening shovel. (a) Subsoiling cross-section diagram. (b) Soil disturbance map. 
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Figure 8. Experiment of pulse-type gas explosion subsoiler. 1.Limit wheel; 2. air compressor; 3. subsoiling shovel; 4. frame; 5. portable power source; 6. pulse controller; 7. measuring device of field tillage force; and 8. solenoid valve. 
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Figure 9. Some key experimental equipment. (a) Automatic temperature control triaxial apparatus. (b) Field tillage resistance test system. (c) Subsoiling soil cross section mapper. 






Figure 9. Some key experimental equipment. (a) Automatic temperature control triaxial apparatus. (b) Field tillage resistance test system. (c) Subsoiling soil cross section mapper.



[image: Agriculture 14 01417 g009]







[image: Agriculture 14 01417 g010] 





Figure 10. Interaction effects of factors on subsoiling. (a) Influence of air pressure and pulse interval on the specific draught force. (b) Influence of pulse width and pulse interval on the specific draught force. (c) Influence of air pressure and pulse width on the bulkiness. (d) Influence of pulse width and pulse interval on the bulkiness. 






Figure 10. Interaction effects of factors on subsoiling. (a) Influence of air pressure and pulse interval on the specific draught force. (b) Influence of pulse width and pulse interval on the specific draught force. (c) Influence of air pressure and pulse width on the bulkiness. (d) Influence of pulse width and pulse interval on the bulkiness.



[image: Agriculture 14 01417 g010]







 





Table 1. Main structure and performance parameters of the machine.
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	Items
	Value





	Overall dimensions/(mm × mm × mm)
	2200 × 1350 × 1700



	Air compressor rated power/kW
	2.2



	Air compressor rated pressure/MPa
	0.8



	Air compressor air Displacement/(m3/min)
	2.5



	Maximum subsoiling depth/mm
	≥400



	Gas explosion pressure/MPa
	0.6~0.8



	Pulse width/s
	0.01~2.55



	Pulse interval/s
	0.01~2.55



	Pulse period/s
	0.01~2.55










 





Table 2. The required parameters in EDEM.
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Parameter

Type Check

	
Parameter Name

	
Value






	
Material

parameter

	
Soil particle radius/mm

	
4




	
Soil particle density/g/cm3

	
1.68




	
Poisson’s ratio of soil particles

	
0.36




	
Shear modulus of soil/Pa

	
1.31 × 106




	
Subsoiling shovel material density/(kg/m3)

	
7860




	
Poisson’s ratio of subsoiler material

	
0.31




	
Shear modulus of subsoiler material/Pa

	
7.85 × 1010




	
Exposure

parameter

	
Restitution coefficient between soil particles

	
0.5




	
Static friction coefficient between soil particles

	
0.35




	
Rolling friction coefficient between

soil particles

	
0.15




	
Soil particle-subsoiling shovel material

recovery coefficient

	
0.3




	
Static friction coefficient of soil

particles-subsoiling shovel material

	
0.7




	
Rolling friction coefficient of soil

particles-subsoiling shovel material

	
0.01











 





Table 3. Levels of test factors.
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	Level
	Air Pressure (MPa)
	Pulse Width (s)
	Pulse Interval (s)





	−1
	0.6
	0.05
	0.05



	0
	0.7
	0.15
	0.15



	1
	0.8
	0.25
	0.25










 





Table 4. Test design scheme and results of the path of the steepest ascent method.
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	No.
	Pressure (MPa)
	Pulse Width (s)
	Pulse Interval (s)
	Specific Draught Force (N/mm2)
	Bulkiness (%)
	Composite Score





	1
	0.3
	0.55