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Abstract

:

To solve the problems of congestion and increased power consumption of wheat combine harvesters (WCHs) caused by excessive feed rate, this paper proposes a method to reduce the feed rate by decreasing the feed length of the stalk and designs a double-cutterbar combine header (DCH). Using the threshing test bench and taking the feed rate, the feed length of the stalk, and the speed of the tangential threshing rotor as the influencing factors and the conveying time as the index, the influence of different parameters on the conveying performance was analyzed. The optimal parameters were obtained: the feed rate was 8 kg/s, the feed length of the stalk was 380 mm, the speed of the cutting drum was 554 r/min, and the conveying time was 8.089 s. The optimized parameter combination was tested and verified, and the test results show that the relative error with the predicted value was 0.198%, proving the reliability of the optimized parameters. The critical components of the DCH were designed, the movement process of the profiling mechanism was simulated using ADAMS software, and the structural dimensions of the profiling mechanism were determined. The field performance test of the WCH with a DCH was carried out. The results showed that the loss rate and stubble height met the operation quality requirements. At the same operation speed, the fuel consumption was 11.2% less than that of the WCH with a conventional header, providing a technical reference for the efficient harvest of the WCHs.
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1. Introduction


When harvesting, the feed rate of WCHs constantly changes due to factors including header height, harvesting speed, crop moisture content, and density [1,2,3,4]. Farmers have recently used plant growth regulators in the wheat plantation process to improve wheat yield, which leads to the high moisture content of wheat stalks during harvest. Compared with the low moisture content of wheat stalks, the feed rate of the WCHs will increase at the same harvest speed, which further increases the workload imposed on the operating parts of the WCHs and even causes blockages. Methods such as elevating the header or reducing the cutting width and operating speed of WCHs are usually adopted to adjust the feed rate to avoid blockages. However, elevating the header will increase the stubble height, which affects the operation quality and is not conducive to subsequent crop planting [5]. At the same time, reducing the cutting width and operating speed will reduce the operational efficiency and increase the harvest loss [6].



As an essential part of the WCH, the header significantly impacts the harvest quality [7]. Most WCHs in China use rigid screw conveyor headers and a mechanical transmission system. Large-scale WCHs in other countries mostly use flexible transmission belt headers with high intelligence. Many scholars have also researched the automatic control of header operation parameters in recent years. Through automatic adjustment of header height [8,9,10,11,12,13,14], reel height and rotation speed [15,16,17], and screw conveyor clearance [18], problems such as combined harvester congestion and increased harvest loss caused by changes in feed rate can be mitigated. Still, it is only partially suitable for China’s wheat harvest operation. In their research on the structure of the combine header, Li et al. [19] optimized the structure parameters of the header frame. Xie et al. [20] designed a belt conveyor header for the soybean combine harvester to solve the problems of uneven feeding and congestion. Zhang et al. [21] designed a double crank plane five-bar reel mechanism to solve issues such as easy winding and hanging straws of the reel. Qing et al. [7] designed a reel with improved tine trajectory for harvesting oilseed rape to reduce harvest loss. Van et al. [22] designed a screw conveyor based on a cam mechanism for retracting the fingers to solve the problem of a dead zone between the screw conveyor and inclined conveyor and to improve conveying performance.



The factor limiting the performance of the combine harvester is its ability to handle a large amount of stalk and separate the grain from it. To reduce the number of stalks entering the combine harvester, Shelbourne Company designed the stripper header, which only combs the grains off the stalks and feeds them into the combine harvester, which can effectively reduce the feed rate but results in a high harvest loss [23,24]. Wang [25] once proposed to feed only the head of grain into the combine harvester and designed a secondary cutting and directional conveying device. The test results show that reducing the feed length can effectively reduce power consumption and improve operation efficiency, but its adaptability could be better. Dai et al. [26] designed a plot wheat seed harvester, which realized the harvest of wheat spike and effectively reduced the load of the threshing and cleaning system. The above research shows that harvesting only the upper part of the wheat plant is feasible. This paper proposes a method to reduce the feed rate by reducing the feed length of the wheat stalk and determines the optimal feed length of the wheat stalk through bench tests. The DCH of the WCH is designed to solve the problems of congestion and increased power consumption.




2. Materials and Methods


2.1. Structure and Working Principles of the DCH


A DCH was designed based on the horizontal screw conveyor header of WCHs, which has two layers of cutterbars, as shown in Figure 1a. The DCH is mainly composed of the frame, a reel, a screw conveyor, upper cutterbars, lower cutterbars, wobble boxes, a profiling mechanism, and a transmission system. Among them, the profiling mechanism consists of a fixed beam, support arms, a height-limiting connecting rod, a swing block, and the ground wheel of the upper cutter. The swing block, support arm, and connecting rod installed with a height-limiting block form a crank rocker mechanism, as shown in Figure 1b. The fixed beam is welded to the support arms on both sides, and the upper cutter and ground wheel are installed on the fixed beam. In the case of uneven terrain, the profiling mechanism can enable the lower cutterbars to fluctuate with the change in wheat field terrain, which ensures consistency of cutting height and protects the cutterbars from damage to some extent.



Before an operation, a hydraulic height adjustment handle on the DCH is used to lower the header. In lowering the header, the ground wheel is the first to come into contact with the ground. The height of the lower cutterbars no longer undergoes significant fluctuation, while the upper cutterbars continue to descend to the set height. A schematic representation of the DCH in service is shown in Figure 2. The plant height of wheat is L1; the upper cutterbars first cut the upper part of the wheat stalks, which can then be pulled into the screw conveyor under the effect of the reel. The cut part with a stalk length of L2 is fed into the combine harvester; the middle part of the wheat stalks can be cut by the lower cutterbars and then scattered across the field. The length of the central part of wheat stalks is L3. The uncut part of the wheat stalks remains on the ground, forming stubble with a height of h. The fixed scale of the oil cylinder on the DCH can be adjusted to tune the length of stalks cut by the upper cutterbars to adapt to harvesting wheat plants with different heights.




2.2. Conveying Performance Bench Test


When using the DCHs to harvest wheat, the length of the wheat stalk cut by the header and fed into the combine does not match the working parameters of the relevant DCH parts, which adversely affects the conveying performance. Therefore, to reduce the probability of congestion, a test was carried out on the threshing test bench to determine the best stalk feed length and working parameters by exploring the influence of the parameters of WCHs on the conveying performance, which can provide the basis for the structural design of the DCH.



2.2.1. Test Equipment


The structure of the threshing test bench consists of a frame, a longitudinal axial flow threshing and separating device, a tangential flow threshing and separating device, an inclined conveyor, a screw conveyor, a material conveying platform, and a grain collecting box, as shown in Figure 3. The tangential flow threshing and separating device, inclined conveyor, and screw conveyor bring wheat stalks into the longitudinal axial flow threshing and separating device. In contrast, the tangential flow threshing and separating device completes some of the threshing tasks. Moreover, a 37 kW three-phase asynchronous motor and its supporting frequency converter are used simultaneously to drive the tangential flow threshing rotor, the inclined conveyor, and the screw conveyor and adjust their speeds. The longitudinal axial flow threshing rotor imposes a significant workload; a 75 kW three-phase asynchronous motor and its supporting frequency converter are exclusively used for driving the threshing rotor, for which the angular velocity is also adjusted. The material conveying platform is 10 m long and feeds wheat stalks into the harvester. The frequency converter is used to adjust the rotational speed of the asynchronous motor to change the conveying velocity, thereby controlling the feed rate.




2.2.2. Experimental Materials and Methods


The test wheat cultivar was Zhoumai 32, and its average plant height was 743 mm. The test used manually harvested wheat and a cutting height of 50 to 80 mm. The grain moisture content was identified as 14.2%.



Combining this with the requirements of Equipment for harvesting—Combine harvesters—Test Procedure (GB /T 8097-2008), conveying time was taken as the testing indicator for the performance of conveying. The conveying time refers to when the wheat is first conveyed by the conveying platform to the screw conveyor, then passes through the inclined conveyor and the tangential flow threshing rotor, and finally arrives at the longitudinal axial flow threshing rotor. An observation window is set on the side sealing plate of the tangential threshing device, and the NORPIX FR-1000 high-speed digital camera is used to photograph the movement of materials in the transition area of the tangential axial threshing device, as shown in Figure 4. In the test, the acquisition frame rate of the high-speed digital camera was set to 200 frames per second, and the image recording began when turning on the conveying platform. The time taken for the material conveying platform to deliver the wheat to the screw conveyor is t1. After the tests ended, Image-Pro Premier image analysis software was used to analyze the collected images. To avoid a small number of stalks remaining in the header frame and inclined conveyor during the later stage of material conveying from affecting the judgment of the end time, based on less than or equal to five stalks in five consecutive frames of images, the time corresponding to the first frame of the image was selected as the end time t2 [27], as shown in Figure 5. The results of the experiments have shown that the number of images with less than or equal to five stalks in succession is less than 10 frames, so the error in judging the conveying time of high-speed photographic images is less than 0.05 s. The conveying time t is:


  t =  t 2  −  t 1   



(1)







Three factors and three levels of the Box–Behnken response surface analysis methods were used in the test [28]. The test factors, such as feed rate, feed length of stalk, and speed of the tangential threshing rotor, were expressed as A, B, and C, respectively, and the conveying time was the test indicator, which was expressed as Y. The coding table of test factors is shown in Table 1.



Adjust the speed of the axial threshing rotor to 900 r/min and the speed of the conveying bench to 1 m/s. Cut the harvested wheat stalks and keep the upper part of the stalks at 300 mm, 450 mm, and 600 mm, respectively. Weigh the materials with different lengths of 24 kg, 27 kg, and 30 kg by an electronic scale and lay them evenly on the rear 3 m conveying platform with the wheat ears toward the threshing test bench to achieve feeding speeds of 8 kg/s, 9 kg/s, and 10 kg/s.





2.3. Design of Critical Components of the DCH


2.3.1. Reel


A reel is installed at the front of the DCH, which picks up and conveys wheat stalks into the cutting device. In this process, the reel also supports the wheat stalks being cut. The reel can help the cutting device fulfill the cutting operation while pushing harvested wheat stalks into the screw conveyor to avoid cut stalks piling up at the front of the header. As a cam-action reel exerts a strong stalk-lifting force and has a small impact on cropped ear-heads, they are primarily used in rice and WCHs. The structure consists of central spoke wheels, a central rotatable shaft, tine bars, tines, an eccentric spoke wheel, and cranks, as shown in Figure 6. The eccentric spoke wheel, cranks, and central spoke wheel constitute a parallel four-bar linkage mechanism that allows the tines to maintain a well-adjusted dip angle. The diameter of the reel D1 is 1000 mm, and the eccentricity of an eccentric spoke wheel and central spoke wheel e1 is 72 mm.




2.3.2. Screw Conveyor


The structure of the screw conveyor is composed of a cylinder welded with left- and right-handed spiral blades and retractable fingers (Figure 7). The retractable fingers are installed at the screw cylinder, and 16 retractable fingers (with four retractable fingers in each group) are hinged abreast on the retractable finger shaft. The retractable fingers are riveted to a crank and a fixed shaft. The eccentric distance between the center of the retractable fingers and the screw cylinder is e2. To avoid the winding of wheat stalks, the perimeter of the screw cylinder must be larger than the length of wheat stalks that have entered the DCH [29]. Generally, the diameter D2 of the screw cylinder is 300 mm. To improve the conveying performance of the spiral conveyor on short wheat stalks, the outer diameter of the spiral blades D3 is 500 mm, and the screw pitch S is 460 mm.



The screw cylinder, when rotating, drives the retractable fingers to also rotate. As the screw cylinder and retractable fingers are not concentric, the retractable fingers undergo telescopic motion relative to the screw cylinder surface. When the retractable fingers turn back, they should retract into the screw cylinder, but their protrusion of 10 mm remaining outside the screw cylinder should be ensured to avoid the wear-out of the ends of the retractable fingers. When the retractable fingers turn forward, they should stretch to 40–50 mm outside the spiral blades within the screw cylinder in a bid to ensure their clamping capability [30]. Thus, we obtain,


   e 2  =    D 3  −  D 2   4  + ( 15 ~ 20 )  



(2)






  L =    D 2   2  + 10 +  e 2   



(3)




where e2 is set to 70 mm and the length of retractable fingers L is 280 mm.




2.3.3. Parameters of the Header Triangle


The triangle of the header refers to a particular space composed of three main working parts: a reel, a cutterbar, and a screw conveyor, as shown in Figure 8. Compared with the conventional header, the wheat stalks cut and transported by the DCH are short in length. The triangle is too large, so the crops quickly accumulate between the cutter and the screw conveyor. When the crop is stacked to a certain amount, it will be grabbed by the blades of the screw conveyor, resulting in uneven transportation, feeding, and even blocking; if the triangle area is too small, the harvest loss will increase. The vertical distance H1 between the central rotatable shaft of the reel and the upper cutterbar, the horizontal distance L4 between the screw conveyor center and the upper cutterbar beam, and the forward displacement b of the central rotatable shaft (taking the central rotatable shaft directly above the upper cutterbar as the central position) affect the size of the triangle. L4 is usually 350–500 mm. We selected L4 as 450 mm. To make the reel tine shaft have a backward horizontal speed above the cutter, the maximum forward displacement of the reel main shaft bmax is [30]:


   b  max   =    D 1    2 λ    λ 2  − 1      



(4)







In Formula (4), λ is the ratio of the circumferential speed of the reel to the operating speed of the combine harvester, which is generally 1.5–1.7 [30]. Taking λ as 1.5, the bmax is 298 mm. The reel can move back correctly to increase its ability to push the stalk, but the distance from the screw conveyor when the reel is adjusted to the final position δ1 should be greater than 25 mm.



Combined with the best straw feed length determined by the bench test, the minimum height of H1 is 753 mm, calculated according to Formula (5) [30].


   H 1  ≥    D 1   2  +   2    L 1  −  L 3  − h    3  =    D 1   2  +   2  L 2   3   



(5)








2.3.4. Profiling Mechanism of the Lower Cutterbar


As shown in Figure 1, the support arm, height-limiting connecting rod, swing block, and ground wheels of the profiling mechanism for the lower cutterbar constitute the swing block of the crank. When harvesting, the greater the distance between the upper cutterbar and the ground of the wheat field, the larger the length of the height-limiting connecting rod. However, due to the influences of the DCH’s structure and transmission system, the height-limiting connecting rod should be a suitable length.



Statistics indicate that the average plant height of the main wheat varieties in Henan Province, China, is 775 mm. The maximum distance between the ground and upper cutterbar is preliminarily determined to be 400 mm to meet the optimum feed length of stalks. Meanwhile, the lower cutterbar can fluctuate by up to 50 mm with the ground height. The LBA was determined using ADAMS software to simulate and study two processes: (1) the motions of the components with the DCH descending and (2) their motions with a change in ground height during harvest. Create a ground with 50 mm bumps and depressions using 3D software, assemble it with a simplified model of the DCH according to actual working conditions, import the model into ADAMS software, merge the upper cutterbars, header frame, and inclined conveyor frame, merge the lower cutterbars and fixed beam, and add motion constraints to the moving parts. During the simulation of header descent, the motion constraints are shown in Table 2. Establish a height sensor between the upper cutterbars and the ground to stop the header from descending after the upper cutterbars reach the set height. The simulation model is shown in Figure 9. During the harvesting simulation, adjust the model to make the ground wheel contact the ground; change constraint 1 in Table 2 to a translational joint; and add a driver to achieve the DCH movement.




2.3.5. Transmission System


The transmission system of DCH is shown in Figure 10. The power of the engine is transmitted to the DCH through the belt and chain drive. Then the driving shaft of the DCH can transfer power through the belt drive transmission to the wobble box of the upper cutterbars. The wobble boxes of the upper and lower cutterbars can transfer power through the belt drive transmission to power both the upper and lower movable cutters. Meanwhile, the driving shaft of the DCH drives the rotation of the screw conveyor by way of a chain drive transmission. The transmission occurs between the driving shaft and the reel to drive the rotation of the reel through the chain and belt drive transmission. The transmission ratio is shown in Table 3.





2.4. Field Experiment


2.4.1. Experimental Arrangement


On 30 May 2022, Xinjiang-9B type WCHs equipped with the newly designed DCH and conventional header were subjected to in-situ operating tests in Xingyang, Henan Province, China. Field surveys were made according to the requirements of relevant standards. The wheat cultivar was Zhoumai 32, with an average plant height of 743 mm and a grain moisture content of 14.5%. The ratio of stalk to grain was 1.18, and testing conditions met the requirements [31]. The suitable field plot should satisfy the criteria, including that the measured zone should be 50 m long, there must be a stable zone 20 m in front of the measured zone, and a harvester parking site no less than 15 m behind the measured zone; the stubble height is 100 to 120 mm [32]. In the experiment, the combine harvesters worked along the lengthwise direction of field plots at a speed of 5 km/h.




2.4.2. Data Collection and Processing


A 1 m2 sampling zone was selected in the representative zone along the advancing direction of the combine harvesters at each sampling site. In the sampling zones, all grains and ear-heads were collected; thereafter, once threshed and cleaned, they were weighed. Based on Equations (6) and (7), the harvesting loss rates were calculated, respectively, and then the average value of the harvest loss rates in the five sampling zones was determined [33].


   F j  =    W  s h   −  W z     W  c h     × 100  



(6)






  F =    ∑   F j     5   



(7)




where Fj is the loss rate of the sampling point, %; Wsh is the mass of grain loss per square meter, g/m2; Wz is the mass of grains naturally falling per square meter, g/m2; Wch is the mass of grain per square meter, g/m2; and F is the average harvest loss rate, %.



The stubble height was measured using the five-point sampling method applied in the experimental field. The stubble heights of three subpoints were determined by measuring at the left, middle, and right sides of the horizontal direction of the harvesting range in each point. The average value of the three subpoints was taken as the stubble height at that point, taking the mean average value of the five points.



Before each experiment, the same amount of diesel oil was added to the fuel tank. After completing the test, the diesel oil remaining in the fuel tank was discharged and weighed. According to Equation (8), the fuel consumption per unit area Q could be calculated. Two groups of tests were repeated three times before taking the mean average value.


  Q = 10000 ×    q 1  −  q 2    B ×  L 4     



(8)







In the formula, q1 is the weight of fuel in the fuel tank before a test, kg; q2 is the weight of fuel in the fuel tank at the end of a test, kg; B is the cutting width of the WCH, m; and L4 is the length of the measured zone, m.






3. Results and Discussion


3.1. Conveying Performance Test Analysis


3.1.1. Regression Analysis


The experimental results are shown in Table 4. Using Design-Expert 8.0.6 software to regress and fit the experimental results, we obtained the regression mathematical model of conveying time Y:


    Y = 0.212  A 2  + 5.463 ×  10  − 6    B 2  + 1.057 ×  10  − 4    C 2  + 6.25 ×  10  − 4   A B − 1.65 ×  10  − 3   A C     − 1.75 ×  10  − 5   B C − 2  . 181  A + 9.5 ×  10  − 4   B − 0.0983 C + 41  . 932     



(9)







The determination coefficient R2 of the regression equation was 0.998, indicating a high degree of fitting; the regression model was analyzed by variance, and the results are shown in Table 5. It can be observed that the model had a value of p< 0.0001, indicating that the regression equation is significant and can describe the relationship between each factor and response value; the lack of fit wasp = 0.1882 > 0.05, showing that the residual item is not significant, and there are no other main factors affecting the results, so the regression model was established. p < 0.01 was set for A, B, C, BC, A2,B2, and C2, which have a very significant effect on the results; p < 0.05 was set for AB and AC, indicating that they have a significant effect on the results; and p > 0.05 was set for factors and interaction terms, which have no significant effect on the results. The order of significance of each factor on the screening efficiency, from large to small, was feed rate, feed length of the stalk, and speed of the tangential threshing rotor.



According to the regression equation, the influence of the interaction of factors on the results is shown in Figure 11. When the speed of the tangential threshing rotor is low, the conveying time decreases with the shorter feed length of the stalk. The shorter the length of the stalk, the better the passing performance in the transition area between the tangential threshing rotor and the longitudinal axial flow rotor, and the shorter the conveying time. When the speed of the tangential threshing rotor is high, the conveying time decreases first and then increases with the shortening of the feed length of the stalk. The conveying time decreases first and then increases with the increasing speed of the tangential threshing. This is because the conveying capacity increases when the rotating speed of the cutting drum increases; if the speed of the tangential threshing rotor is too high, the stalks are not fed in time by the axial threshing rotor, and there is congestion in the transition between the axial flow rotor and the tangential threshing rotor, causing the conveying time to increase.




3.1.2. Parameter Optimization and Verification


In order to achieve better material-conveying performance, the optimization module was used to optimize the regression model and set the solution target as the minimum response value [34]. The optimal parameter combination was obtained as follows: feed rate 8.06 kg/s, feed length of the stalk 377.19 mm, speed of the tangential threshing rotor 553.84 r/min. The optimal parameter combination was rounded as follows: feed rate of 8 kg/s, feed length of the stalk 380 mm, speed of the tangential threshing rotor 554 r/min, and conveying time 8.089 s. The optimized parameter combination was tested and verified. The average value of the five tests was taken, the conveying time was 8.105 s, and the relative error with the predicted value was 0.198%, verifying the reliability of the optimized parameters.





3.2. Simulation Analysis of the Profiling Mechanism of the Lower Cutterbar


The changes in the upper and lower cutterbars, as well as the varying LBA while the DCH descended, are displayed in Figure 12. At the beginning of the simulation, under the effect of gravity, the height-limiting block and the swing block make contact with each other; no relative sliding occurs between the height-limiting connecting rod and the swing block; and the lower and upper cutterbars descend simultaneously. The simulation time is 0.185 s. In the profiling mechanism, the ground wheel makes contact with the ground, the height of the lower cutterbars no longer shows a large range of change, and the header continues to descend. Meanwhile, due to the supporting effect of the ground surface on the ground wheel, the height-limiting connecting rod begins to move upwards along the swing block, and the height of the lower cutterbars slowly drops, accompanied by a decrease in LBA; the simulation ends when the height of the upper cutterbars reaches 400 mm. In this case, the upper and lower cutterbars no longer change positions. The height of the lower cutterbars is 100 mm, and LBA is decreased from 328.6 mm to 280.2 mm.



In the simulation of the motion of components with the change in ground heights during harvesting, the changes in upper cutterbars and lower cutterbars, as well as varying LBA, are displayed in Figure 13. The height of the upper cutterbars is kept unchanged, while the height of the lower cutterbars, when a hump is encountered on the ground wheel, increases and decreases in the case of a concave ground profile, finally realizing the function of the profiling mechanism. According to Figure 13b, in this process, LBA is shown to change within the range of 254.7 mm to 322.1 mm. By combining the change in LBA during the descent of the header with the dimensions of the swing block and height-limiting block, the length of the height-limiting connecting rod of the profiling mechanism is found to be 365 mm.




3.3. Field Experiment Analysis


As shown in Figure 14, the loss rate of using the conventional header wheat combine is 0.97%, and the loss rate of using the DCH is 1.05%, but less than 1.2%, which conforms to the relevant national operation quality requirements. The feed rate is reduced for the DCH, and the operating parameters of the threshing and separation device and the cleaning device do not match, increasing the loss rate. Therefore, in the follow-up study, it is also necessary to research the impact of the change in the feed length of the stalk on threshing separation and cleaning performance.



As shown in Table 6, the stubble height of the DCH is 11.02 cm, lower than the stubble height of the conventional header, and it meets the relevant operation quality requirements. The variation coefficient of the stubble height of the DCH is higher than that of the conventional header, indicating that the consistency of the stubble height of the DCH is lower than that of the conventional header. The main reason is that after the upper cutterbars of the DCH cut the upper stalks, the remaining stalks are tilted by the thrust of the header plate before being cut, resulting in uneven cutting after the lower cutterbars cut.



As shown in Figure 15, under the same operating speed, the fuel consumption per unit area of the WCH with a conventional header is 33.9 kg/hm2, and the fuel consumption per unit area of the WCH with a DCH is 30.1 kg/hm2, which reduces the fuel consumption by 11.2%. Compared with the conventional header, the DCH has two layers of cutterbars, and the power consumption of the header is increased. However, at the same operating speed, the length of the stalk fed into the combine becomes shorter, the feed rate decreases, and the power consumption of the conveying, threshing, and cleaning systems decreases, thus reducing the fuel consumption per unit area.





4. Conclusions


	(1)

	
In this paper, a DCH was designed that can only cut the upper part of the wheat plant into the WCH. By reducing the feed length of the stalk, the problems of the wheat combine, such as congestion and high power consumption, are solved, providing a technical reference for the efficient harvest of the wheat combine.




	(2)

	
The effects of feed rate, feed length of the stalk, and speed of the tangential threshing rotor on conveying time were studied using a threshing test bench and optimized to obtain the optimal parameter combination of the test factors: the feed rate was 8 kg/s, the feed length of the stalk was 380 mm, the speed of the tangential threshing rotor was 554 r/min, and the conveying time was 8.089 s. The optimized parameter combination was tested and verified, and the test results show that the relative error with the predicted value was 0.198%, proving the optimized parameters’ reliability.




	(3)

	
Combined with the best feed length of the stalk determined by the bench test, the critical components of the DCH were designed. The movement process of the profiling mechanism was simulated using ADAMS software, which verifies the correctness of the structural design, and the length of the height-limiting connecting rod was determined to be 365 mm.




	(4)

	
The field performance experiment of the DCH of the WCH was carried out, and the average harvest loss rate was 1.05% and the average stubble height was 11.02 cm, which all met the relevant operation quality requirements; at the same operating speed, the fuel consumption was 11.2% less than that of the combine harvester with a conventional header.
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Figure 1. Structure of the DCH. (a) Three-dimensional structural diagram of the DCH; (b) Structural diagram of the profiling mechanism. 1. Reel; 2. Screw conveyor; 3. Frame; 4. Inclined conveyor; 5. Height-limiting connecting rod; 6. Swing block; 7. Ground wheel; 8. Lower cutterbar; 9. Fixed beam; 10. Wobble box of the lower cutterbars; 11. Belt expansion device; 12. Support arm; 13. Wobble box of the upper cutterbars; 14. Upper cutterbar. 
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Figure 2. Operation diagram of the DCH. 
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Figure 3. Structural view of the threshing test bench. 1. Frame; 2. Longitudinal axial flow threshing and separating device; 3. Tangential flow threshing and separating device; 4. Material conveying platform; 5. Inclined conveyor; 6. Screw conveyor; 7. Motor; 8. Grain collection boxes; 9. Frequency converter. 
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Figure 4. Conveying performance experiment site. 1. Observation window; 2. High-speed digital camera; 3. Light source; 4. Computer. 
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Figure 5. Conveying time collection. (a) Image at the beginning of the experiment; (b) Image during the stalk conveying; (c) Image at the end of the stalk conveying. 
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Figure 6. Structural diagram of a cam-action reel. 1. Central spoke wheels; 2. Central rotatable shaft; 3. Tine bar; 4. Tine; 5. Crank; 6. Eccentric spoke wheel. 
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Figure 7. Structural diagram of a screw conveyor. (a) Overall structure; (b) Schematic diagram of retractable fingers. 1. Fixed central axis; 2. Screw cylinder; 3. Spiral blade; 4. Crank; 5. Sleeve; 6. Finger seat; 7. Finger; 8. Finger shaft; 9. Conveyor driving shaft. 
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Figure 8. Diagrammatic sketch of a header triangle. 1. Reel; 2. Screw conveyor; 3. Header triangle; 4. Cutterbar. 
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Figure 9. Simulation model. 
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Figure 10. Schematic diagram of the DCH transmission system. 1. Wobble box of the lower cutterbars; 2. Reel; 3. Intermediate shaft of the reel; 4. Screw conveyor; 5. Driving shaft; 6. Wobble box of the upper cutterbars. 
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Figure 11. Effect of the interaction of factors on the conveying time. 
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Figure 12. Motions of the components with the DCH descending. (a) Height change of the upper and lower cutterbars; (b) Length change of the LBA. 
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Figure 13. Motions of the components during harvesting. (a) Height change of the upper and lower cutterbars; (b) Length change of the LBA. 
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Figure 14. Harvesting loss rate of the WCH using different headers. 
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Figure 15. Fuel consumption per unit area of the WCH using different headers. 
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Table 1. Codes of experiment factors.
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Codes

	
Factors




	
Feed Rate A (kg/s)

	
Feed Length of Stalk B (mm)

	
Speed of the Tangential Threshing Rotor C (r/min)






	
−1

	
8

	
300

	
500




	
0

	
9

	
450

	
550




	
1

	
10

	
600

	
600
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Table 2. Motion constraints.
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	NO.
	Components
	Type of Motion Constraint





	1
	Inclined conveyor—ground
	Revolute joint



	2
	Header fame—support arm
	Revolute joint



	3
	Header fame—swing block
	Revolute joint



	4
	Support arm—height limiting connecting rod
	Revolute joint



	5
	Height limiting connecting rod—swing block
	Translational joint



	6
	Support arm—Fixed beam
	Fixed joint



	7
	Fixed beam—ground wheel
	Revolve joint



	8
	Height-limiting block—swing block
	Contact force



	9
	Ground—ground wheel
	Contact force
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Table 3. Transmission ratio of the DCH.
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	No.
	Components
	Transmission Ratio





	1
	Driving shaft—Screw conveyor—Intermediate shaft of the reel
	13:35:56



	2
	Intermediate shaft of the reel—Reel
	20:(5~9)



	3
	Driving shaft—Wobbler of the lower cutterbars
	1:1



	4
	Wobble box of the lower cutterbars—Wobble box of the upper cutterbars
	1:1










[image: Table] 





Table 4. Results of the conveying performance test.
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No.

	
Factors

	
Conveying Time Y (s)




	
Feed Rate A (kg/s)

	
Feed Length of Stalk B (mm)

	
Speed of the Tangential Threshing Rotor C (r/min)






	
1

	
−1

	
0

	
−1

	
8.53




	
2

	
1

	
0

	
−1

	
10.735




	
3

	
0

	
−1

	
−1

	
9.17




	
4

	
1

	
0

	
1

	
10.15




	
5

	
1

	
−1

	
0

	
9.91




	
6

	
1

	
1

	
0

	
10.625




	
7

	
0

	
0

	
0

	
8.975




	
8

	
0

	
0

	
0

	
8.945




	
9

	
−1

	
1

	
0

	
8.465




	
10

	
0

	
1

	
1

	
9.235




	
11

	
−1

	
−1

	
0

	
8.125




	
12

	
−1

	
0

	
1

	
8.275




	
13

	
0

	
1

	
−1

	
10.025




	
14

	
0

	
−1

	
1

	
8.905




	
15

	
0

	
0

	
0

	
8.92
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Table 5. Variance analysis of the conveying time.
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Source

	
Sum of Squares

	
df

	
F Value

	
p-Value






	
Model

	
9.68

	
9

	
426.24

	
<0.0001 **




	
A

	
8.05

	
1

	
3444.5

	
<0.0001 **




	
B

	
0.63

	
1

	
268.37

	
<0.0001 **




	
C

	
0.45

	
1

	
192.07

	
<0.0001 **




	
AB

	
0.035

	
1

	
15.04

	
0.0117 *




	
BC

	
0.027

	
1

	
11.65

	
0.0190 *




	
AC

	
0.069

	
1

	
29.48

	
0.0029 **




	
A2

	
0.17

	
1

	
70.78

	
0.0001 **




	
B2

	
0.056

	
1

	
23.87

	
0.0045 **




	
C2

	
0.26

	
1

	
110.25

	
0.0001 **




	
Residual

	
0.012

	
5

	
4.47

	
0.1882




	
Lack of Fit

	
0.010

	
3




	
Pure Error

	
   1.517 ×   10   − 3     

	
2




	
Cor Total

	
8.99

	
14








Note: p < 0.01 (extremely significant, **); p < 0.05 (significant, *).
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Table 6. Measurement results of the stubble height.






Table 6. Measurement results of the stubble height.





	Type of Header
	Stubble Height(cm)
	Coefficient of Variation (%)





	DCH
	11.02
	3.17



	Conventional header
	11.44
	1.81
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