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Abstract

:

This paper takes a local drum-type corn thresher as an example. In order to make the threshing principle transform to the plate-tooth type, the width of the spike-tooth threshing component is increased gradually, and three threshing components of different shape and size are selected as the research objects. Based on the preliminary experimental research, the corn threshing process is simulation analyzed using the self-developed corn threshing process analysis software. The effects of the width of the threshing component on the corn ears threshing rate and kernel damage rate under different rates of drum rotation were studied from a macroscopic perspective. The results show that with the increase of drum rotation rate, both the corn ear threshing rate and kernel damage rate increase; with the increase of threshing component width, the threshing rate increases and the damage rate decreases; and when the component width is too large, the stacking between adjacent components has an impact on the threshing performance. The effects of threshing component width on the amount of kernel threshing and the total compressive force during the simulation time were investigated from microscopic perspective at different rates of drum rotation, and the results show that the microscopic analysis is consistent with the macroscopic analysis. Therefore, the optimization of the structural parameters and operating parameters of the threshing component was achieved. When the width of the threshing component was 25 mm and the roller speed was 187.50 rpm, the threshing performance was optimal, with a 98.04% corn ears threshing rate and a 2.56% kernel damage rate. This paper verifies the practical applicability of the corn threshing process analysis software and provides a reference for the optimal design of threshing devices.
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1. Introduction


By revealing the law of influence of the core parameters of corn threshing elements on the kernel threshing and damage rates [1,2], it becomes a prerequisite and key to improve the quality of corn threshing operations [3,4]. The standard of corn kernel threshing rate and damage rate is 90% and 6% respectively (national industry standard of PRC). Corn threshing operation is a central part of corn production [5,6], and the operation quality directly determines corn yield and quality [7]. The core parameters of the threshing element are the contact width and the rotational speed [8,9], respectively, both of which determine the kinetic state of the corn kernels during threshing [10,11]. Therefore, if the quality of corn threshing operation is to be improved, the optimal combination of design parameter values for corn threshing elements needs to be optimized.



How to achieve accurate observation and analysis of the kinetic state of the corn kernel population during the threshing process is the central difficulty in the optimal design of corn threshing element parameters [12]. Currently, researchers commonly use empirical, experimental and analytical methods to study the kinetic state of corn kernels [13,14]. The aforementioned methods rely on a large number of tests and require processing of threshing elements with multiple parameters, which is too costly in terms of time and economy [15,16]. At the meantime, tests can only be conducted within a week of corn kernel maturity [17,18,19], making the test period too short for large-scale replication. Therefore, in recent years, researchers have begun to explore high-precision discrete element numerical simulation methods that can be used for the analysis of the kinetic state of corn kernel populations [20,21,22].



At present, discrete element numerical simulation methods on the kinetic state of corn kernel population can only consider the corn ears as a whole and cannot realize the simulation of corn threshing under the conditions of ears, cobs and kernels separation [23,24]. Qu et al. studied the spike-tooth threshing device using EDEM software and analyzed the overall force on the corn cob during the threshing process [20]. Kovacs et al. studied the combined harvesting process of corn plants using the discrete element method and analyzed the overall operation of the corn cob during the harvesting process [21]. All of the above studies provide some theoretical and data support for the optimal design of corn threshing element parameters, but the difficulty of the simulation process to restore the state of cob, core, and kernel separation in the actual operation leads to its inability to achieve a high precision simulation of the kinetic state of the corn kernel population during the threshing process [25,26].



In summary, this paper simulates the contact mechanics behavior between the corn ears, corn cobs, corn kernel populations and threshing elements using a linear damping mechanics model based on the self-developed discrete element simulation software for the corn threshing process. The proposed elastic–plastic bonding model and its fracture criterion were used to simulate the mechanical behavior and fracture process of the connection between the kernel and the corn cob, to achieve a high-precision simulation of the kinetic state of the corn kernel population during the threshing process, and then to reveal the influence of the core parameters of the corn threshing element on the kernel threshing rate and damage rate, and finally to optimize the optimal design parameter value combination of the corn threshing element.




2. Models and Methods


2.1. Experimental Method


The experiments in this paper are divided into two parts, which are simulation model accuracy calibration test and corn threshing simulation test. The simulation model accuracy calibration test consists of a bench test and a simulation test of the threshing element. The simulation test parameters are set at the same values as the bench test, and the accuracy of the simulation model is calibrated and verified by comparing the bench test data with the simulation test results. Based on the calibrated and validated simulation model, a corn threshing simulation test was conducted, with the contact width and rotational speed of the threshing element as the test factors and the kernel threshing rate and damage rate as the evaluation indexes. The contact width was set at four levels of 15 mm, 20 mm, 25 mm and 30 mm, and the rotational speed was set at four levels of 122.70 rpm, 187.50 rpm, 252.10 rpm and 317.15 rpm, for a total of 16 sets of tests, with each set of tests repeated five times. Finally, through the statistical analysis of the results of corn threshing simulation tests and the accurate observation and analysis of the kinetic state of the corn kernel population during the threshing process, the influence of contact width and rotational speed on the kernel threshing and damage rates were revealed, and the optimal combination of parameter values was optimized.




2.2. Corn Ear Numerical Model


The corn ears consist of corn kernels and corn cobs, where the kernels are closely spaced and connected to the cob by the kernel stalk. When threshing operations are carried out, the corn ears are subjected to external forces such as squeezing and rolling, striking or friction of the threshing device, and the kernels threshed from the corn cob and the cob is broken. Therefore, the corn threshing region contains a variety of materials such as corn ears, broken corn cobs, and shed corn kernels. The threshing process should consider not only the contact action between the materials, and between the materials and the threshing component, but also the mechanical behavior and fracture mechanism between the corn kernels and the corn cobs, and the bonding between the corn cobs [27,28].



According to the structure and morphology of the corn ears (Figure 1a), they are divided into three parts in the axial direction, namely, the first, middle and last parts, where the first and last parts of the ears are of small length and no longer subdivided, and the middle part could be subdivided into small parts along the axial direction of the ears. In the radial direction it can be divided by the number of rows of the corn ears into the corresponding number of blocks. The structure of the corn cob is similar to that of the corn ears (Figure 1b), dividing the corn cob in the axial and radial directions as well. The cross-section of the kernels in the middle part of the corn cob approximates a wedge shape (Figure 1c), while the irregular shape of the kernels in the upper and lower parts of the cob, which are also approximated as a wedge shape due to the small number of kernels, was modeled using a uniform modeling approach.



To simulate the damage of the corn ears, a bonding model was used to develop an analytical model of the corn cob. The smallest constituent unit of the model was the corn cob nugget, which was modeled by a multi-sphere model, where each constituent ball corresponds to a corn kernel [29,30]. In radial direction, the starting constituent balls of adjacent nuggets were bonded to produce each segment of corn cob. In axial direction, the first and last constituent balls of two adjacent segments of corn cob were bonded to produce the complete corn cob (Figure 1d). When the corn cob damage conditions were met, the bonding between the small pieces of corn cob was broken, thus allowing the corn cob to be broken into small pieces or a combination of several small pieces during threshing. A multi-sphere model was used to model the analysis of corn kernels (Figure 1e), and each kernel was combined using a certain number of single-layer balls. In order to simplify the algorithm, the corn kernels were no longer separated into balls, and the brokenness of the kernels is determined by calculating the external force applied to the kernels during threshing. To simulate the threshing of corn kernels, a bonding model was used to simulate the mechanical behavior between corn kernels and corn cobs. The established corn kernel numerical model was bonded to the corresponding corn cob composition spheres, and the kernels were threshed when the threshing conditions were met. The corn cob numerical model is shown in Figure 1f.




2.3. Corn Thresher Numerical Model


A local YT-3 drum type corn thresher is taken as an example, which is mainly composed of a feed box, a threshing drum and nail teeth, a concave plate and a cob discharge port, and its operating principle has been described in reference [12]. The proposed boundary modeling method [12] is used to build the numerical model from its 3D CAD model, as shown in Figure 2.



The threshing roller is distributed with four rows of spike teeth with a diameter of 15 mm and six teeth per row. From the vertical axis cross-sectional direction, the four rows of spike teeth are arranged in a circular array with an array angle of 90°, and two adjacent rows of spike teeth are spaced at a certain distance along the roller axis to ensure the forward movement of the corn cob in the threshing area. In order to study the influence of the threshing component on the performance of the thresher, its shape and dimensional parameters were modified. When the width of the threshing component gradually increases, the threshing principle will gradually transition from the spike-tooth type to the plate-tooth type, and three shape sizes were selected as the study objects; the component widths were 20 mm, 25 mm and 30 mm; and the CAD models of different threshing rollers are shown in Figure 3.




2.4. DEM Mechanical Model


2.4.1. Contact Mechanical Model


For the simulation of threshing process, the contact action between the boundary and the materials (corn cob, corn cob, shed kernels) and between each material is calculated by a linear spring damping contact mechanical model.



The normal contact force between the two particles is given by:


   F n  ( t )   =  k n  δ +  c n   v n   



(1)




where    k n  δ   and    c n  v   represent the normal elastic and damping contact force between two particles at time t, and    k n   ,    c n   ,  δ  and    v n    represent the normal stiffness, the normal damping factor, the normal overlap and the normal relative velocity between two particles, respectively.



The tangential contact force between the two particles is given by:


   F t  ( t )   =  F  t e   ( t − 1 )   +  k t  Δ  u t  +  c t   v t   



(2)




where    F  t e   ( t − 1 )   +  k t  Δ  u t    and    c t   v t    represent the tangential elastic and damping contact force between two particles at time t, and    F t  ( t − 1 )     represents the tangential elastic contact force between two particles at time t − 1.    k t   ,    c t   ,   Δ  u t    and    v t    represent the tangential stiffness, the tangential damping factor, the tangential relative displacement and the tangential relative velocity between two particles, respectively.



The contact force between the two particles should also satisfy the Mohr–Coulomb model, which is given by:


   {       F t  ( t )   =  F t  ( t )            F t  ( t )   =  |   F n  ( t )    |   μ d   F t  ( t )    /   |   F t  ( t )    |             ,     F t  ( t )   ≤  |   F n  ( t )    |   μ j       ,     F t  ( t )   ≤  |   F n  ( t )    |   μ j       



(3)




where    μ j    and    μ d    represent the coefficient of static and slide friction between two particles, respectively.




2.4.2. Bonding Mechanical Model


The bond behavior between the kernel and the cob is calculated using an elastic–plastic bonding mechanical model, which is given by:


   F  X ( Y , Z )   ( t )   =  {       k  1 X ( Y , Z )    u  X ( Y , Z )   ( t )        k  1 X ( Y , Z )    u  X ( Y , Z )   ( t )   <  k  2 X ( Y , Z )   (  u  X ( Y , Z )   ( t )   −  u  0 X ( Y , Z )   ( t )   )        k  2 X ( Y , Z )   (  u  X ( Y , Z )   ( t )   −  u  0 X ( Y , Z )   )      u  X ( Y , Z )   ( t )   >  u  0 X ( Y , Z )   ( t )        0     u  X ( Y , Z )   ( t )   ≤  u  0 X ( Y , Z )   ( t )          



(4)




where the direction of X, Y and Z represents the direction of the length (radial compression and tension), the thickness (longitudinal shear) and the width (tangential shear) of the kernel, respectively, and    k  1 i    ,    k  2 i    ,    u i  ( t )     and    u  0 i   ( t )     (i = X, Y, Z) represent the bonding loading stiffness, unloading stiffness, relative displacement and residual displacement at time t between the kernel and the cob along the X-, Y-, and Z direction, respectively.



The residual displacement is updated for every time step according to the following rule:


   u  X ( Y , Z ) 0   ( t )   =  {       u  X ( Y , Z )   ( t )   ( 1 −    k  1 X ( Y , Z )      k  2 X ( Y , Z )     )      k  1 X ( Y , Z )    u  X ( Y , Z )   ( t )   <  k  2 X ( Y , Z )   (  u  X ( Y , Z )   ( t )   −  u  0 X ( Y , Z )   ( t )   )        u  0 X ( Y , Z )   ( t )        u  X ( Y , Z )   ( t )   >  u  0 X ( Y , Z )   ( t )          u  X ( Y , Z )   ( t )        u  X ( Y , Z )   ( t )   ≤  u  0 X ( Y , Z )   ( t )          



(5)







Based on the kernel threshing force from testing and the coefficient of friction of the kernel stalk, the fracture criterion for the bond behavior between the kernel and the cob is given by:


   {       |   F X  ( t )    |  >  F  X m a x          |   F Y  ( t )   + μ  F X  ( t )    |  >  F  Y m a x          |   F Z  ( t )   + μ  F X  ( t )    |  >  F  Z m a x          



(6)




where    F  i m a x     (i = X, Y, Z) represents the kernel threshing force along the X, Y, and Z direction respectively,  μ  represents the coefficient of the kernel stalk.





2.5. Simulation Setup


2.5.1. Threshing Performance Indicator


In this paper, the corn threshing process was simulated and analyzed. The corn ear threshing rate and kernel damage rate were used as performance evaluation indicators.



The threshing rate was calculated by following model:


   P t  =     ∑  i = 1  n    m  1 i      / M   



(7)




where m1 represents the mass of the threshed kernel of each ear, M represents the total mass of the kernels thereon the ears.



The damage rate was calculated by following model:


   P d  =     ∑  i = 1  n    m  2 i      / M   



(8)




where m2 represents the mass of each damage kernel. The damage of the corn kernel is determined for every time step by the following equation:


   F c  =   ∑  i = 1  n    |   F  n i    |    >  F  m a x    



(9)




where    F c    represents the compressive force of the kernel,     ∑  i = 1  n    |   F  n i    |      represents the total normal force generated by all contact actions in a time step and    F  m a x     represents the damage force of the kernel from testing.




2.5.2. Simulation Parameters and Dynamic


In this paper, based on the previous bench test of threshing process, three shape sizes of threshing components were added. The effect of the width of the threshing components on the rate of corn cob threshing and kernel damage at four drum rotation rates was investigated, and the table of test factor levels used in this paper is shown in Table 1.



The parameters of the contact mechanical model for the simulation are selected in Table 2. Particle density, coefficient of static friction, coefficient of sliding friction and normal stiffness between particle and boundary were taken as the average values measured in the test. The tangential stiffness between particles and boundary, the normal and tangential stiffness between particles, the normal and tangential damping factors were determined according to the calculation methods and rules. The kernel breaking force was firstly obtained by experimental test, and then was calibrated based on the kernel damage rate in threshing bench test.



The parameters of the bonding mechanical model for the simulation are selected in Table 3. The loading stiffness and unloading stiffness were taken as the average values measured by the test. The kernel threshing force was firstly obtained by test, then was calibrated based on the corn ear threshing rate in threshing bench test.



As an example, the dynamic simulation of the threshing process for different components with a drum rotation rate of 187.50 rpm is shown in Figure 4, with the color displayed according to the kernel total compressive force. As can be seen from the figure, for the spike-tooth threshing component, most of the kernel threshing occurs in the front half of the roller, and the impact of the component on the cob is greater. As the width of the component increases, the kernel threshing position gradually moves backwards and the impact of the component on the cob gradually decreases, which is basically consistent with the performance of the actual spike-tooth and plate-tooth corn threshing devices.






3. Results and Discussion


3.1. The Effect on Threshing Rate


The threshing rate under different rates of threshing element widths was simulated and analyzed at the feeding amount was 10 ears of corn, and the numerical results were compared with the experimental date when the element width was 15, as shown in Figure 5.



Through the analysis we can realize that when the drum rotation rate is lower, the value of threshing rate is low, and the standard deviation is large. When the rate of drum rotation exceeds 252.10 rpm, the thresher reaches the ideal working state. Therefore, the experimental results at 252.10 rpm are used as reference to calibrate the simulation parameters.



As can be seen from Figure 5a, when the width of threshing component increased from 15 mm to 25 mm at the drum rotation rate of 122.70 rpm, the threshing rate increased from 79.19% to 86.38%, and decreased from 86.38% to 85.31% when the width of threshing component increased from 25 mm to 30 mm.



As can be seen from Figure 5b, the drum rotation rate is 187.50 rpm, and when the width of the threshing component increased from 15 mm to 25 mm, the threshing rate increased from 88.66% to 98.04%, and when the width of the threshing component increased from 25 mm to 30 mm, the threshing rate decreased from 98.04% to 94.66%.



From Figure 5c,d, it can be seen that the minimum and maximum values of the threshing rate are 96.74% and 98.38%, respectively, when the drum rotation rate is 252.10 rpm, and the minimum and maximum values of the simulated threshing rate are 98.57% and 99.51%, respectively, when the drum rotation rate is 317.15 rpm, and the threshing rate is influenced by the drum rotation rate at this time.




3.2. The Effect on Damage Rate


The damage rate under different rates of threshing element widths was simulated and analyzed at the feeding amount was 10 ears of corn, and the numerical results were compared with the experimental date when the element width was 15, as shown in Figure 6. The experimental results at 252.10 rpm were used as reference to calibrate the simulation parameters.



As can be seen from Figure 6a, the simulated damage rate decreased from 4.78% to 2.09% when the width of the threshing component increased from 15 mm to 25 mm for a drum rotation rate of 122.70 rpm, and increased from 2.09% to 2.43% when the width of the threshing component increased from 25 mm to 30 mm.



As shown in Figure 6b–d, when the drum rotation rate is 187.50 rpm, the width of threshing component increased from 15 mm to 30 mm, and the simulated damage rate decreased from 5.13% to 2.56%, and then increased from 2.56% to 3.19%.



When the drum rotation rate is 252.10rpm, the width of threshing component increased from 15 mm to 30 mm, and the simulated damage rate decreased from 5.89% to 3.13%, and then increased from 3.13% to 4.06%; when the drum rotation rate is 252.10 rpm, the width of threshing component increased from 15 mm to 30 mm, and the simulated damage rate decreased from 5.89% to 3.13%, and then increased from 3.13% to 4.06%.



When the drum rotation rate is 317.15 rpm, the width of threshing component increased from 15 mm to 30 mm and the simulation damage rate decreased from 6.75% to 3.75% and then increased from 3.75% to 5.27%.




3.3. The Effect on Kernel Threshing Amount


In order to study the effect of the width of the threshing component on the rate of corn threshing from a microscopic perspective, the amount of kernels threshing was analyzed during the simulation time, and the data was recorded once at an interval of 0.003 s for a simulation time of 3 s, with a total of 1000 data points.



The relationship curves of the number of kernels shed with simulation time for different rates of drum rotation and width of threshing component are shown in Figure 7. From Figure 7a, it can be seen that the kernels were threshed from 0.25 s when the drum rotation rate is 122.70 rpm, and the variation curves of the amount of kernels threshed with simulation time for different widths of threshing component in the simulation time from 0.25 to 0.8 s were not very different. In the simulation time from 0.8 s to 3.0 s, the variation curve for the width of threshing component of 25 mm is higher than the other curves, and the threshing effect is the best. The threshing effect for the width of threshing component of 30 mm is better than that of 20 mm, and the threshing effect for the width of threshing component of 15 mm is the worst, and the variation curve of amount of kernel threshed with simulation time is consistent with the curve in Figure 5a, corresponding to the variation of the number of kernels shed with the simulation time is consistent with the variation of the threshing rate under the width of the threshing component in Figure 5a.



From Figure 7b, it can be seen that when the drum rotation rate is 187.50 rpm, the kernels are shed from 0.25 s, and the kernels are basically shed by 2.5 s. The variation curve of the number of kernels shed with simulation time for different widths of threshing components in the simulation time from 0.25 to 0.70 s is not very different. In the simulation time of 0.70–2.5 s, the variation curves of the number of kernels shed with simulation time for the width of threshing component of 25 mm were higher than the other curves, and the threshing effect is the best, and the difference between the threshing effect for the width of threshing component of 20 mm and 30 mm is not much, whereas the threshing effect is the worst for the width of threshing component of 15 mm. The trend of the number of kernels shed with different widths of threshing components is basically the same as that of the drum speed of 122.70 rpm.



As can be seen from Figure 7c,d, the kernels started to be threshed from 0.25 s when the drum rotation rate is 252.10 rpm and 317.15 rpm, respectively. Within the simulation time from 0.25 to 1.8 s, although the variation curves of the amount of threshed kernels under each width of the threshing component with the simulation time were different, the kernels had been threshed off by 1.8 s, and the threshing efficiency was higher. In the simulation time of 1.8 to 3.0 s, the variation curves of the amount of threshed kernels with simulation time for each width of threshing component differed slightly, which showed that the influence of drum rotation rate on threshing efficiency is greater at a high rate, which is consistent with the variation of threshing rate under the corresponding width of threshing component in Figure 5c,d.




3.4. The Effect on Kernel Compressive Force


In order to study the effect of the width of the threshing component on the rate of kernel damage from a microscopic perspective, the kernel total compressive force was analyzed during the simulation time.



The correlation curves between the total compressive force on the kernel and the simulation time for different rates of drum rotation and width of threshing component are shown in Figure 8. As can be seen from Figure 8a, when the rates of drum rotation is 122.70 rpm, the compressive force on the kernel gradually increases at the simulation time of 0.2 s. When the width of the threshing component increases from 15 mm to 30 mm, the compressive force and the its peak first decreases and then increases, and the compressive force on the kernels is lowest when the width of the threshing component is 25 mm. As shown in Figure 8b–d, when the rates of drum rotation increases, the trend of kernel compressive force at different threshing component widths is consistent with that at the rates of drum rotation of 122.70 rpm, and the compressive force and peak value increase compared to that at 122.70 rpm.





4. Discussion


4.1. Discussion of Threshing Rate


When the drum rotation rate is 122.70 rpm, the standard deviation (SD) of the simulation results is large, and the simulation results differ greatly from the experimental data. When the width of the component increases to 25 mm and 30 mm, the error limit of the simulation results is close to the experimental data. When the rotation rate increases to 187.50 rpm, SD of the simulation results decreases. When the component width is greater than 20 mm, the simulation results reach the upper limit of the error of experimental data. The thresher basically reaches a good working state. With the increase of the drum rotation rate, the simulation threshing rate continues to increase, but not obviously.



The analysis shows that the change trend of corn cob threshing rate at different rates of drum rotation is basically the same. When the width of the threshing component is lower than 25 mm, the contact area and opportunity between the corn cob and the threshing component increase as the width of the component increases, and the threshing rate increases. When the width of the threshing component increases to 30 mm, there is a staggered overlapping part between two adjacent rows of threshing components, and the corn ears are affected by the joint action of the two rows of threshing components during the threshing process, which affects the threshing performance and leads to a lower threshing rate.



When the width of threshing component is less than 20 mm, the working principle of the thresher is similar to striking type, and a larger drum rotation rate needs to achieve the ideal working state. When the width of threshing component is 25 mm, the threshing component changes from spike teeth to plate teeth, and the working principle changes from striking to extruding and rubbing. When the rate of drum rotation is lower (i.e., 187.15 rpm), the thresher can also get a better threshing effect, and with the increase of the rotation rate, the working effect continues to improve.




4.2. Discussion of Damage Rate


The analysis shows that the kernel damage rate gradually increases with the increase of drum rotation rate, which was consistent with the research in literature such as [1,4,8,10]. It can be seen that the damage of kernel is mainly caused by the impact force of threshing components. With the increase of the drum rotational rate, the impact force of kernels also increases correspondingly. Therefore, the damage rate will increase with the increase of the rate of threshing drum rotation.



The change trend of damage rate with the width of threshing component at different rates of drum rotation is basically the same. When width of the threshing component is 15 mm, the kernel is threshed by striking, and the damage rate is bigger, the simulation results is higher than the experimental data through way threshing. With the increase of the width, the threshing component changes from spike tooth to plate tooth, the contact area between corn ears and threshing component becomes bigger through the crowded rub knead the principle of threshing, the damage rate is lower and the threshing effect is better.



When the width of the threshing component increases to 30 mm, there is a staggered overlapping part between the two rows of threshing components, and the corn cob is impacted by the two overlapping parts, resulting in the opposite effect, leading to a higher damage rate.



Therefore, when the width of threshing element is 25 mm and the rate of drum rotation is 187.5 rpm, the simulated damage rate of corn cob is the lowest and the net loss rate is higher, and the threshing effect is better.




4.3. Discussion of Kernel Threshing Amount


According to the analysis, at the initial stage of threshing process, the kernels on the ear of corn were closely arranged and difficult to be threshed. Because of the stronger impact effect of the spike-tooth threshing component (i.e., 15 mm), the kernel threshing amount was better than that of the plate-tooth threshing component (i.e., 20, 25 and 30 mm). As the threshing process continues, part of the kernels were threshed, making the arrangement of kernels loose. At this time, the kernel threshing amount of plate-tooth threshing component gradually exceeded that of spike-tooth due to its larger contact area.



According to the analysis of kernel threshing amount, with the increase of the width of threshing component, the overall threshing effect gradually improved. However, when the width of threshing component was too large, the threshing efficiency was reduced to some extent. When the width of threshing element was 25 mm, the threshing effect reached the best result, which was consistent with the analysis results of the threshing rate.



By analyzing the variation curves of the amount of kernels threshed with the simulation time for each width of threshing component from the microscopic perspective, the changes of the amount of kernels threshed and the threshing time in various cases can be seen, which provides a new method for the study of the shelled process.




4.4. Discussion on Kernel Compressive Force


According to the analysis of kernels total compressive force, as the rates of drum rotation increases, the compressive force on the kernels gradually increases. As the width of the threshing component increases, the compressive force on the kernels first decreases and then increases. When the width of the threshing component is 25 mm, the compressive force on the kernels is the lowest, which is consistent with the conclusion of macroscopic analysis.



By analyzing the variation curves of the kernel compressive force with the simulation time for each width of threshing component, the changes of the kernels total force and the threshing time in various cases can be seen. The threshing process and the mechanism of threshing component were studied in depth from the time dimension, which provided a new method for the optimization of threshing process.





5. Conclusions


In this paper, we used a self-developed discrete element analysis software to simulate the force on the kernels during the kernel threshing process in order to improve the quality of corn kernels. In this paper, we found that: a linear damping mechanics model can be used to simulate the contact interaction between the material and the boundary, an elastoplastic bonding model can be used to simulate the mechanical behavior between the kernels and the corn cob, and the corn cob model established by the particle bonding method can highly restore the kernel dynamics during the corn threshing process. By comparing the actual test results, it is found that the simulation model developed in this paper can simulate and predict the threshing process and performance with high accuracy.



This paper found that by appropriately increasing the design value of the width of the corn threshing element, the force on the kernels during the threshing process can be changed from striking to squeezing and rubbing, which in turn improves the threshing rate and reduces the damage rate. At the meantime, this paper found that as the width of the threshing element increased, the threshing rate showed a trend of increasing and then decreasing, and the damage rate showed a trend of decreasing and then increasing. The experimental results showed that the optimal combination of width parameter and speed parameter with the value of 25 mm and 187.50 rpm could improve the corn threshing rate by about 8% and reduce the kernel damage rate by about 3%. The results of this paper can provide a new simulation model, as well as design theory and parameter guidance for future parametric design of corn threshing elements, which can greatly simplify the design process.
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Figure 1. Corn ears discrete element modeling methods: (a) corn ears structure, (b) corn cob structure, (c) corn kernel structure, (d) corn cob discrete element model, (e) corn kernel discrete element model and (f) corn ears discrete element model. 
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Figure 2. CAD model and DEM numerical model of a drum-type corn-thresher: (a) CAD model and (b) DEM numerical model. 
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Figure 3. CAD model of different threshing rollers at the threshing component width of: (a) 15 mm, (b) 20 mm, (c) 25 mm and (d) 30 mm. 
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Figure 4. Dynamic simulation of the corn-threshing process at the threshing component width of: (a) 15 mm, (b) 20 mm, (c) 25 mm and (d) 30 mm. 
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Figure 5. Effects of the width of threshing component on the simulation results of threshing rate at the drum rotation rate of (a) 122.70 rpm, (b) 187.15 rpm, (c) 252.10 rpm and (d) 317.15 rpm. 
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Figure 6. Effects of the width of threshing component on the simulation results of threshing rate at the drum rotation rate of (a) 122.70 rpm, (b) 187.15 rpm, (c) 252.10 rpm and (d) 317.15 rpm. 
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Figure 7. Effects of the width of threshing component on the amount of kernel threshing at the rate of drum rotation of (a) 122.70 rpm, (b) 187.15 rpm, (c) 252.10 rpm and (d) 317.15 rpm. 
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Figure 8. Effects of the width of threshing component on the kernel total compressive force at the rate of drum rotation of (a) 122.70 rpm, (b) 187.15 rpm, (c) 252.10 rpm and (d) 317.15 rpm. 
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Table 1. Factors and levels of the simulation analysis.
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	Rate of Drum Rotation, rpm
	Width of Threshing Element, mm





	1
	122.70
	15



	2
	187.50
	20



	3
	252.10
	25



	4
	317.15
	30
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Table 2. Simulation parameters of contact model.
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Simulation Parameter

	
Cob to Kernel

	
Cob to Cob

	
Kernel to Kernel

	
Cob to Boundary

	
Kernel to Boundary






	
Normal stiffness, N/m

	
21,000

	
12,000

	
45,000

	
24,000

	
90,000




	
Tangential stiffness, N/m

	
14,000

	
8000

	
30,000

	
16,000

	
60,000




	
Normal damping factor, N/(m/s)

	
1.48

	
1.28

	
1.17

	
2.98

	
2.81




	
Tangential damping factor, N/(m/s)

	
1.21

	
1.05

	
0.96

	
2.61

	
2.48




	
Coefficient of sliding friction

	
0.45

	
0.8

	
0.29

	
0.4

	
0.27




	
Coefficient of static friction

	
0.55

	
0.9

	
0.39

	
0.5

	
0.36




	
Kernel density, kg/m3

	
1119




	
Cob density, kg/m3

	
275




	
Gravity acceleration, m/s2

	
9.8
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Table 3. Simulation parameters of contact bonding model between the kernel and the cob.
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	Simulation Parameter
	Tangential Shear
	Longitudinal Shear
	Radial Compression
	Radial Tension





	Loading stiffness, N/m
	2699
	3738
	8672
	16.635



	Unloading stiffness, N/m
	9037
	11.143
	27.766
	63.047



	Threshing force, N
	6.2
	7.1
	12.5
	13.8
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