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Abstract

:

The winnowing machine of chili pepper harvesters was developed to reduce the potential problem of low pepper stem and fruit separation. The developed winnowing machine was combined with two impellers and a center bearing to prevent a strain on the drive shaft and to ensure durability. The terminal velocity of chili pepper was measured, and an aerodynamic analysis was conducted based on this winnowing machine. A CFD (Computational Fluid Dynamics, Ansys Fluent 2020 R1) analysis was conducted for three levels of discharge port guide form (0, 3, and 5 guides) and three levels of rotating speed (1600, 1800, and 2000 RPM) of a winnowing machine designed utilizing aerodynamic analysis results. A validation test was conducted by fabricating a winnower test device. As for aerodynamic analysis conducted using measured values of terminal velocity, chili pepper fruits were collected at an outlet wind speed lower than 17.5 m/s and chili pepper branches were separated at a speed higher than 12.5 m/s. As a result of CFD analysis, the wind speed deviation at outlets of the 0-, 3-, and 5-guide depending on the rotating speed appeared to be 15.8, 1.4, and 1.0 m/s on average, respectively. The result of the CFD analysis showed values higher than wind speeds of the actual winnower test device by a minimum of 0 and a maximum of 2.4 m/s. Through the CFD analysis and the wind speed validation test of the winnower test device, optimal conditions to separate foreign materials were found to be a winnowing machine at a rotating speed of 1800 RPM with a discharge port having three guides or a winnowing machine at a rotating speed of 2000 RPM with a discharge port having five guides.
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1. Introduction


As a vegetable crop, chili pepper has an output ranked the seventh largest among vegetables globally. It contains capsaicin with a spicy taste. It is widely used as an industrial material and a seasoning ingredient for various foods. Major chili pepper-producing countries are China, India, Thailand, Bangladesh, Myanmar, Vietnam, USA, Peru, and Korea, most of which are concentrated in Southeast Asia [1]. Chili pepper is the second most important crop for farm household income after rice in Korea. It is an important seasoning vegetable that accounted for 33% of condiment vegetables in 2020. However, its cultivation area and output are decreasing due to the aging of chili pepper growing farms, low mechanization rate, and labor cost burden with an increase in the production cost. It has been reported that chili pepper cultivation area, output, and production cost per 10a of Korea have been changed from 74,471 ha, 193,786 tons, and 1,126,000 KRW in 2000 to 31,146 ha, 60,076 tons, and 3,707,000 KRW in 2020, respectively. Additionally, the report showed decreases of 41.8%p and 31.0%p in cultivation area and output, and an increase of 329.2%p in production cost [2,3].



The chili pepper harvesters have been researched and developed in many countries to increase chili pepper cultivation area and output [4,5,6]. As additional human resources are put in to separate foreign materials because existing chili pepper harvesters have a high rate of foreign materials in the collection tank after harvest, the foreign material separation system needs to be improved [7,8,9,10]. The separation of small chili pepper branches, leaves, soil, and so on that are moved to the collection section during mechanical harvesting of chili pepper occupies an important part of low transportation cost, processing cost, and simplification of the post-treatment process [11,12,13]. As a result of developing a small size chili pepper harvester and conducting a performance comparison test, Kim et al. [14] have reported foreign material adulteration rates of 17.6 to 31.0% on average and presented the necessity for a foreign material separation device to reduce additional separation workforce after harvest. Studies on the separation of foreign materials use the method where foreign materials are separated by square plates installed at a constant interval on a rotating shaft and the winnower method where foreign materials are separated using the air based on the difference in terminal velocity crop. In a study on rotating square plates, Lenker et al. [15] have removed 65% of foreign materials by putting harvested chili pepper on a wire belt with a number of 3.1-cm high fingers installed at an interval of 2.5 cm and making small chili pepper branches and leaves fall through the space between the fingers while the belt vibrates and rotates. Wolf et al. [16] have removed 42% of foreign materials due to fabricating three star-shaped star wheels that rotate in a single direction and one square rubber plate and using them to separate seeds, small branches, and leaves. Eaton et al. [17] have achieved chili pepper separation rates of 90% to 95% and a foreign material separation rate of 93.5% under conditions of a rotating card cleaner size of 6 inches, an interval of 22.2 mm, an inclination angle of 20°, and rotating speeds of 50 to 100 RPM after mechanical harvesting of a chili pepper species cultivated in New Mexico State. Kong et al. [18] have conducted a test after designing and fabricating a separation system using star wheels and air current based on morphological features and aerodynamic characteristics of a chili pepper species cultivated in Xinjiang, China. When the interval of star wheel plates was 108 to 200 mm and the distance between shafts was 180 to 200 mm, it was found that 29.5% of branches and 75.0% of foreign materials were separated. Jo et al. [19] designed and fabricated a card cleaner device and conducted a performance test. As a result of the test, the foreign material separation rate was 53.5% under a straight-line card arrangement, an inclination angle of 15°, and a rotation speed of 50 RPM. Statistical analysis showed that the foreign material separation rate was significantly related to the inclination angle and the rotating speed. Byun et al. [20] have established optional conditions of a card cleaner device by grasping its mechanical and physical properties using the discrete element method (EDEM) and found that conditions are similar to those of the factorial performance experiment of Jo et al. [19].



In a study on the aerodynamic winnowing method, Bilanski et al. [21] have experimentally obtained and induced terminal velocity of freely falling grains using a time-displacement technique to measure terminal velocities of seven kinds of grains and seeds such as wheat about that of a plastic sphere. In an aerodynamic study on the air stream separation of grains, Lee et al. [22,23] analyzed the effect of rice and barley sizes and moisture content on the measurement of terminal velocity. Their measurement results showed that the terminal velocity of rice was 4.6 to 4.8 m/s and that of barley was 4.9 to 5.5 m/s. Chung et al. [24] have experimentally investigated aerodynamic characteristics of the separation section in a combine. As a result of making measurements at a winnower rotating speed of 1150 RPM, it was found that air separation of wheat, branch straw, and leave straw was possible at 4.1 m/s, 2.4 m/s, and 1.3 m/s, respectively. To confirm the physical, mechanical, and aerodynamic properties required for separation after the mechanical harvesting of peanuts, Kim et al. [25] have compared the results of a modeling calculation and an actual test. Their test results showed that the breaking power of peanut hulls was irrelevant to their shape, size, or moisture content, with a drag coefficient range of 0.67 to 0.93. Choi [26] has conducted a test after fabricating a device to separate chili pepper using a winnowing fan and a vibrating separation sieve. As a result of the separation, the chili pepper separation rate was 68.2% when the wind speed of the winnowing machine was 6.2 m/s, the frequency of the separating sieve was 6.9 Hz, the amplitude was 40 mm, and the thickness and interval of the separation sieve rods were 6 mm and 29 mm, respectively. As a result of conducting a test of removing foreign materials from chili peppers by organizing a fan absorption winnowing device, a discharge conveyor, and a foreign material collecting bin, Hong et al. [27] have found that chili pepper leaves are absorbed in a winnowing machine wind speed of 12 to 15 m/s and the foreign material removal rate is 95%. Noh et al. [28] have evaluated the separation rate and loss rate at the foreign material separation winnowing machine’s rotation speed of 180 to 300 RPM to develop a sesame harvester. As a result of the test, separation rates of sesame were 99.7% and 99.8% at 220 and 240 RPM, respectively. These were reported as the optimal RPMs of the winnowing machine with the least loss.



Lee et al. [29] have analyzed the fluid flow of a peanut harvester’s winnowing machine by conducting a CFD analysis. They found that the fluid flow was adequate when the direction was counterclockwise and the rotating speed and the flow field velocity were 1500 RPM and 8 to 17 m/s, respectively. The separation system of the peanut harvester was investigated in a factor experiment using the analyzed result [30]. Yuan et al. [31] have analyzed the separation performance using the CFD-DEM (Computational Fluid Dynamics—Discrete Element Method model) to improve the separation performance of a combine and save the cost. Separation and performance efficiencies were 98.9% and 87.7%, respectively, at a wind speed of 11.0 m/s. The error in the separation rate was 5% or less. Those in the loss rate and separation efficiency were 9.8% and 2.6%, respectively, through the analysis result and validation test. Shin et al. [32] have designed and fabricated a winnower test device for a chili pepper harvester and conducted a performance test. The conditions that achieved the least loss of chili pepper and the highest separation rate of foreign materials were a winnower inclination angle of 34° and a rotating speed of 2000 RPM. Winnowing machines presented in the existing literature showed the following trend: the higher the rotating speed of the winnowing machine, the larger the loss of chili pepper fruit and the higher the foreign material separation rate. It is required to find a way to minimize the loss of chili pepper fruits and secure adequate foreign material separation at the same time. The optimization and application of CFD solution were studied to evaluate fluid flow around a target object at a low Reynolds number and numerical study on the drag coefficient. Additionally, the CFD simulation was used to evaluate the flow patterns and indicate the important numerical solutions. To optimize parameters of winnowing equipment for machine-harvested Lycium barbarum L., a discrete element method (DEM) simulation of ripe fruit in the airflow was performed using EDEM software [33]. Aerodynamic analysis and CFD simulation were conducted to evaluate the model on temperature and relative humidity or predict the terminal velocity of agricultural granular materials or perform the wind tunnel in the agriculture field [34,35,36].



Thus, the objective of the present study was to design a foreign material separation winnowing machine for specializing work in chili pepper harvesters through an aerodynamic analysis and validate the same using CFD (Computational Fluid Dynamics, Ansys Fluent 2020 R1) software. Detailed objectives are below.



	
The first objective is to measure the terminal velocities of chili pepper species and conduct an aerodynamic analysis. The terminal velocities of chili pepper fruit, chili pepper stem, and chili pepper leaf move distance by wind are each derived through aerodynamic analysis.



	
The second objective is to validate the winnowing machine through a CFD analysis and test device. The wind speed of CFD flow analysis is verified as a flow test of separation equipment. In this result, the optimal rotation speed and discharge out guides for foreign material separation are decided, which will be applied to the chili pepper harvester.







2. Materials and Methods


2.1. Aerodynamic Properties of Mechanically Harvested Chili Pepper


In the present study, species ‘Jeokyoung’ and ‘AR Legend’ were selected. Terminal velocities of their chili pepper fruits, chili pepper branches, and chili pepper leaves were measured. ‘Jeokyoung’ and ‘AR Legend’ are species with large fruits developed by the National Institute of Horticultural and Herbal Science (NIHHS). They have high chromaticity, lots of chili pepper fruits, and strong resistance against diseases and pests such as anthrax bacterium. These chili peppers were transplanted from an NIHHS experimental field on 8 May 2019. Measurements were made on 18 August 2019 (after 103 days) during the harvesting period.




2.2. Terminal Velocity Measurement


The terminal velocity of the chili peppers was measured by controlling the wind speed. Chili pepper fruits and chili pepper branches were put in a floating state at the height of 10 to 20 cm using an upward air current with a uniform velocity [37,38]. Figure 1a shows the look of the terminal velocity device used for the test. Figure 1b shows the wind speed meter used. As for the measurement method, velocity values were measured by inserting the hot wire probe of a wind speed meter into the hole of the transparent tube with the chili pepper fruits and chili pepper branches in a floating state [19,20]. Each chili pepper fruit and chili pepper branch were collected 10 times, and the average value and standard deviation were calculated by three repetitions of the test. Detailed specifications of the wind speed meter used for the test are shown in Table 1. Table 2 shows the results of measuring terminal velocities of chili pepper fruits, chili pepper branches, and chili pepper leaves.




2.3. Aerodynamic Analysis of Winnowing


The chili pepper harvester developed by Shin et al. [10,32] was arranged to separate foreign materials such as chili pepper branches and chili pepper leaves and collect only the harvested chili pepper fruits in a collection tank. Figure 2 shows the construction of the foreign material winnowing system developed by Shin et al., in addition to the chili pepper harvester [10,32] they developed. It is organized to transfer harvested chili pepper fruits and foreign materials such as chili pepper branches and leaves to a conveyor belt and separate foreign materials outside of the collection tank by the wind of the winnowing machine when they fall into the collection tank. Terminal velocities of chili pepper fruit, chili pepper branch, and chili pepper leaf were set to be 13.5, 11.5, and 4.2 m/s, respectively, using the terminal velocity measurement result. Chili pepper leaf was excluded from the aerodynamic analysis considering it could be separated at a wind speed lower than that of a chili pepper branch. In the aerodynamic analysis of winnowing, travel distances of chili pepper fruits and chili pepper branches with time were derived from to the wind speed discharged at an inclination angle of 34°. At this time, it was assumed that the wind speed was constant only in one direction. If a wind speed is applied to chili pepper fruits and chili pepper branches when they fall freely into the collection tank from a height of 400 mm, forces of drag and gravity are generated in the direction of    F  D x   ,    F  D y   ,   m g     (Figure 3).    F  D x     is the drag force moving in the x-axis direction and    F  D y     is the drag force moving in the y-axis direction. Conditions used to calculate of measured material properties and travel distances are shown in Table 3.



Chili pepper fruit and chili pepper branch are assumed to be aspherical ellipsoids. Therefore, the projected area is shown in Equation (1) [39]:


   A p  =   π    L 1     L 2   4   



(1)




where    A p    = projected area (m2);    L 1    = length of object (m); and    L 2    = diameter (thickness) of object (m).



When the projected area and terminal velocity value are used, the drag coefficient of chili pepper fruit and chili pepper branch is shown in Equation (2) [39]:


   C D  =   2   m   g   ρ  A p     V t 2       



(2)




where    C D    = drag coefficient;  ρ  = air density (kg/m3);    V t    = terminal velocity of object (m/s);   m    = weight of object (kg); and   g    = acceleration of gravity (m/s2).



The drag applied to chili pepper fruit and chili pepper branch in the x-axis direction, which is expressed using the projected area value as shown in Equation (3) [40]. The acceleration   (  a x  )   applied in the x-axis direction is shown in Equation (4) [40]. The wind speed   (  V  a i r   )   is the relative velocity of the chili fruit and chili branch’s speed   (  V  x p   )  . When the initial time (t) is 0,   (  V  x p   )   becomes 0. The acceleration is assumed to be constant at the analysis time interval of 0.1 s.


   F  D x   = m    a x   



(3)




where    F  D x     = drag force of x-axis direction (N); and    a x    = acceleration of x-axis direction (m/s2).


   a x  =    F  D x    m  =  1 2       C D    ρ    A p         V  a i r     c o s   θ −  V  x p      2   m   



(4)




where    V  a i r     = wind velocity (m/s); and    V  x p     = x-axis direction velocity of object (m/s).



The drag applied to chili pepper fruit and chili pepper branch in the y-axis direction is affected by the gravitational acceleration, which is shown in Equation (5) [40]. The acceleration applied in the y-axis direction     (  a y  )   is shown in Equation (6) [40].


   F  D y   = − m    a y  + m   g    



(5)




where    F  D y     = drag force of y-axis direction (N); and    a y    = acceleration of y-axis direction (m/s2).


   a y  = g −    F  D y    m  = g −  1 2       C D    ρ    A p         V  a i r     s i n   θ −  V  y p      2   m   



(6)




where    V  y p     = y-axis direction velocity of object (m/s).



Velocities of chili pepper fruit and chili pepper branch in the x-axis direction,    V x   , and in the y-axis direction,    V y   , are expressed using acceleration values   (  a x  )   and   (  a y  )   and calculated at the analysis time (t) of 0.1 s as shown in Equation (7) [40]. Based on the analysis time (t), the initial velocity   (  V  n − 1   )   of    V x    or    V y    is the velocity value previously calculated. It becomes the initial value.


   V n  =  V  n − 1   +  a n    t  



(7)




where    V n    = velocity of an object   (  V x       or   V   y  )   (  m/s);    V  n − 1     = previous value for velocity of object (m/s);    a n    = acceleration     (  a x     or     a y  )   (  m/s2); and  t  = time interval of analysis (s).



The travel distance in the x-axis direction,    S x   , expressed using the acceleration in the x-axis direction and the y-axis direction   (  a x  ,    a y  )   and velocity   (  V x  ,    V y  )   values calculated at each time (t) are shown in Equation (8) [40]. The travel distance in the y-axis direction,    S y   , is shown in Equation (9) [40]. The initial travel distance    S  x 0     is 0 m.    S  y 0     is fixed to the fall height of 0.4 m. As to the analysis time (t), the calculation is made at an interval of 0.1 s for up to 5 s.


   S x  =  S  x 0   +  V x    t +  1 2     a x     t 2   



(8)




where    S x    = travel distance of x-axis direction (m) and    S  x 0     = initial travel distance of x-axis direction (0 m).


   S y  =  S  y 0   +  V y    t +  1 2     a y     t 2   



(9)




where    S y    = travel distance of y-axis direction (m) and    S  y 0     = initial travel distance of y-axis direction (0.4 m).




2.4. Flow Analysis of Winnowing Machine


In this chapter, a flow analysis is conducted based on the rotating speed of the winnower and the shape of the discharge port guide designed using the Ansys FLUENT 2020R1 program, a commercial CFD (Computational Fluid Dynamics) code. The winnower comprised of two impellers was designed in Figure 4 to select an optimal flow field based on the discharge port guide level 3. Detailed data are shown in Table 4.




2.5. CFD Modeling and Simulation Setup


In the flow analysis, a coupled-type algorithm with excellent convergence was used. The MRF (Multi Reference Frame) method was used to simulate the rotation of a fan. The CFD numerical analysis procedure was performed in the order of geometry modeling, mesh, physics, solver settings, computing solution, and post-processing. Modification of the model was considered when reviewing the analysis results [41]. Detailed boundary conditions for numerical analysis are shown in Table 5. Depending on the winnower fan rotating speed (1600, 1800, 2000 rpm) and the outlet guide shape (0-, 3-, 5-guide), analysis conditions for the winnower rotating speed and the discharge port guide were set, referring to the reported factorial experiment of the foreign material separation [32,42]. Internal parallel processing with six cores is used to solve the simulation. Regarding the grid system used for the flow analysis, a tetrahedron grid system was applied. It was comprised of a total of 1,259,970 nodes and 5,004,653 grids. The maximum element size for the rotating area is set to 0.002 m. The length of the element at the interface between the fixed and rotating area is set to 0.005–0.01 m. For grid generation, the surface mesh used a triangle, and the volumetric mesh used a tetrahedron and prisms. The satisfy condition with orthogonal quality was 0.1 to 0.2, and the validation with a skewness value was between 0.8 and 0.9. The solver setting was confirmed as the stable state in the conditions of time step 0.5 s and residual 10−3 less [43]. The housing of the winnower to which the grid system was applied is shown in Figure 5a. The impeller to which a dense grid system was applied is shown in Figure 5b.




2.6. Fabrication and Evaluation of Winnowing Machine


The test device by discharge port guide that affects the performance of the winnowing system is shown in Figure 6a,b. Depending on the rotating speed of the winnower and the discharge port guide shape, measurements were made at each position using a wind speed meter (TESTO-440, Lenzkirch, Germany).





3. Results and Discussion


3.1. Result of Aerodynamic Analysis


Results of calculating the travel distances of chili pepper fruit and chili pepper branch depending on the wind speed at the winnower discharge port are shown in Figure 7 and Figure 8, respectively. Chili pepper fruits are shown in Figure 7a; those which fell freely were found to have been collected in the collection tank at wind speeds of 10.0, 12.5, and 15.0 m/s. At a wind speed of 17.5 m/s, chili pepper fruits were found to have flown outside the collection tank, causing a loss to occur. As for the loss of the chili pepper fruit, it was found that the moving distance of the pepper fruit was over 0.6 m at a wind speed of 17.5 m/s. Chili pepper branches, as shown in Figure 7b, were found to have been separated, flying out of the collection tank at wind speeds of 15.0 and 17.5 m/s. For the separated chili pepper branches, it was found that the moving distance of pepper branch was over 0.6 m at a wind speed of 15 and 7.5 m/s. As a result of conducting an aerodynamic analysis, it was determined that chili pepper fruits were collected in the collection tank at a wind speed lower than 17.5 m/s. Furthermore, the chili pepper branches were separated to be outside of the collection tank at a wind speed higher than 12.5 m/s.




3.2. Flow Analysis Results


Wind speed measurement positions depending on the shape of the discharge port guide are shown in Figure 8a,b. Drift velocity distributions of the upper xy plane for the discharge port with 0-, 3-, and 5-guide at a winnower rotating speed of 1600 RPM are shown in Figure 9a–c, respectively. As a result of flow field velocity distribution, the 0-guide showed an average of 19.9 m/s at C1 and 4.3 m/s at L1 and R1. The 3-guide showed an average of 17.7 m/s at C1 and 15.9 m/s at L1 and R1. The 5-guide showed an average of 15.5 m/s at C1 and 14.5 m/s at L1 and R1. Flow velocity deviations at the left and right points, L1 and R1, from the center, C1, of the discharge port were shown to be 15.6, 1.8, and 1.0 m/s in the case of the 0-, 3-, and 5-guide, respectively. The velocity deviation of the 5-guide was found to be the least.



Figure 9d–f show the flow velocity distributions for the discharge port with 0-, 3-, and 5-guide at a winnower rotating speed of 1800 RPM, respectively. As a result of the flow field velocity distribution, the 0-guide showed an average of 22.6 m/s at C1 and an average of 5.0 m/s at L1 and R1. The 3-guide showed an average of 20.6 m/s at C1 and 23.2 m/s at L1 and R1. The 5-guide showed an average of 19.4 m/s at C1 and 16.7 m/s at L1 and R1. The flow velocity deviations at the left and right points, L1 and R1, from the center, C1, of the discharge port were shown to be 17.7, 2.6, and 2.7 m/s in the case of 0-, 3-, and 5-guide, respectively. The velocity deviation of the 3-guide was found to be the least.



Figure 9g–i show velocity distributions for discharge port with 0-, 3-, and 5-guide at a winnower rotating speed of 2000 RPM, respectively. As a result of the flow field velocity distribution, the 0-guide showed an average of 24.1 m/s at C1 and 5.8 m/s at L1 and R1. The 3-guide showed an average of 22.9 m/s at C1 and 25.6 m/s at L1 and R1. The 5-guide showed an average of 18.6 m/s at C1 and 19.0 m/s at L1 and R1. The flow velocity deviation at the left and right points, L1 and R1, from the center, C1, of the discharge port was shown to be 18.3, 2.7, 0.4 m/s in the case of 0-, 3-, and 5-guide, respectively. The velocity deviation of the 5-guide was found to be the least.




3.3. Results of Comparing Winnower Speed Measurement and Flow Analysis


Results of measuring wind speeds in the winnower test device and wind speeds determined by CFD analysis are shown in Table 6. Wind speeds measured in the winnower test device were lower than those determined by CFD analysis at 9 points by 0 to 2.4 m/s. Figure 10 and Figure 11 show wind speed for actual measurement results of the winnower test device and the CFD analysis to match the top view of Figure 8b. The Kriging method was used. It could predict the attribute value at each point through the linear summation of each measured wind speed based on Table 6 [44]. The minimum unit of the grid was set to be 5.55 × 5.55 mm and the total number of nodes was set to be 5500. The 0-guide in Figure 10a and Figure 11a showed that wind speed results of the winnower test device and the CFD analysis were high at points C1, C2, and C3 of the discharge port. Wind speeds of the winnower test device were lower than those of the CFD analysis by 0.1 to 0.7 m/s. As for the 3-guide shown in Figure 10b and Figure 11b, wind speed results of the winnower test device and the CFD analysis showed constant values at distances from 0 to 300 mm from the discharge port. Wind speeds of the winnower test device were lower than those of the CFD analysis at 9 points by 0.1 to 1.6 m/s. Although the 5-guide shown in Figure 10c and Figure 11c had uniform wind speeds at 9 points about the discharge port, and values at L1, C1, and R1 were lower than those of the 3-guide by 1.2 m/s on average. Wind speeds of the winnower test device were lower than those of the CFD analysis at 9 points by 0.4 to 1.8 m/s. The 0-guide shown in Figure 10d and Figure 11d revealed that wind speed results of the winnower test device and the CFD analysis at 1800 RPM were high at points C1, C2, and C3 of the discharge port. Wind speeds of the winnower test device were lower than those of the CFD analysis by 0.8 to 1.2 m/s. As for the 3-guide shown in Figure 10e and Figure 11e, wind speed results of the winnower test device and the CFD analysis had uniform values. Wind speeds of the winnower test device were lower than those of the CFD analysis at 9 points by 0.1 to 2.1 m/s. Although the 5-guide shown in Figure 10f and Figure 11f had uniform wind speeds at 9 points about the discharge port, and values at L1, C1, and R1 were lower than those of the 3-guide by 4.8 m/s on average. Wind speeds of the winnower test device were lower than those of the CFD analysis at 9 points by 0.5 to 2.4 m/s. The 0-guide in Figure 10g and Figure 11g showed that wind speed results of the winnower test device and the CFD analysis at 2000 RPM were high at points C1, C2, and C3 of the discharge port. Wind speeds of the winnower test device were lower than those of the CFD analysis by 0.9 to 1.4 m/s. As for the 3-guide shown in Figure 10h and Figure 11h, wind speed results of the winnower test device and the CFD analysis had uniform values. Wind speeds of the winnower test device were lower than those of the CFD analysis at 9 points by 0.2 to 2.1 m/s. However, the 5-guide shown in Figure 10i and Figure 11i had uniform wind speeds at 9 points about the discharge port, and values at L1, C1, and R1 were lower than those of the 3-guide by 6.3 m/s on average. Wind speeds of the winnower test device were lower than those of the CFD analysis at 9 points by 0.2 to 2.2 m/s, although the 5-guide showed that mean wind speeds at discharge port points L1, C1, and R1 were lower than those of the 3-guide by 6.3 m/s, respectively; the wind speed deviation was reduced by 1.4 m/s. However, as the internal resistance of the winnowing machine generates noise and vibration, additional studies on the way to reduce noise and vibration are required to be conducted.





4. Conclusions


The present study measured terminal velocities of chili pepper fruits, branches, and leaves of two species. Aerodynamic analysis of winnower was conducted to develop a foreign material winnowing machine to be used after harvesting chili peppers. The performance of the winnower designed through the analysis was validated by conducting a CFD analysis and using a winnower test device. For terminal velocity measurement, species Jeokyoung and AR Legend suitable for mechanical harvesting were used as test samples. An aerodynamic analysis was conducted for chili pepper fruits and chili pepper branches freely falling into a collection tank at different wind speeds. The analysis result showed that chili pepper fruits were collected into the collection tank at a wind speed lower than 17.5 m/s and that chili pepper branches and chili pepper leaves were separated at speeds higher than 12.5 m/s. A winnower was designed using the analysis result. Results of a CFD analysis and a winnower test device were compared to evaluate the rotating speed and the performance of 0-, 3-, and 5-guide at the discharge port. Although the CFD analysis showed that discharged wind speeds were higher than those of the winnower test device by 0 to 2.4 m/s, it was thought to be an effective validation due to the simplification of the design model. As a result of comparing the CFD analysis of the winnower developed in the present study and the performance of the test device, the 3-guide and 5-guide conditions were found to be suitable with a rotating speed of 1800 RPM and a rotating speed of 2000 RPM. However, with the 5-guide, since the winnowing machine generates internal noise and vibration, the guide type must be selected, taking into account the 3-guide or the 5-guide when it is applied to a chili pepper harvester. The winnowing machine developed in this study can be verified through terminal velocity, aerodynamic analysis, CFD flow analysis, testing equipment, and then applied to the chili pepper harvester to reduce the additional workforce in the separation of foreign substances after mechanical harvesting. Therefore, the conditions analyzed in the present study must be verified through additional field tests after applying them to foreign material separation units of chili pepper harvesters.
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Figure 1. Terminal velocity experiment bench (a) and wind velocity measuring instrument (b). 
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Figure 2. Components of a separation system for foreign materials. 
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Figure 3. Force acting on the pepper fruit by winnowing machine velocity. 
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Figure 4. Schematic diagram showing boundary conditions and internal flow field of blowing fan for analysis model. 
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Figure 5. Mesh composition of (a) a blowing fan and (b) the main impeller. 
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Figure 6. Picture (a) and schematic view (b) of the experiment bench for a separation equipment. 
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Figure 7. Graph of calculated moving distance for the pepper fruit (a) and the pepper branch (b) by velocity equation. 
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Figure 8. The xy plane on 3D model (a) and measuring position of blower on top view (b). 
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Figure 9. Shape analysis of flow field for foreign materials separating part of xy plane on conditions of 0-guide (a), 3-guide (b), 5-guide (c) at 1600 RPM, 0-guide (d), 3-guide (e), 5-guide (f) at 1800 RPM, and 0-guide (g), 3-guide (h), 5-guide (i) at 2000 RPM. 
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Figure 10. Results of actual measurement for wind velocity on conditions of 0-guide (a), 3-guide (b), and 5-guide (c) at 1600 RPM, 0-guide (d), 3-guide (e), 5-guide (f) at 1800 RPM, and 0-guide (g), 3-guide (h), 5-guide (i) at 2000 RPM. 






Figure 10. Results of actual measurement for wind velocity on conditions of 0-guide (a), 3-guide (b), and 5-guide (c) at 1600 RPM, 0-guide (d), 3-guide (e), 5-guide (f) at 1800 RPM, and 0-guide (g), 3-guide (h), 5-guide (i) at 2000 RPM.



[image: Applsci 12 06134 g010]







[image: Applsci 12 06134 g011 550] 





Figure 11. Results of CFD analysis for wind velocity on conditions of 0-guide (a), 3-guide (b), 5-guide (c) at 1600 RPM, and 0-guide (d), 3-guide (e), 5-guide (f), at 800 RPM, and 0-guide (g), 3-guide (h), 5-guide (i) at 2000 RPM. 
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Table 1. Specifications of wind velocity measuring equipment.
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	Item
	Specification





	Model number
	TESTO 440



	Company/Nation
	TESTO/GERMANY



	Measuring range
	0–30 m/s



	Resolution
	0.1 m/s



	Accuracy
	0.04%
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Table 2. Experiment results of pepper terminal velocity.
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Pepper Part

	
Variety

	
Vt 1 (m/s)




	
AVE 2

	
SD 3






	
Fruit

	
Jeokyoung

	
13.7

	
1.1




	
AR legend

	
13.5

	
0.4




	
Branch

	
Jeokyoung

	
11.2

	
0.5




	
AR legend

	
11.5

	
1.6




	
Leaf

	
Jeokyoung

	
4.3

	
0.5




	
AR legend

	
4.2

	
0.2








1 Vt: terminal velocity; 2 AVE: average; 3 SD: standard deviation.
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Table 3. Calculation formula parameter for pepper fruit and branch in the blowing fan.






Table 3. Calculation formula parameter for pepper fruit and branch in the blowing fan.





	Parameter
	Pepper Fruit
	Branch
	Unit





	Length (   L 1   )
	0.11
	0.2
	m



	Diameter (   L 2   )
	0.017
	0.004
	m



	Weight ( m )
	0.012
	0.004
	kg



	Terminal velocity (   V t   )
	13.5
	11.5
	m/s



	Air density ( ρ )
	1.27
	1.27
	kg/m3



	Acceleration of gravity ( g )
	9.81
	9.81
	m/s2



	Velocity (   V  a i r    )
	10, 12.5, 15, 17.5
	10, 12.5, 15, 17.5
	m/s



	Winnowing machine angle
	34
	34
	°



	x-axis start direction (   S  x 0    )
	0
	0
	m



	y-axis start direction (   S  y 0    )
	0.4
	0.4
	m



	Analysis time interval ( t )
	0.1
	0.1
	s
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Table 4. Specifications of the blowing fan model.
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	Design Specifications
	Value





	Model Size: length, width, high (mm)
	631 × 510 × 602



	Out guide type
	0, 3, 5



	Impeller
	Centrifugal type (2ea)



	Impeller: diameter × width × wing number (mm, ea)
	330 × 137 × 12
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Table 5. Numerical analysis method for boundary conditions.
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	Parameter
	Value





	CFD method
	Moving reference frame



	Fluid
	Air



	Inlet, outlet
	Static pressure



	Turbulence model
	Standard k-epsilon/Realizable/Standard Wall Functions



	Wall
	No Slip condition



	Mesh Nodes/Elements
	1,259,970/5,004,653



	Mesh minimum orthogonal quality
	0.13



	Mesh maximum quality
	0.87817363



	Time step
	0.5 s



	Iterations
	Hybrid, 500
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Table 6. Experimental results of wind speed by the shape of the winnowing machine and measurement position.
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Shape of Winnowing Machine

	
Distance (mm)

	
Rotating Speed (RPM)

	
Measured Value

	
Analysis Value




	
L1

	
C1

	
R1

	
L1

	
C1

	
R1




	
(m/s)

	
(m/s)

	
(m/s)

	
(m/s)

	
(m/s)

	
(m/s)






	
Existing winnowing machine

(0-guide)

	
0

	
1600

	
3.3

	
19.8

	
3.6

	
4.1

	
19.9

	
4.4




	
1800

	
3.7

	
21.6

	
4.2

	
4.9

	
22.6

	
5.0




	
2000

	
4.9

	
22.7

	
4.7

	
5.8

	
24.1

	
5.8




	
150

	
1600

	
12.6

	
17.0

	
13.4

	
13.8

	
17.6

	
14.3




	
1800

	
15.3

	
20.6

	
14.8

	
16.9

	
21.4

	
16.2




	
2000

	
16.3

	
20.5

	
16.6

	
17.5

	
23.2

	
18.4




	
300

	
1600

	
10.6

	
15.2

	
11.4

	
11.1

	
15.5

	
12.2




	
1800

	
13.4

	
18.4

	
13.7

	
13.8

	
19.1

	
14.6




	
2000

	
14.6

	
18.5

	
15.4

	
15.0

	
19.6

	
15.8




	
Winnowing machine with three wind guides

(3-guide)

	
0

	
1600

	
14.9

	
16.1

	
15.6

	
15.6

	
17.7

	
16.2




	
1800

	
21.9

	
19.5

	
23.9

	
22.3

	
20.6

	
24.0




	
2000

	
23.4

	
22.1

	
25.8

	
24.4

	
22.9

	
26.8




	
150

	
1600

	
17.3

	
13.6

	
17.8

	
17.5

	
13.9

	
18.3




	
1800

	
17.3

	
17.2

	
17.6

	
18.9

	
17.8

	
19.2




	
2000

	
19.5

	
17.2

	
18.0

	
21.1

	
19.3

	
20.0




	
300

	
1600

	
11.2

	
12.1

	
10.6

	
12.1

	
12.6

	
12.4




	
1800

	
12.1

	
13.8

	
11.0

	
13.3

	
14.3

	
13.1




	
2000

	
13.3

	
15.6

	
12.1

	
15.4

	
15.8

	
13.9




	
Winnowing machine with five wind guides

(5-guide)

	
0

	
1600

	
15.0

	
15.3

	
14.4

	
14.2

	
15.5

	
14.8




	
1800

	
17.0

	
18.9

	
13.9

	
17.5

	
19.4

	
15.9




	
2000

	
17.7

	
17.9

	
16.4

	
19.0

	
18.6

	
18.2




	
150

	
1600

	
13.6

	
14.2

	
13.9

	
13.8

	
16.1

	
14.4




	
1800

	
14.4

	
15.4

	
14.7

	
15.0

	
16.2

	
16.8




	
2000

	
18.9

	
16.1

	
16.1

	
19.5

	
18.0

	
18.3




	
300

	
1600

	
12.5

	
12.2

	
10.9

	
13.2

	
12.6

	
12.3




	
1800

	
12.4

	
14.3

	
13.1

	
14.8

	
15.6

	
15.1




	
2000

	
15.1

	
16.1

	
16.7

	
16.1

	
17.0

	
17.3
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