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Abstract

:

This study attempts to optimize the arc-shaped coned disk affecting the uniformity of the earlier designed fertilizer apparatus (FA), in particular, for application in the rice–oil rotation region in the middle and lower reaches of the Yangtze River, China. Based on theoretical analysis, a circular coned disk with the curvature gradual decline (GD) from top to bottom was designed, and the equation of the circular cone was determined. The EDEM discrete element software was used, using the coefficient of variation of the fertilization amount consistency in every row, the coefficient of variation of the fertilization amount stability, and the coefficient of variation of the fertilization amount consistency in the same row as evaluation indices. Simulations and comparative tests of FA performance were performed for three cases of the busbar top-to-bottom curvature variation: (i) gradual increase (GI), (ii) gradual decline (GD), and (iii) zero (0) variation. The experimental results show that at the FA rotation speed of 100~120 r/min and tilt of 1°~5°, the optimized FA had the optimal performance. High tilts and low rotation speeds provided the worst performance, with the variation coefficient of inter-row fertilization amount consistency of the FA below 10.23%. The variation coefficient of fertilizing amount stability was lower than 6.74%. The variation coefficient of intra-row fertilizing amount consistency was lower than 3.52%, while all performance indicators met the quality requirements of fertilizer discharge. Bench tests of the FA revealed that the variation coefficient of inter-row fertilizing amount consistency of the FA was below 10.23%, the variation coefficient of fertilizing amount stability was below 6.74%, and the variation coefficient of intra-row fertilizing amount consistency was below 3.52%. Field tests of the FA revealed that the variation coefficient of inter-row fertilizing amount consistency was below 7.68%, the variation coefficient of fertilizing amount stability was below 4.95%, and the variation coefficient of intra-row fertilizing amount stability was below 3.57%. All parameters were better than the industry standard, demonstrating that the FA had good fertilizing performance and met the quality requirements of field fertilization operations.
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1. Introduction


Agricultural non-point source pollution is an important factor restricting the sustainable development of agriculture and rural economies [1,2,3,4]. Precision fertilization is one of the key technologies to achieve agricultural non-point source pollution control. It is also an essential guarantee for the promotion and application of chemical fertilizer reduction and efficiency enhancement technologies, as well as agriculture’s green and sustainable development [5,6,7]. A uniform fertilizer plate is a core working component in the precision fertilization process to improve the fertilization uniformity and stability of the spiral cone centrifugal fertilizer apparatus (FA). It is also a vital factor influencing the precision of fertilizer application.



There are few studies on uniform fertilizer plates worldwide, and most studies focus on centrifugal FAs [8,9,10,11,12]. Jia et al. [13] designed a parabolic surface screed plate to improve the uniformity of humidification during the conditioning process of brown rice and carried out multifactor experiments using simulation software to obtain the optimized parameter combination of the screed plate. The research on cone-shaped seed-metering devices that could realize component seeding started as early as the 1950s [14]. Yang et al. [15] determined the critical parameters affecting the performance of the tapered canvas-belt seed-metering device through theoretical analysis and determined the optimized parameters of the FA through a three-factor quadratic rotation test, and a field test verified the seeding performance. Xu et al. [16] determined the key parameters affecting the uniformity of the seeding device through the mechanical analysis of the seeding cone of the seed meter and defined the parameters of the seeding cone through theoretical analysis. Yang et al. [17] performed a theoretical analysis of the seeding process in the cone centrifugal seed-metering device in the breeding drilling machine and analyzed the flow state of seeds in the seed-metering device and the force and motion of seeds in the cone seeding and centrifugal distribution device. Then, the existing centrifugal seed-metering device was optimized and improved.



Centrifugal FAs are widely used in field operations worldwide [18,19,20,21], and their crucial indicator is the uniformity of fertilizer spread. Sun et al. [22] optimized the core components of a centrifugal fertilizer distributor to improve fertilization uniformity and stability. Yang et al. [23] selected three key parameters controlling the uniformity of the centrifugal disc fertilizer distributor and carried out a response surface analysis test and a single factor test, as well as an experimental optimization of the FA. Hu et al. [24] designed an offset centrifugal fertilizer’s spreading disc with adjustable blade position and inclination according to the row spacing of tea trees and the physical characteristics of fertilizers. Guo et al. [25] designed a turntable variable FA and determined the parameters of critical components through theoretical analysis. Liu et al. [26] applied EDEM simulation software commonly used by scholars [27,28] at home and abroad to carry out single-factor experiments, multiple regression orthogonal rotation experiments, and objective optimization experiments on the factors affecting the uniformity of fertilization. It can be seen from the above research that uniformity is still a vital issue studied by scholars worldwide, and it is of great significance to saving planting and fertilizer and improving the precision of fertilization.



This study attempted to optimize the arc-shaped coned disk (ASCD) in the earlier designed spiral cone centrifugal FA [29,30] by the fertilizing performance criterion to further improve the fertilization apparatus’s uniformity and overall performance, and we analyzed the movement of granular fertilizer on the ASCD. In addition, we carried out simulation experiments of different forms of FA and explored their internal mechanisms to improve the overall performance of the FA with the following experimental verification.




2. Materials and Methods


2.1. Overall FA Structure and Working Principles


The spiral cone centrifugal FA contains the upper and lower shells and spiral disturbance coned disk, among other components. The latter comprises a spiral disturbance cup and an arc-shaped coned disk (ASCD). Its structure is shown in Figure 1.



When the FA is operating, under the rotation of the SDCD, the granular fertilizer is evenly dispersed to the circumference of the coned disk through the coned disk surface through the coil disturbance action of the spiral disturbance cup and the cone top action of the ASCD. Furthermore, it will be filled with the fertilizer chamber and discharged from the fertilizer discharge port to complete the precise and stable fertilizer discharge operation.




2.2. Analysis and Optimization of Fertilizer Uniform Plate


The ASCD is the main structure that affects the movement of granular fertilizer in the FA. Its busbar is a critical parameter that affects the rapid and uniform movement of the granular fertilizer to its surroundings on the ASCD surface. The movement of granular fertilizer on the fertilizer uniform plate mainly includes the movement on the surface of the fertilizer uniform plate and the disturbance area. The rapid downward movement of the granular fertilizer through the ASCD surface is a critical factor in improving the fertilization uniformity and stability of the FA.



The interaction forces between granular fertilizers are ignored to analyze the regularity of granular fertilizer moving outside the FA at different positions on the ASCD surface. The granular fertilizer located anywhere on the ASCD surface is selected as the target, and its force is shown in Figure 2.



According to the force analysis of the granular fertilizer on the coned disk, the force equation of the granular fertilizer is established.


   {     F C  +  F N  sin δ +  F f  cos δ = m  a C      G −  F N  cos δ −  F f  sin δ = m  a G       F C  = m  ω 2  r      F f  = μ  F N      G = m g      



(1)




where FC is the granular fertilizer received centrifugal force, N; FN is the granular fertilizer supported force by the ASCD surface, N; Ff is the friction of the ASCD surface to the granular fertilizer subject, N; δ is the angle between the tangent of the busbar and the horizontal plane at the ASCD surface where the granular fertilizer is located, °; m is the granular fertilizer mass, g; aC is the granular fertilizer acceleration along the x direction, m/s2; G is the gravity of the granular fertilizer, N; aG is the granular fertilizer acceleration along the y-axis, m/s2; ω is the angular velocity of the ASCD, rad/s; r is the distance from the granular fertilizer to the axis of the ASCD, m; μ is the friction coefficient; and g is the gravitational acceleration, m/s2.



According to the force analysis of the granular fertilizer on the ASCD surface and combined with Equation (1), it can be seen that when the granular fertilizer is closer to the axis of the ASCD, the force that moves to the outside of the FA mainly comes from gravity. When it is away from the axis of the ASCD, it is shifted outward by centrifugal force and gravity. To prevent the accumulation of granular fertilizer and ensure the rapid movement of granular fertilizer to the outer edge of the curved coned disk, the granular fertilizer needs to slide down quickly by its gravity at the top of the cone. So, the angle between the busbar tangent at the top of the ASCD and the horizontal plane should be as large as possible. As the granular fertilizer moves to the outer edge of the ASCD surface, the distance from the granular fertilizer to the axis of the ASCD increases, the centrifugal force gradually increases, and the angle between the tangent of the ASCD busbar and the horizontal plane increases can be appropriately reduced.



According to the above analysis, to ensure that the granular fertilizer moves down from the ASCD surface quickly and smoothly, the ASCD busbar is designed as a continuous smooth curve. To satisfy the fast movement of the granular fertilizer along the ASCD busbar, a schematic diagram of the ASCD busbar is established, as shown in Figure 3.



The busbar surface OD is divided into n segments with lines yk−1, yk, yk+1… parallel to the X-axis. The intersection of line yk−1 and busbar OD is A, the intersection of line yk and busbar OD is B, the tangent is kl, and the intersection of line yk+1 and busbar OD is C. The yk layer is between straight line yk−1 and straight line yk, and the distance is ya. The yko+1 layer is between the straight line yk and the straight line yk+1, and the distance is yb. The area formed between adjacent lines is one layer, and the height of each layer is close to 0. According to the law of energy conservation, the granular fertilizer moves from point A to point B in the curve segment. Therefore, the speed in the yk layer can be approximately considered unchanged, and the speed in the yk+1 layer when point B moves to point C is assumed unchanged. That is, the speed in each layer is unaffected. The time t for the granular fertilizer to move from point A to point C is:


  t =      x 2  +  y a 2       v k    +        (  c − x  )   2  +  y b 2       v  k + 1      



(2)




where t is the time for granular fertilizer to move from point A to point C, s; x is the horizontal distance from point A to point B, m; c is the horizontal distance from point A to point C, m; vk is the speed of the granular fertilizer in the yk layer, m/s; and vk+1 is the granular fertilizer speed in the yk+1 layer, m/s.



According to the above formula and analysis, the following equation can be obtained:


    d t   d x   =  x   v k     x 2  +  y a 2      −   c − x    v  k + 1        (  c − x  )   2  +  y b 2       



(3)







The unique stagnation point satisfies the following equation:


   x   v k     x 2  +  y a 2      =   c − x    v  k + 1        (  c − x  )   2  +  y b 2       



(4)







That is


    sin  α k     v k    =   sin  α  k + 1      v  k + 1      



(5)




where αk is the angle between straight line AB and vertical line x0, °; αk+1 is the angle between straight line BC and vertical line x0, °.



According to the above analysis, Equation (5) is valid for any value of k, and the height of each layer is close to 0, so it can be obtained that any point on the busbar satisfies the following condition:


    sin α  v  =  C 1   



(6)




where α is the angle between the tangent and the plumb at any point, °; v is the speed of the granular fertilizer at any point on the ASCD surface, and C1 is a constant.



Because the granular fertilizer is subjected to complex forces in the FA, it is not easy to directly perform theoretical calculations. For ease of analysis, the friction between the granular fertilizer and the smooth ASCD surface and the interaction between the granular fertilizer are ignored. According to the law of conservation of energy, the speed of the granular fertilizer at any point on the ASCD surface satisfies the following:


  v =   2 g y    



(7)




where g is the gravitational acceleration, m/s2, and y is the vertical distance between the granular fertilizer and point O, m.



According to the geometric relationship in Figure 3, we can obtain the following:


  sin α = cos β =  1  sec β   =  1    1 +   tan  2  β     =  1    1 +    (  y ′  )   2       



(8)







Combining Equations (6)–(8), the curve equation of the rapid downward movement of granular fertilizer can be obtained as:


  y [ 1 +   (  y ′  )  2  ] =  C 1   



(9)







According to Equation (9), we obtain the following:


    (  y ′  )  2  =    C 1  − y  y   



(10)







That is


    d y   d x   =      C 1  − y  y    ≜ cot t  



(11)







According to Equation (11), we can obtain:


    sin  2  t =    (     y      y + (  C 1  − y )      )   2  =  y   C 1     



(12)







Then,


  d y = 2  C 1  sin t cos t d t  



(13)







After that,


  d x = tan t  dy = 2   C 1    sin  2  t d t =  C 1   (  1 − 2 cos t  )  d t  



(14)







Integrating the above formula yields:


  x =    C 1   2   (  2 t − sin 2 t  )  +  C 2   



(15)




where C2 is a constant.



According to Figure 3, the busbar of the ASCD surface passes through the origin. Hence, C2 = 0 at t = 0



Thus, Equation (13) is reduced to


  x =    C 1   2   (  2 t − sin 2 t  )   



(16)







Let   R =    C 1   2   ,   θ = 2 t  .



Then,


   {      x = R  (  θ − sin θ  )        y = R  (  1 − cos θ  )         



(17)




where θ is the radius of a circle of radius R in radians, rad.



According to reference [29], under the condition that the outer diameter and height of the coned disk designed above are unchanged, Bring x and y values into Equation (17), and the ASCD busbar equation with the angle between the tangent and the horizontal plane gradually decreases from the upper end to the lower end and is obtained via the MATLAB software as follows


   {      x = 47.8  (  θ − sin θ  )        y = 47.8  (  1 − cos θ  )         



(18)








2.3. Simulation Tests


To further verify the rationality and validity of the parameters of the optimized ASCD and to explore the internal reasons for the differences in fertility apparatus performance, the variation coefficient of inter-row fertilization amount consistency was used to investigate fertilization uniformity. The variation coefficients of fertilizing amount stability and intra-row fertilizing amount consistency were used to examine the stability of the FA. Numerical analyses on the effects of different ASCDs on fertility uniformity and stability were performed.



2.3.1. Establishment of the Simulation Model


Three representative ASCD models were constructed for the following ASCD busbars’ top-to-bottom curvature configurations: (19) a gradually declined (GD)-curvature, as in the busbar obtained after the above optimization, (20) a gradually increased (GI)-curvature (a previously designed fertilizer apparatus. see reference [29] for relevant parameters), and (21) a zero (0)-curvature, corresponding to a straight line. As shown in Figure 4, the respective equations are as follows:


   {      x = 47.8  (  θ − sin θ  )        y = 47.8  (  1 − cos θ  )         



(19)






  y =    H 0     R 0 2       (   R 0  − x  )   2   



(20)






  y = −   16   15   x + 80  



(21)







We used Solidworks to establish the geometric model of the spiral cone centrifugal FA corresponding to the form of three ASCDs and import it into EDEM. At the same time, to improve the calculation speed of the simulation, the FA was simplified into two parts: the upper-end cap and the ASCD.



According to the movement of granular fertilizer in the spiral cone centrifugal FA, the movement process of granular fertilizer will inevitably cause collisions between particles to generate force. Because the contact mode of granular fertilizer and the characteristics of the soft particle model can simulate the overlapping between particles and the extremely low water content of granular fertilizer can be regarded as dry particles, the adhesion between particles can be ignored. We adopted the soft particle contact model and followed the normal contact and tangential contact theories. Therefore, the Hertz–Mindlin nonslip contact model [31] was selected as the contact model between the granular fertilizer and spiral cone centrifugal FA. In this paper, the Stanley compound fertilizer was selected. This fertilizer particle size was uniform, the strength was high, it did not readily absorb moisture and agglomerate, and its shape was close to a spherical granular body. The granular fertilizer and FA simulation parameters can be found elsewhere [30].




2.3.2. Simulation Test Design of Fertilizing Performance of Fertilizer Apparatus in Horizontal State


The variation coefficients of fertilizing amount stability, inter-row fertilizing amount consistency, and intra-row fertilization stability are key indicators used to measure FA performance. According to previous experiments, granular fertilizer could be discharged only at 60 r/min, but the fertilizing amount failed to meet the requirement of rapeseed fertilizer at this speed, When the rotating speed is 130 r/min, the fertilizing amount can be fully met [29]. Therefore, three FA comparative tests were carried out with rotation speeds of 80~130 r/min, 10 r/min intervals, and a total of six levels. Thus, three FA comparative tests were performed with 10 r/min intervals and a total of six levels. The particle generation rate was 100,000 particles/s, and the total number of particles was 50,000. The particles’ generation started simultaneously with the simulation start. The ASCD rotation started at 1 s to ensure that the granular fertilizer was completely still in the fertilizer box when the ASCD rotated.




2.3.3. Simulation Test Design of Fertilizing Performance of Fertilizer Apparatus in a Tilted


When the FA is working in the field, it will cause tilting of the FA due to the machine’s floating, which will affect the fertilizing performance in the field. To explore the regularity of the FA effect on the fertilizing performance under various tilts, and to improve the efficiency of comparative analysis of the fertilizing performance of various forms of the FA under different tilt states and different rotation speeds. At the same time, considering the operation requirements of the FA in the field, and combined with the relevant test results in reference [29], when the rotational speed of FA is 100–120 r/min, the fertilizer feeding rate can meet the requirements of field fertilization amount in most areas, and the tilt of machines and tools generally did not exceed 5° when working in the field. Therefore, adaptability analysis of the three FAs at tilt angles of 1°, 3°, 5°, and coned disk rotation speeds of 100, 110, and 120 r/min was carried out. Using the variation coefficient of inter-row fertilizing amount consistency as the indicator, the inter-row fertilizing amount radar chart was constructed from a top-down perspective, which can intuitively reflect the distribution of granular fertilizer in the fertilizing pipe.





2.4. Fertilizing Performance Bench Tests


To further verify the fertilizing performance of the 3D-printed optimized FA with high-precision photosensitive resin, Stanley compound fertilizer was used as the test material to fertilize the FA with the customized bench at the 80~130 r/min, a tilt of 0° (i.e., horizontal state), and 5° performance test, and each trial was repeated three times in each experiment and averaged. The bench and ASCD-optimized FA are shown in Figure 5. In the experiment, a laser velocimeter (with a speed of SW6234C) was used to measure the rotation speed of the FA. A mega meter adjustable DC power RXN-3005D was used as the power supply. The variation coefficients of intra-row fertilization amount consistency, inter-row fertilization amount consistency, and fertilization amount stability were used as indicators.




2.5. Field Tests


To further verify the adaptability of the optimized FA to complex field conditions, we used the variation coefficient of the fertilization amount in the Agricultural Industry Standard of the People’s Republic of China NY/T1143-2006 Technical Specifications for Quality Evaluation of Planters as the evaluation basis [32]. Based on the 2BYQ-8 rapeseed seeder platform, a field test was carried out at the Jianli Experimental Demonstration Base in Hubei, as shown in Figure 6. The supporting power was a tractor (Dongfanghong LX954-C), the granular fertilizer was Stanley compound fertilizer, and the fertilizer rate was 525 kg/hm2. Combined with the field operation speed of the machine, the experiments were carried out at tractor travel speeds of approximately 4, 5, and 5.8 km/h, which corresponded to fertility apparatus rotation speeds of 100, 110, and 120 r/min, respectively. The tractor continuously traveled for 30 s in each trial, and each trial was repeated three times in each experiment. In the experiment, we used a fertilizer bag to receive each fertilizing pipe granular fertilizer and weighed it.





3. Results


3.1. Simulation Test Results


3.1.1. Simulation Test Result of Fertilizing Performance of Fertilizer Apparatus in Horizontal State


Table 1 describes the simulation process of the three FAs constructed according to three different ASCD busbars. As shown in Table 1, the three FAs had significant differences in the granular fertilizer filling process. The optimized FA granular fertilizer filled quickly, and the fertilizer chamber was filled with granular fertilizer when the ASCD was not rotating. A stable and continuous fertilizer flow was formed after rotating for 0.15 s. In the case of GI-curvature of busbar’s top-to-bottom surface, the filling speed was lower than that of the optimized FA granular fertilizer with GD-curvature. When the ASCD did not rotate or rotated for 0.15 s, the fertilizer chamber was not filled with fertilizer, which occurred after 0.6 s. The ASCD busbar with a 0-curvature of FA had a minimal filling speed. When the ASCD did not rotate, the fertilizer chamber was seriously underfilled. There were still severe vacancies at 0.15 s and 0.6 s of rotation, and the granular fertilizer was filled with the fertilizer chamber at 1.6 s of rotation. This shows that the FA had a better filling ability after optimizing the ASCD. The fertilization directly influenced the fertilizing performance by changing the variation coefficients of fertilizing amount stability, inter-row fertilizing amount consistency, and intra-row fertilizing amount consistency of the FA under different rotation speeds.



Table 2 shows the variation coefficients of fertilizing amount stability, inter-row fertilizing amount consistency, and intra-row fertilization stability of different forms of FA at different rotation speeds. As observed, under the same coned disk rotation speed, the ASCD busbar with GD-curvature exhibited lower variation coefficients of fertilizing amount stability, inter-row fertilizing amount consistency, and intra-row fertilization stability than GI- and 0-curvature ones, which was mainly related to the filling speed and effect of the FA. When the coned disk rotation speed increased gradually, the variation coefficients of fertilizing amount stability and inter-row fertilizing amount consistency of the three FAs showed a decreasing trend, and its variation coefficients of stability did not change significantly with the coned disk rotation speed. The variation coefficient of intra-row fertilization stability of different forms of fertility apparatus at different rotation speeds was small, indicating that the fertilizing amount in each pipeline of the fertility apparatus was stable and the fertilizing performance was reliable.




3.1.2. Simulation Test Result on Fertilizing Performance of Fertilizer Apparatus in a Tilted


The test results are shown in Figure 5. Herein, 1~8 represent the fertilizing pipe numbers, while the blue color represents the ASCD busbars with a GD in the FA fertilizing amount of each row, red represents those with a GI in FA fertilizing amount for each row, and green represents those with 0-curvatures in FA fertilizing amount of each row. The data at the top of the radar map are the corresponding variation coefficients of inter-row fertilizing amount consistency.



According to the distributions of granular fertilizer in different pipes in Figure 7, the lowest fertilizer rate was observed in the ASCD busbar with 0-curvature. The other two types of FA had slight rate differences. When the FA rotation speed remained unchanged, and its tilt was increased, the difference in the amount of fertilizing within each fertilizing pipe of the same FA also increased. Moreover, the amount of granular fertilizer discharged from fertilizing pipes 4 and 5 increased significantly and could be ranked in decreasing order as follows: GD-, GI-, and 0- curvatures. When the FA tilt remained unchanged, and the rotation speed increased, the difference in the amount of fertilizing within each fertilizing pipe of the same FA gradually dropped. According to the variation coefficients of inter-row fertilization amount consistency shown in Figure 7, at the same tilt, with the increased rotation speed, the variation coefficients of inter-row fertilization amount consistency of the three FAs all showed a decreasing trend. At the same rotation speed, the variation coefficients of inter-row fertilization amount consistency of the three FAs tended to increase with tilt. At the same rotation speed and tilt values, the variation coefficient of inter-row fertilizing amount consistency of the ASCD busbar top-to-bottom curvature with gradually decreasing FA was lower than that of the other two forms of the FA. In addition, the inter-row fertilization amount consistency of the ASCD busbar with 0-curvature was the worst among the three FAs under study. It can be seen from the above comparative experiments that the ASCD busbar with GD-curvature (hereinafter called the optimized FA) had the best performance, meeting all requirements of fertilizer discharge quality.




3.1.3. Analysis of the Internal Mechanism of Fertilizing Performance Differences


As discussed above, the optimized FA had the best fertilizing performance. To further explore the internal mechanism of the difference in fertilizing performance of granular fertilizer in different FAs, we selected three FAs after stable fertilization (after the FA was rotated for 0.2 s, that is, at 1.2 s) as the representative granular fertilizer, indicated by the red dots in Figure 8a. (Granule 1 was located at the outermost edge of the apex of the fertility apparatus ASCD near the inner wall of the spiral disturbance cup, and Granule 2 was located at the apex of the fertility apparatus ASCD.) The EDEM post-processing software was used to analyze the speed change of granular fertilizer in the direction of the X-axis (located on the plane formed by the center of each fertilizing pipe-discharge port, from the axis of the FA to the center of the no. 5 fertilizing pipe discharge port) in different forms of FA, as shown in Figure 8b,c (here, blue, red, and green curves represent speed variations of granular fertilizers in the ASCD busbars with GI-, GD-, and 0-curvatures, respectively).



As observed, the selected granular fertilizer had irregular velocity fluctuations in the horizontal X-axis direction first, indicating that the granular fertilizer moved to the lower end of the FA under the effect of the disturbance of the spiral disturbance cup at this time. After 1.8 s, a regular fluctuation of the speed in the horizontal X-axis direction appeared, indicating that the granular fertilizer entered the fertilizer chamber and moved to the outer edge of the FA under the action of the ASCD surface and the rotation of the FA. After fluctuating for some time, the granular fertilizer loses its speed in the horizontal X-axis direction, indicating that the granular fertilizer has been discharged from the fertilizer discharge port at this time. The time for the two granular fertilizers selected in the optimized FA to be discharged from the FA was shorter than that of the other two types of FA. Combined with the above simulation analysis and comparison experiments, it can be seen that the movement time of granular fertilizer in the FA is an essential factor affecting the fertilizing performance of granular fertilizer. The shorter the time, the faster the fertilizer chamber will be filled. It should be ensured that the fertilizer chamber is filled with granular fertilizer and a stable fertilizer flow is formed and discharged from the fertilizer discharge port, which is beneficial to improve the performance of the FA and verifies the correctness of the adopted theory. To verify the working quality of the optimized FA, further verification experiments were carried out on the FA performance.





3.2. Bench Test Results


The test results on FA fertilizing performance are listed in Table 3.



As observed, the variation coefficients of inter-row fertilization amount consistency and fertilizer amount stability decreased with increasing FA rotation speed when the FA was in the horizontal and tilted states. When the FA was in a horizontal state, the variation coefficient of inter-row fertilization amount consistency did not exceed 8.57%, and the variation coefficient of fertilization amount stability was below 5.68%. When the FA was tilted, the variation coefficient of inter-row fertilization amount consistency was below 10.23%, and the variation coefficient of fertilization amount stability was below 6.74%. In this situation, all indicators met the requirements of industry standards. The variation coefficient of intra-row fertilizing amount consistency remained unchanged with increased rotation speed. The variation coefficients of inter-row fertilization amount consistency and fertilization amount stability in the horizontal state were better than those in the fertilized tilted state, but the difference was insignificant. The variation coefficient of intra-row fertilizing amount consistency was below 3.52%. Compared with the simulation results, there was a specific difference between the bench test and simulation results, mainly related to a particular deformation of the FA. After 3D printing, the granular fertilizer achieved an irregular shape, deteriorating the bench test results. However, both test results properly reflected the test conditions. The bench test results met the requirements of industry standards, suggesting that the FA had good fertility and uniformity. In addition, it had good adaptability to the inclined state and met the operation quality requirements of complex field conditions.




3.3. Field Test Results


According to field test results statistics, the variation coefficient of inter-row fertilization amount consistency of the FA was below 7.68%, the variation coefficient of fertilization amount stability was below 4.95%, and the variation coefficient of intra-row fertilization amount consistency was below 3.57%. All numbers met the industry standard requirements for completing the field fertilization operations. At the same time, the performance parameters of the fertilizer apparatus are better than those of the mainstream fluted roller fertilizer apparatus [33]. It showed that the optimized design of the fertilizer apparatus was more suitable for the simultaneous fertilization of rape sowing.





4. Conclusions


This study is based on a theoretical analysis. An arc-shaped coned disk with the GD-curvature was optimally designed. The fertilizer apparatus designed has positive significance for improving the synchronous fertilization level of rape seeding, improving the utilization rate of fertilizer, reducing the amount of fertilizer, and promoting the green development of agriculture in the middle and lower reaches of the Yangtze River.



With the same coned disk rotation speed and tilting, the variation coefficients of fertilizing amount stability of the optimized FA, inter-row fertilizing amount consistency, and intra-row fertilization stability outperformed ASCD busbars with gradually increasing and zero curvatures. Bench tests of the FA revealed that the variation coefficient of inter-row fertilizing amount consistency of the FA was lower than 10.23%, the variation coefficient of fertilizing amount stability was lower than 6.74%, and the variation coefficient of intra-row fertilizing amount consistency was lower than 3.52%. Field tests of the FA revealed that the variation coefficient of inter-row fertilizing amount consistency was lower than 7.68%, the variation coefficient of fertilizing amount stability was lower than 4.95%, and the variation coefficient of intra-row fertilizing amount stability was lower than 3.57%. All parameters were better than the industry standard, demonstrating that the FA had good fertilizing performance and met the quality requirements of field fertilization operations.
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Figure 1. FA structure: 1—upper shell; 2—spiral disturbance cup; 3—ASCD; 4—fertilizing pipe; 5—lower shell; 6—drive shaft. 
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Figure 2. Schematic diagram of the forces on the cone disc for granular fertilizers. 
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Figure 3. Structure of ASCD busbar. 
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Figure 4. Busbar pattern of the arc-shaped cone disc: ① a gradually declined (GD)-curvature; ② a gradually increased (GI)-curvature; ③ a zero (0)-curvature. 
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Figure 5. Bench test of FA: 1—fertilizer box; 2—bench; 3—fertilizing pipe; 4—fertilizer box; 5—laser velocimeter; 6—mega-meter adjustable DC power; 7—spiral disturbance cone centrifugal FA. 
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Figure 6. Field test of FA: 1—spiral cone centrifugal FA; 2—2BYQ-8 rapeseed seeder. 
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Figure 7. The adaptability of the tilted FA. 
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Figure 8. Movement of granular fertilizer: (a) selected location of granular fertilizer; (b) speed curves of granular fertilizer 1 in different FAs; (c) speed curves of granular fertilizer 2 in different FAs. 
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Table 1. Simulation of different forms of FA.
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Rotation time/s

	
Busbar Forms of ASCD




	
GD-Curvature

	
GI-Curvature

	
0-Curvature






	
0

	
 [image: Processes 11 00199 i001]

	
 [image: Processes 11 00199 i002]
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0.15
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0.6
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1.6
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Table 2. Analysis of the fertilizing performance of various forms of FA.






Table 2. Analysis of the fertilizing performance of various forms of FA.





	
FA Type

	
Coned Disk

Rotation Speed/(r·min−1)

	
Fertilizing Pipe Number

	
Variation Coefficient of Inter-Row Fertilizing Amount Consistency/%

	
Variation Coefficient of Fertilizing Amount Stability/%




	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8




	
Variation Coefficient of Intra-Row Fertilizing Amount Consistency/%






	
ASCD busbar with GD-curvature

	
80

	
1.68

	
2.19

	
1.77

	
1.52

	
2.24

	
2.16

	
1.81

	
2.29

	
7.21

	
4.63




	
90

	
1.88

	
2.66

	
0.91

	
0.88

	
1.09

	
1.64

	
1.21

	
0.97

	
5.92

	
3.93




	
100

	
1.47

	
1.15

	
1.61

	
1.64

	
2.19

	
1.23

	
1.22

	
0.94

	
5.05

	
3.28




	
110

	
0.86

	
0.99

	
0.76

	
1.34

	
1.05

	
0.89

	
1.86

	
1.6

	
4.27

	
3.05




	
120

	
1.16

	
1.14

	
1.35

	
0.85

	
0.83

	
1.16

	
0.87

	
1.23

	
3.78

	
2.57




	
130

	
0.98

	
2.07

	
1.32

	
0.94

	
1.22

	
1.37

	
1.43

	
1.42

	
2.75

	
2.33




	
ASCD busbar with GI-curvature

	
80

	
2.99

	
2.48

	
2.36

	
3.07

	
2.58

	
2.62

	
3.08

	
2.99

	
8.57

	
4.91




	
90

	
3.47

	
2.68

	
1.68

	
1.89

	
1.71

	
2.01

	
1.77

	
2.44

	
7.28

	
4.25




	
100

	
1.96

	
2.27

	
2.44

	
2.99

	
2.41

	
2.02

	
1.75

	
2.03

	
6.47

	
3.66




	
110

	
1.68

	
1.68

	
2.13

	
1.85

	
1.66

	
2.66

	
2.4

	
1.69

	
5.32

	
3.44




	
120

	
1.98

	
1.96

	
1.64

	
1.62

	
2.16

	
1.65

	
2.01

	
1.96

	
4.18

	
2.94




	
130

	
2.86

	
1.78

	
1.74

	
2.02

	
2.18

	
2.23

	
2.24

	
2.13

	
3.19

	
2.57




	
ASCD busbar with 0-curvature

	
80

	
2.84

	
4.29

	
4.17

	
2.96

	
4.05

	
3.56

	
3.89

	
2.31

	
9.32

	
6.09




	
90

	
2.82

	
2.42

	
2.49

	
3.00

	
2.40

	
3.32

	
2.89

	
2.50

	
8.15

	
5.37




	
100

	
2.65

	
2.57

	
2.74

	
2.79

	
2.71

	
2.52

	
1.97

	
2.60

	
6.89

	
4.75




	
110

	
2.02

	
2.47

	
2.29

	
2.04

	
2.29

	
2.56

	
3.06

	
2.43

	
5.94

	
4.56




	
120

	
1.88

	
1.50

	
1.74

	
2.22

	
2.02

	
2.12

	
2.55

	
2.47

	
5.02

	
4.03




	
130

	
2.36

	
1.84

	
2.24

	
2.18

	
2.13

	
2.05

	
2.25

	
2.11

	
4.25

	
3.67
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Table 3. Bench test results on fertilizing performance.
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Tilt/°

	
Coned Disk

Rotation Speed/(r·min−1)

	
Fertilizing Pipe Number

	
Variation Coefficient of Inter-Row Fertilizing Amount Consistency/%

	
Variation Coefficient of Fertilizing Amount Stability/%




	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8




	
Variation Coefficient of Intra-Row Fertilizing Amount Consistency/%






	
0

	
80

	
2.32

	
2.47

	
1.55

	
1.87

	
2.52

	
1.45

	
2.09

	
2.89

	
8.57

	
5.68




	
90

	
2.01

	
2.42

	
2.42

	
1.09

	
1.02

	
1.22

	
1.84

	
1.39

	
7.29

	
5.14




	
100

	
1.87

	
2.39

	
1.91

	
2.21

	
1.45

	
1.70

	
2.24

	
2.11

	
5.88

	
4.55




	
110

	
1.46

	
1.60

	
1.08

	
1.47

	
1.58

	
2.16

	
1.65

	
1.75

	
4.61

	
4.29




	
120

	
1.10

	
1.46

	
1.17

	
1.44

	
1.20

	
1.28

	
1.12

	
2.04

	
4.05

	
3.71




	
130

	
1.31

	
1.06

	
1.39

	
1.38

	
1.57

	
1.17

	
1.83

	
1.32

	
2.67

	
3.06




	
5

	
80

	
3.52

	
2.67

	
2.17

	
2.09

	
2.31

	
1.66

	
3.44

	
2.91

	
10.23

	
6.74




	
90

	
3.40

	
1.95

	
2.19

	
1.82

	
2.14

	
2.41

	
3.04

	
2.06

	
9.07

	
6.25




	
100

	
1.90

	
2.24

	
1.09

	
1.92

	
2.35

	
1.85

	
1.91

	
1.75

	
8.64

	
5.42




	
110

	
1.71

	
1.40

	
1.53

	
1.90

	
1.82

	
2.19

	
2.23

	
1.77

	
6.37

	
5.01




	
120

	
2.00

	
1.84

	
1.46

	
1.64

	
0.85

	
1.48

	
1.87

	
2.32

	
5.61

	
4.35




	
130

	
1.39

	
1.87

	
1.57

	
1.57

	
1.78

	
1.59

	
1.47

	
1.64

	
4.39

	
3.61
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