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Abstract

:

A tumbler screen-type residual film–impurity mixture wind separator is the key equipment for the secondary utilization of farmland residual film. During its operation, the proportion of impurities in the separated waste mulch film intermittently increases, resulting in poor working stability of the device, which may hamper long-term operation. To address the above issues, the material inside the separation unit was continuously monitored, and the main factor affecting separator performance was determined to be the challenges in the effective depolymerization of some residual film-impurity mixtures. The principles of agglomeration and depolymerization of the residual film-impurity mixtures were analyzed using computational fluid dynamics (CFD) and discrete element method (DEM) flow-solid coupling simulation methods. The key factor affecting the disaggregation of the mixture was the collision force between the residual film–impurity mixture and the trommel screen. The collision force was maximum when the residual film–impurity mixture first collided with the trommel screen when it was fed into the separation device. Furthermore, simulations were carried out for different inlet structure forms; the evaluation index was the maximum collision force of the residual film–impurity mixture agglomerate on the trommel screen. The best disaggregation effect was obtained with a square feed inlet and at a feeding rate of 202 kg/h. A prototype was built using these specifications for verification. The average value of the ratio of impurities in the residual film was 6.966%, the coefficient of variation was 7.38%, and the dispersion of statistical results was small. The ratio of impurities in the residual film was kept constant during the continuous operation of the wind separator. Thus, in this study, we analyzed the agglomerate disaggregation process and provided theoretical insights for determining the optimal structures of the inlets of various cleaning devices and the feeding volumes.
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1. Introduction


Mulch cultivation technology is crucial for the development of dryland agriculture, where water resources are limited. It plays a critical supporting role in ensuring national food security [1]. Millions of tons of plastic mulch are used globally every year, with China alone requiring more than 1.15 million tons per year [2]. The mulch is not recycled in time and is difficult to degrade naturally, which leads to serious white pollution in farmland soil. Japan, Europe, and the United States use mulch products that are generally between 0.15 and 0.02 mm thick and have good toughness, allowing for complete recycling after crop harvest. Other Asian countries, such as China, generally use ultra-thin mulch with a thickness of <0.008 mm, which makes it difficult to recycle after crop harvest because of broken mulch. Moreover, the residual film is a polyethylene material, which is a valuable renewable resource that can be used to process plastic pellets, forming a virtuous cycle of “use-recycle-process-reuse” of the film, as shown in Figure 1.



Contemporary methods of mechanized recycling of residual film have shown good results, and different types of film recovery machinery have emerged, as shown in Figure 2. Shi et al. [3] propose a roll-type residual film recovery mechanism using the tillage layer method. The structure and operation principles of this system are discussed, and a detailed analysis of its key components and working process is provided. Su et al. [4] aim to address the problem of the arc-shaped nail tooth, a key component in pre-sowing film recovery machines, being prone to wear and fracture deformation. However, mechanically recovered film residues contain a large number of impurities, making it difficult to reuse the recovered film residues. They can only be randomly stacked, buried, or burned, causing secondary environmental pollution, which does not fundamentally help solve the problem of residual film pollution. Moreover, the residual film-impurity mixture has to be cleaned before further use. A tumbler screen-type film wind separator (also referred to as the film wind separator) has been widely used in the residual film resource utilization of debris removal mechanisms [5,6]. In one study, the researchers found that in the same time interval, the ratio of impurities in the residual film increased suddenly, which led to higher impurity content in the residual film even after cleaning. This seriously affected the subsequent residual film melting and granulation processes.



Scholars from various fields have extensively investigated the depolymerization processes of different materials. Jiao et al. [7] used the discrete element method (DEM) to numerically simulate the depolymerization of wet granular agglomerates of coated structures by collision with the wall of the device and investigate the mode of wet particle agglomerate depolymerization during collision. Antonov et al. [8] studied thermal aggregation and disaggregation processes in complex carrageenan/lysozyme systems with a different linear charge density of the sulfated polysaccharide. Based on agglomerate size, Zhou [9] conducted force analysis for a single particle disaggregating from the agglomerate and calculated the corresponding wind speed. The agglomerates transported at this wind speed were depolymerized into smaller agglomerates and single particles via mutual collisions. Zhai et al. [10] used a bonding model and the DEM to simulate the bonding behavior of liquid bridges in wet particle agglomerates. They developed a model of wet coal agglomerates formed by the bonding of small particles with equal diameters. They investigated the laws of bonding and breaking of the internal parts of the agglomerates during collision as well as the effect of collision velocity and other factors on the degree of agglomerate disaggregation. Zhang et al. [11] explored the various force relationships between particles as well as between particles and airflow at the microscopic scale. Bellocq et al. [12] studied morphological changes in sieved material during wet agglomeration and determined the elemental conditions that must be achieved in the relevant operating steps. The agglomeration of residual film–impurity mixtures is a more complex multi-material bonding process than the agglomeration of microscopic particles. During disaggregation, the soil and straw detach from the residual film, ensuring that the residual film remains clean. Therefore, for analyzing the depolymerization of miscellaneous residual film–impurity mixtures, the study of traditional microscopic particle depolymerization is not suitable.



During separation in a residual film–impurity mixture wind separator, a large amount of residual film–impurity mixture is not depolymerized during continuous operation. Herein, we conducted simulations and presented insights for addressing this problem. Based on the principle of agglomeration and depolymerization of the residual film–impurity mixture, the key factors affecting the depolymerization were analyzed. Using CFD-DEM fluid-solid coupling simulation, the location of the maximum collision force was determined, and force analysis was conducted for this stage. The maximum collision force was influenced by the feeding volume and inlet structure. Simulations were performed for different types of inlet structures. The maximum collision force of the residual film–impurity mixture agglomerates on the trommel screen was used as the evaluation index, and the optimum inlet structure and feed rate were determined. Figure 3 shows the flow chart of the complete research process for some mixtures that are difficult to disaggregate. The findings of this study provide theoretical insights for determining the optimal inlet structure and feed rates of various cleaning devices.




2. Materials and Methods


2.1. Overall Structure and Working Principle of the Film Miscellaneous Wind Separator


2.1.1. Overall Structure


The whole structure of the tumbler sieve-type film miscellaneous wind separator considered in this study is presented in Figure 4. The tumbler sieve-type film miscellaneous wind separator mainly comprised a fan, air duct, tumbler sieve, sealing cover, and film collection box. The inlets for material feed and air were located at the same end of the drum sieve. The fan was connected to the air inlet via an air duct. A spacer conveyor belt with a transverse spacer was used to prevent the material from slipping. Both ends of the conveyor belt were connected to the material inlet installed on the side of the separator. A motor was installed at the lower end of the conveyor belt to control its speed [13].




2.1.2. Working Principle


During the continuous operation of the film miscellaneous wind separator, a high-speed airflow from the centrifugal fan entered the drum screen through the air duct. A certain amount of film was transported upward by the conveying device and fed into the wind separator via the inlet. The amount of residual film–impurity mixture fed was controlled by adjusting the speed of the conveyor belt. When the residual film–impurity mixture entered the device, it moved toward the back end of the device under the action of airflow and collided with the trommel screen. Under the joint action of airflow and a trommel screen, the residual film–impurity mixture was gradually depolymerized and separated. The heavier straw and soil fell from the lower end of the drum and were separated for further processing in the device. The lighter residual film moved further under the action of airflow, entered the film collection box through the drum sieve, and was cleaned and processed. The operating principle of the wind separator is presented in Figure 5.





2.2. CFD-DEM Fluid-Solid Coupling Simulation Analysis


2.2.1. Principle of Agglomeration and Depolymerization of Membrane Hybrids


As shown in Figure 6, the residual film was not recovered earlier during the operation. It was entangled and mixed with straw in the soil. The soil particles and liquid droplets combined to form a strong, wet clod and adhered to each other via the straw and the film. When the water in the soil evaporated, the soil, straw, and film agglomerated into a whole. The recovered residual film was mixed with a large amount of this film-soil-cotton stalk mixture agglomerate [14].



As the device was rotated, the residual film–impurity mixture collided with the wall of the drum screen, and the agglomerates were depolymerized, thus achieving the effect of separating the residual film and impurities. When the maximum collision force, Fcmax, was greater than the maximum viscous force, Fvn, the agglomerates were broken. The relationship between them was given using Equation (1):


   F  c max   >  F  v n    



(1)







Soil, straw, and residual film agglomerates collided with the wall of the trommel screen inside the device. The maximum collision force in the collision was expressed using Equation (2):


   {     F  c max   = 0.2516   [   (    π  v 6   ρ p    3     k 2     )   (     d 1    3   d 2    3     d 1    3  +  d 2    3     )   (    2  d 1   d 2     d 1  +  d 2     )   ]    1 5        k =  E  1 −  ν 2         



(2)




where d1 and d2 are particle sizes (m); when d2 was much larger than d1, it was considered to be a collision between the agglomerate and wall; k is the elastic deformation coefficient of the particle (Pa); ρp is the density of the agglomerate (kg/m3); v is the relative collision velocity of the agglomerate and wall of the drum sieve (m/s); ν is Poisson’s ratio; and E is Young’s modulus of elasticity (Pa).



When the agglomerate collided with the wall, the constituent particles tended to move relative to each other and were subjected to both tangential and normal viscous forces. The distance between the agglomerate and the wall was rather small; thus, the tangential viscous force was much smaller than the normal viscous force. Therefore, the tangential viscous force was excluded when considering the force of the collision process [15]. The normal viscous force was given using Equation (3):


   F  v n   = 6 π μ  R *   v n     R *   h   



(3)




where μ is the dynamic viscosity (N·s/m2); vn is the normal relative motion velocity of the agglomerate and the wall (m/s); h is the distance from the surface of the agglomerate to the surface of the trommel screen (m); and R* is the folding radius, where    1   R *    =  1   R 1    +  1   R 2     ; R1 and R2 are the equivalent radii of the agglomerate and the wall of the trommel screen, respectively, and R2 can be increased to infinity.



Equations (2) and (3) were used to obtain the collision force between the agglomerates; the surface of the drum screen increased with an increase in the relative collision velocity. Therefore, among the film-hybrid wind separators, enhancing the relative collision velocity between the residual film–impurity mixture and the trommel screen facilitated disaggregation.




2.2.2. Fluid-Solid Coupling Simulation


Further, we investigated the maximum collision force inside the trommel screen, that is, determined where the maximum relative collision velocity occurred. The operation of the membrane miscellaneous wind separator was simulated using a combination of EDEM 2020 and Fluent 18.2 software.



Pre-Processing of Fluid-Solid Coupling Simulation


SolidWorks 2018 3D modeling software was used to model the structure of the membrane miscellaneous wind separator. Flow field simulation as well as the discrete element simulation model were also used to establish the model. The simplified flow field simulation model was imported into ICEM 18.2 software for mesh drawing. The rotating trommel screen of the film miscible wind separator was located inside the stationary sealing hood; thus, the two fluid domains were plotted separately when the mesh was drawn. The screen holes on the trommel screen were named interface surfaces. Data exchange between the two fluid domains was realized, and the delineated mesh model was imported into Fluent 18.2 software. The standard k-ε model was selected for computations, and the SIMPLEC algorithm was used for solving equations. The internal flow field of the film-hybrid wind separator was simulated, and the simulation results were exported to a .cgns format file.



The results of the DEM model and the flow field simulation, data identified using an API function, were imported into the EDEM 2020 software. The operating parameters of each structure of the film miscellaneous wind separator were set separately to ensure that the coupled simulation results were consistent with the test results, and that the bench test material was followed. A three-dimensional model of residual film, straw, and soil particles was established. Parameters for material contact and physical characteristics were obtained using the drainage method via tensile tests with a mass spectrometer, a mechanical testing machine, friction and wear tests, and a literature review [16,17,18,19,20,21]. The intrinsic parameters of the materials are shown in Table 1.



The corresponding material intrinsic parameters were set in the Creator parameter setting interface in EDEM 2020. A particle model of residual film, straw, and soil was established, as shown in Figure 7. The Bonding V2 contact model was added to simulate the flexible characteristics of the residual film. The residual film particle arrangement law and the deformation of the residual film particles after the force are shown in Figure 7a,b. The model could represent the formation of flexible bonds between two bonded spherical particles. The flexible characteristics of the residual film were restored to their maximum extent. Since the volume fraction of the residual film inside the device was small, the effect of the thickness of the residual film on the flow field and the motion of the residual film was ignored to minimize computational efficiency. To reduce the calculation volume and improve the simulation efficiency, the effect of the thickness of the residual film on the flow field inside the separation device and the motion of the residual film were ignored. The residual film particle diameter was increased, and the residual film particle density was decreased to maintain a constant residual film mass.




Particle Model Authenticity Verification Test


The stacking angle validation test was designed to verify the accuracy of the basic physical and contact parameters of the proposed particle model, as shown in Figure 8a. For the stacking angle test, a transparent bottomless cylinder with an inner diameter of 70 mm, a thickness of 1.5 mm, and a height of 200 mm was used to fill the transparent cylinder with the material in proportion to the composition of the residual film–impurity mixture, and the cylinder was slowly lifted by clamping it with a lifting device. After all the materials flowed out from the bottom of the cylinder and formed a stable pile, vertical photographs were taken to measure the pile angle, and this test was repeated 10 times. To perform the stacking angle simulation test, EDEM 2020 software was used to model the bottomless cylinder according to its size specifications. After generating a certain amount of particles to fill the cylinder as a particle plant, a slow rise speed was set for the cylinder, and the simulated particles flowed out from the bottom of the cylinder to finally form a stable pile of particles. The pile angle of the pile of particles of the residual film–impurity mixture was measured, and the average value was taken to compare with the pile angle of the actual physical test. The stacking angle of the actual test was 39.1°, and the stacking angle of the simulation test was 36.2°, with a relative error of 7.4%. The simulated stacking angle matched well with the actual test stacking angle, indicating that the contact parameters of each component of the film-hybrid mixture were set reasonably and can be used for simulating working conditions.



At the same time, suspension characteristics of the residual film particles using the developed contact model were investigated. The residual film particles were used as the simulation material. Suspension simulation tests were conducted to compare them with the suspension tests on the test bench. As shown in Figure 8b, the radii of the corresponding circular cross-sections from low to high were 100, 135, and 155 mm because the flow rates through the different cross-sections were the same. The flow relationship was given using Equation (4):


   v f  π  r f    2  =  v m  π  r m    2   



(4)




where rf is the material suspension position circular cross-section radius (mm); rm is the thermal anemometer position circular cross-section radius (mm); vf is the material suspension speed (m/s); and vm is the thermal anemometer reading.



The relationship between different circular cross-section radii and the corresponding position suspension speed was deduced using Equation (5):


   v f  =    r m    2   v m     r f    2     



(5)







At the same test conditions, the speed of the fan was controlled using the controller. The suspension velocity of the residual film in both the simulation tests and the test bench suspension tests was in the range of 2.92–5.49 m/s. Thus, the suspension characteristics of the residual film particles in the simulation were similar to those of the residual film material used on the test bench. Therefore, the residual film particles were in agreement with the simulation results.




Analysis of Simulation Results


The mass ratio composition of the residual film–impurity mixture was 43% soil, 21% straw, and 36% residual film, and the feeding rate was set to 200 kg/h. A particle factory (a plane that generates particles) was added to the simulation software to produce particles in this ratio (the simulation process is presented in Figure 9a). The starting point was toward the left side of the trommel screen. Monitoring areas (thickness: 300 mm) were designed adjacent to each other. The maximum collision force between the residual film–impurity mixture and the screen surface of the trommel screen was derived for each region at different times. The line graph shown in Figure 9b plots the location against the maximum force on the screen surface of the tumbler screen. The maximum collision force occurred in the area shown in the red solid box in Figure 9a. Further, we determined that the maximum collision force occurred at the lower end of the red solid box, which was where the material first collided with the drum screen surface when it was fed into the device. The magnitude of the collision force in Figure 9b shows that a very small force was generated by the collision between the residual film–impurity mixture and the right side of the trommel screen. When the residual film–impurity mixture was not successfully depolymerized in the red solid line box (Figure 9a), it was challenging to depolymerize with the backward movement of the device. This caused a sudden increase in the impurity content in the membrane collection box. Therefore, to ensure effective depolymerization of the residual film–impurity mixture, in-depth analysis of the material feeding to the stage of collision with the trommel screen was required.



The flow-solid coupling simulation test can thus accurately represent the force of the trommel screen to some extent. Analysis of the forces at different locations of the trommel screen at different times determined the location of the maximum collision force. Therefore, to ensure the effective decoupling of the residual film–impurity mixture, an in-depth analysis of the material feeding to the stage of collision with the trommel screen is crucial.






2.3. Optimal Structural Form and Feeding Volume Determination


2.3.1. Force Analysis of Residual Film–Impurity Mixtures


Force analysis (Figure 10) for the residual film–impurity mixture from the feeding device to the first collision stage with the trommel screen was used to study the movement of the residual film–impurity mixture inside the film-hybrid wind separator.



Figure 9 shows the residual film–impurity mixture in the wind separator inside the residual film–impurity mixture through the Ⅰ feeding stage and Ⅱ cleaning stage. The residual film–impurity mixture was subjected to gravity (mg), friction force (f), and support force (FN) during stage Ⅰ. The direction of displacement of the residual film–impurity mixture was along the inlet slope and downward. There was an acute angle between the direction of gravity and the direction of motion, which resulted in positive work; the direction of friction was opposite to the direction of motion, which resulted in negative work. The direction of the support force was perpendicular to the direction of motion, resulting in zero work. The law of conservation of energy was represented using Equation (6).


  m g cos  π 4  · l − f · l =  1 2  m  v 1    2  −  1 2  m  v 1      ′   2   



(6)







Friction occurred due to a collision between the residual film–impurity mixture and the inlet, which offset part of the work done by gravity on the residual film–impurity mixture. Compared to the case of no collision, there was velocity loss. Therefore, when the residual film–impurity mixture was fed into the residual film–impurity mixture wind separator, the collision between the material and the inlet had to be minimized.



There was a flow field with a horizontal angle α = 8° inside the tumbler screen. The velocity of the material entering the device was v1, and the direction was the same as the inlet slope, that is, β = 45°. The residual film–impurity mixture was subjected to vertical downward gravity (mg) and airflow resistance (Ft) relative to the direction of material velocity, γ, during stage II; the direction of airflow resistance was the same as the direction of movement of the material relative to the airflow, and the airflow resistance, Ft, was calculated using Equation (7):


   F t  =  1 2  C A ρ s  v 2   



(7)




where C is the air resistance coefficient; A is the material windward area (m2); and ρs is the air density (kg/m3).



As shown in Equation (7), after the material entered the device, in addition to the airflow, which was necessary for clearing the airflow imposed by the air resistance, no other factors affected the speed of the material. Therefore, to ensure maximum speed of the residual film–impurity mixture and the drum sieve collision, the structure of the feed opening should be optimized; this also minimizes the speed loss during the feeding process.




2.3.2. Inlet Structure Design


To minimize the ratio of impurities in the residual film in the residual film–impurity mixture wind separator film, the quality of the collected film per unit of time should be maximized. After optimizing the film and debris wind separator and its drum screen speed, air inlet air speed, and other operating parameters for a certain value, i.e., the drum speed of 26 rpm and the air inlet air speed of 8.5 m/s [22,23]. At this time, by controlling the feeding volume and determining the best inlet form, the mixture of film and miscellaneous material was mixed with the drum screen. The relative collision velocity was maximized when the residual film–impurity mixture collided with the trommel screen. In turn, to ensure the maximum debris disaggregation degree of the residual film–impurity mixture, the working performance of the residual film–impurity mixture wind separator was improved.



Three types of feed openings were designed, as shown in Figure 11, namely, square, oval, and semi-circular. The inlet areas of the three forms were 0.15, 0.1174, and 0.1178 m2, respectively.



Figure 12 shows a 3D model of the inlet. The square inlet allowed more residual film–impurity mixture to be fed into the device, but it had more sides, and the residual film–impurity mixture collided with these during the feeding process, which led to relatively low velocity when it collided with the drum screen surface, affecting the residual film–impurity mixture depolymerization. Therefore, to investigate the best feed inlet structure form, the collision force of the residual film–impurity mixture on the trommel screen under different inlet structures was determined, and the fluid-solid coupling for the film-hybrid wind separator was simulated.




2.3.3. Optimal Structural Form and Feeding Volume Determination


Various forms of inlet structures were simulated. The simulation feeding amount was set according to the proportion of each material mass in the real residual film–impurity mixture. The monitoring area was set up at the position of the red solid line box shown in Figure 9a. The maximum values of the forces on the trommel screen at each moment were determined for each inlet structure. The average value of the statistical results was used as the basis to draw the bar graph shown in Figure 13. The difference between the maximum value and the average value was used as the reference for the error bar.



As shown in Figure 13, the overall force of the trommel screen increased and then decreased. At a small feeding volume, the volume of the residual film–impurity mixture agglomerates was small, and the number of materials was small, resulting in a smaller collision force. At a larger feeding volume, the fed residual film–impurity mixture collided with the edge of the feed opening, leading to serious velocity loss and resulting in a smaller collision force. When a square inlet was used, the larger inlet area resulted in more material feeding and no speed loss during the feeding process. At a large feeding volume of 200 kg/h, the maximum force during the operation of the trommel screen was 3.632 N. When an oval inlet was used, the inlet area was the smallest. Because of this, the size of the agglomerates of the residual film–impurity mixture was limited by the decreased feed rate, and the larger agglomerates could not be fed smoothly. The maximum force during the operation of the trommel screen was 3.047 N at a feed rate of 150 kg/h. When the feed opening was semi-circular, the area of the feed opening was between that of the square and oval ones. Compared to the square feed opening, the structure had a rounded boundary, resulting in challenges with material feeding. The structure had a rounded boundary, which avoided collisions during the material feeding process. Compared with the oval inlet, the semi-circular structure had a larger area, allowing more material to be fed. Therefore, the generated force was between those of the above two structures. The maximum force during the operation of the trommel screen was 3.392 N at a feed rate of 200 kg/h.



The maximum collision force at all times during the operation of the integrated trommel screen was investigated for different inlet structures. For the square inlet and a feeding volume of 200 kg/h, the collision force between the residual film–impurity mixture agglomerate and the tumbler screen surface was the largest; that is, the agglomerates of the residual film–impurity mixture were most likely to be decluttered. To study the optimal feeding rate of the residual film–impurity mixture under the square feeding port condition, the parameters were further optimized in the range of 150–250 kg/h. The maximum values of the forces on the trommel screen at each moment under different feeding conditions were obtained. The average value was calculated, and a scatter plot was plotted as shown in Figure 14. A curve fit was performed [24,25,26,27,28].



According to the imported data, the fitting equation was set as a quadratic equation: and the curve was fitted repeatedly. The best fit was achieved when the reduced residual sum of squares (RSSs) was constant. At this point, a = −3.58857 × 10−4, b = 0.1453, c = −12.46171, and R2 was 0.99436. The fitted curve equation was given using Equation (8):


  y = − 0.000358857  x 2  + 0.1453 x − 12.46171  



(8)







The quadratic equation was solved when x = 202.45, y had the maximum value of 2.25, and the parameters were rounded. At a feeding rate of 202 kg/h, the average value of the maximum collision force at each moment of the tumbler screen was 2.25 N. Therefore, to ensure the best depolymerization effect, a square inlet should be used with a feeding rate of 202 kg/h.





2.4. Test Equipment


Herein, the working performance of the wind separator under the feed inlet structure and the feeding volume were verified. In the pilot plant of the Shandong Agricultural Machinery Research Institute, the machine was tested under the conditions determined in Section 2.3.2. Changes in the ratio of impurities in the residual film under this condition were compared. The actual machine test is presented in Figure 15.



Figure 15 shows the wind separator, inlet, and conveyor belt, as well as the residual film and straw after cleaning. The test apparatus and equipment included the trommel screen-type film miscellaneous wind separator, screen hole clearing plugging device, handheld thermal anemometer, an electronic scale, and so on.




2.5. Test Program and Evaluation Index


2.5.1. Test Program


The operating parameters of the test object, a film miscellaneous wind separator, were set to the determined optimum values, that is, air inlet speed, airflow angle, and drum speed of 8.5 m/s, 8°, and 26 rpm, respectively. Under this condition, the device was started until the flow field inside the device stabilized. The space between the two compartments of the conveying unit was 300 mm. Each section could convey 300 g of residual film–impurity mixture. The diameter of the rotating shaft was 40 mm at both ends, and the motor speed was 885 rpm. The wind separator was continuously operated, and the airflow speed at the air inlet was determined using a handheld thermal anemometer (measuring range: 0–30 m/s, error: ±1%). We ensured that the speed at the air inlet was 8.5 m/s under the conditions determined in Section 2.3.2.




2.5.2. Evaluation Indicators


The ratio of impurities in the residual film was used as the evaluation index, and the film trash wind separator worked continuously. Every 5 min, the residual film, and impurities in the film collection box were sampled and weighed for statistics. The measurements were recorded 50 times. The ratio of the residual film to the mass of impurities in the film cleaned by the wind separator was the ratio of impurities in the residual film. The relationship was determined using Equation (9):


   Y 1  =    m 2     m 1    × 100 %  



(9)




where Y1 is the ratio of impurities in the residual film (%); m2 is the mass of residual film in the film collection box (kg); and m1 is the mass of impurities in the film collection box (kg).






3. Results


According to the developed test program, the impurities removed from the film collection box were weighed using the electronic scale. According to the relationship equation of the evaluation index, the ratio of impurities in the residual film for each test was calculated. The test results were divided into 5 groups, and the average value of the results of each group was calculated. The coefficients of variation and variance of all tests were calculated and used to evaluate the degree of dispersion of the data. The test results are shown in Table 2, and the radar plot shown in Figure 14 was drawn according to the test results. It presented a more apt and visual dispersion degree of the test results.



The test results in Table 2 and Figure 16 shows that when the membrane debris wind separator was continuously operated and the membrane debris mixture was continuously fed, the average value of the ratio of impurities in the residual film was 6.966%, which was 5.004% lower than the value of 11.97% before optimization. The calculated coefficient of variation was 7.38%, with a variance of 0.36453 [29,30]. The statistical results were less discrete. Thus, this evaluation index remained almost constant during the continuous operation of the device. Thus, the device is in a stable working condition and can maintain stable operation during long working hours. After cleaning, the residual film had to be cleaned again and subjected to other processes before the next use. Therefore, smaller soil particles adhering to the residual film could be ignored when calculating this index. Only the larger particles and the agglomerates with straw impurities adhering to them were weighed. Thus, using the optimized feeding volume and inlet structure, the film–impurity wind separator could be continuously operated, and a stable cleaning effect of the wind separator was achieved. The ratio of impurities in the residual film also remained nearly stable, and the collision force between the residual film–impurity mixture and the trommel screen inside the device was maintained at a large value. Thus, the disaggregation of the residual film–impurity mixture agglomerates was facilitated.



Overall, the inlet form and feeding quantity of the inlet of the wind separator considerably influence the cleaning performance of the whole device and the disaggregation of the residual film–impurity mixture agglomerates. The best performance was achieved using the square feed inlet. During the operation, it effectively ensured smooth feeding of the residual film–impurity mixture, and in the case of larger feeding volumes, it increased the relative collision speed between the residual film–impurity mixture and the trommel screen, improving the depolymerization effect, decreasing the ratio of impurities in the residual film, and improving the screening performance and institutional reliability of the residual film–impurity mixture wind separator.




4. Discussion


In this study, feeding amount, another important factor affecting the residual film–impurity wind separator, was determined by a thorough literature review for the design and development of similar devices. Most scholars mainly focus on structural design but neglect feeding amounts. We determined that the collision force generated when the material enters the device for the first collision is the maximum collision force during the entire cleaning process. Niu et al. [31] investigated the influence of feeding amount on the working performance of similar devices. The optimal feeding rate was determined to be 250 kg/h, and the ratio of impurities in the residual film was 8.8%. Liu [32] determined that the center of the feed inlet was 340 mm from the center of the model by simulation, but they did not point out the ratio of impurities in the residual film in this state. Kang [28] and Peng [12] studied similar devices and obtained 8.4% and 10.54% impurities in the residual films, respectively. These studies considered the same working principle of cleaning devices, except for slight differences in the overall structure sizes. However, the ratio of impurities in the residual films was >6.966%, as obtained in this study. By comparing the trash rate in the film in the different studies, the optimized feeding volume and inlet structure improved the performance of the cleaning device to some extent. Therefore, the optimized feeding amount and inlet structure were investigated. The device was operated for a long duration to test the stability of its working performance. Some of the screen holes were clogged; however, it did not cause fluctuations in the evaluation index in a short period of time. We were concerned that more sieve holes would become clogged with continued use. This will affect the working of the device. Therefore, there is an urgent need to solve the problem of clogging sieve holes in future studies.




5. Conclusions


	(1)

	
In this study, we addressed the problem that a large amount of residual film–impurity mixture is not efficiently depolymerized during the operation of a residual film–impurity mixture separator. Based on the principle of residual film–impurity mixture depolymerization and the flow-solid coupling simulation method, the maximum collision force between the residual film–impurity mixture and the inside of the device was determined as the key factor affecting the mixture depolymerization.




	(2)

	
Analysis of the whole feeding process revealed that when the residual film–impurity mixture separation device was in stable operation, the factors influencing the magnitude of the collision force between the residual film–impurity mixture and the device interior originated from the feed inlet position. The optimal conditions were a square inlet port and a feeding rate of 202 kg/h.




	(3)

	
The above-mentioned inlet structure and feeding rate were used as standards, and machine tests were conducted. The test results showed that the average value of the ratio of impurities in the residual film was 6.966%, which was 5.004% lower than the value of 11.97% before optimization. Based on all statistical data, the coefficient of variation was calculated to be 7.38% with a variance of 0.36453. The dispersion of the statistical results was small, and the ratio of impurities in the residual film remained unchanged during the continuous operation of the film–impurity wind separator.
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Figure 1. Process of resource utilization of waste plastic film. 
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Figure 2. Types of residual film recovery machinery. (a) straw-returning residual film recycling baler; (b) standing pole-type residual film recycling machine. 
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Figure 3. Flow chart of research content. 
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Figure 4. Tumbler sieve-type film trash wind separator: (1) centrifugal fan; (2) duct; (3) inlet; (4) upper seal cover; (5) pipe support frame; (6) centrifugal blower; (7) tumbler screen; (8) spiral blade; (9) screen hole clearing device; (10) film collection box; (11) support roller; (12) frame; (13) lower seal cover; (14) controller; (15) motor; (16) conveying device; (17) spacer conveyor. 
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Figure 5. Operating principle of the tumbler screen-type film miscellaneous wind separator. 
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Figure 6. Membrane heterogeneous mixture agglomeration principle. 
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Figure 7. Model of residual film particles. (a) Arrangement pattern of residual film particles; (b) deformation effect after force; (c) soil particles; (d) straw pellets. 
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Figure 8. Experimental validation of discrete element models. (a) stacking angle simulation test; (b) suspension speed verification test. 
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Figure 9. Simulation test: (a) schematic diagram of fluid-solid coupling test; (b) force diagram of different positions of tumbler screen at different moments. 
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Figure 10. Force analysis of residual film–impurity mixtures. Note: l is the length of the inclined section of the inlet (m); v1 is the instantaneous speed of the residual film–impurity mixture into the trommel screen (m/s); and v1’ is the speed of the residual film–impurity mixture fed into the inlet (m/s). 
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Figure 11. Different forms of inlet area. 
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Figure 12. Feed inlet 3D model: (a) square; (b) oval; and (c) semi-circular inlets. 
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Figure 13. Trommel screen forces at different feed rates. 
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Figure 14. Curve-fitting graph. 
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Figure 15. Inlet structure pattern and membrane separation verification test. 
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Figure 16. Radar map of test results. 
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Table 1. Intrinsic parameters of the materials.
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Materials

	
Intrinsic Parameters

	
Value






	
Residual film

	
Dimensions (length × width × thickness)/mm × mm × mm

	
100 × 30 × 0.1




	
Poisson’s ratio

	
0.23




	
Shear modulus/Pa

	
1.2 × 106




	
Density/kg/m3

	
104




	
Straw

	
Dimensions (diameter × length)/mm × mm

	
8 × 80




	
Poisson’s ratio

	
0.35




	
Shear modulus/Pa

	
1.37 × 108




	
Density/kg/m3

	
257.8




	
Soil

	
Equivalent particle size/mm

	
2




	
Poisson’s ratio

	
0.4




	
Shear modulus/Pa

	
1.6 × 108




	
Density/kg/m3

	
1430











 





Table 2. Test results.
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Number of Test Groups

	
1

	
2

	
3

	
4

	
5




	
Evaluation Index

	






	
Ratio of impurities in the residual film/%

	
7.27

	
7.56

	
6.77

	
6.21

	
7.02




	
Coefficient of variation/%

	
7.38




	
Variance

	
0.36453
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