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Abstract

:

Due to factors such as a small amount of fertilizer application during rice topdressing and slow machine speed, the ordinary fertilizer discharge device fails to distribute the fertilizer uniformly and accurately as required, making it difficult to meet the needs of precise rice topdressing. This research focuses on the development of an offset spiral tooth fertilizer discharge device suitable for rice topdressing. The study analyzes the amount of fertilizer discharged in one cycle, the fertilizer force, and the motion of the fertilizer particles. In order to enhance the uniformity of the fertilizer discharge device at a low speed and small volume, the discrete element method is employed to conduct experimental research on the key structural parameters that affect the one-cycle amount of discharged fertilizer and the dynamics of the fertilizer discharge device. Through single-factor tests, it was found that the angle, height, number of spiral teeth, and diameter of the fertilizer discharge wheel are closely associated with the fertilizer discharge performance. To further investigate the impact of these four parameters on the fertilizer discharge performance, a regression combination test of the four factors is conducted based on the range optimized by the single-factor tests. A multi-objective mathematical model, considering the key parameters of fertilizer uniformity coefficient, one-cycle amount of fertilizer, and fertilizer discharge torque, is established at three speeds: 20, 55, and 90 rpm. The response surface method is utilized to analyze the influence of the interaction factors on the fertilizer discharge performance. The optimal combination of the key structural parameters was determined as follows: spiral tooth angle of 35.42°, tooth height of 9.02 mm, discharge wheel diameter of 57.43 mm, and tooth amount of 9.37. The bench test results of the device, using the optimal parameter combination and a fertilizer discharge speed of 0–90 rpm, were obtained for four commonly used rice fertilizers. The maximum variation coefficient of fertilizer discharge was found to be 10.42%. The one-cycle amount of fertilizer discharge was measured to be 19.82 ± 0.72 (A Kang), 17.20 ± 0.69 (Ba Tian), 20.34 ± 0.54 (Yaran), and 14.51 ± 0.44 (granular urea). The fertilizer discharge torque remained stable. These results indicate that the achieved optimization meets the precise fertilizer application requirements and can provide technical support for precise topdressing operations.
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1. Introduction


Rice, a crucial food crop, is primarily cultivated in Asia, accounting for 89.4% of the global rice production [1]. It plays a vital role in ensuring food security [2]. Fertilizer application is an essential practice for enhancing rice quality and yield [3]. Specifically, applying fertilizers during the tillering stage of rice offers several benefits, such as increasing the number of effective tillering, improving grain quality, reducing cadmium accumulation [4,5], enhancing the protein content, minimizing chalkiness and chalky rice occurrence [6], and reducing greenhouse gas emissions, like methane [7]. Additionally, it helps to achieve higher fertilizer utilization rates [8,9,10]. Numerous agricultural researchers have highlighted the positive effects of rice tillering fertilizer, and the practice of dividing fertilizer into multiple applications has been widely promoted in southern China [11,12]. However, the lack of suitable fertilizer application equipment hinders accurate fertilization standards, limiting the achievement of precise fertilization.



As a crucial element in precision fertilization, the fertilizer distributor plays a vital role in accurately delivering the required amount of fertilizer. The groove wheel fertilizer distributor is widely accepted due to its simple structure and convenient control [13]. For rice basal fertilization, Chen, H.B. et al. designed an air-blowing spiral groove fertilizer distributor [14]. This design optimized the accuracy and uniformity of the fertilizer distributor’s output and investigated the impact of the rotation speed of the fertilizer distributor wheel and the effective length of the groove wheel on the variation coefficient of the fertilizer distributor. Sun, J. et al. utilized a discrete element method and 3D-printing technology to optimize the spiral angle parameter and groove wheel depth of the spiral groove wheel [15]. Similarly, Jinsong Liu et al. focused on enhancing the uniformity of fertilizer distribution by designing a fertilizer diversion plate and optimizing its structural parameters using DEM methold [16]. Additionally, Song XF et al. employed the cohesive model in the discrete element method to conduct simulation regression experiments [17]. Their objective was to optimize the spiral groove structure parameters to address the issue of blockage in the groove wheel fertilizer distributor caused by moisture absorption and the agglomeration of fertilizers.



The current method of applying topdressing to rice using unmanned aerial vehicles does not meet the agronomic requirements for lateral depth topdressing as suggested by previous studies. Chen et al. discovered that applying fertilizer at a depth of 80–120 mm between rows of rice during the tillering stage can enhance its absorption by the rice roots [12]. This not only improves the fertilizer utilization rate but also enhances the quality of rice. However, the amount of fertilizer applied during rice topdressing is typically only about 30% of the basal fertilizer [3]. Moreover, the slow operating speed of rice field machinery poses challenges when using a common groove wheel fertilizer distributor for topdressing. This restricts the fertilizer distributor to work at low rotation speeds and with small groove wheel lengths, leading to difficulties in achieving precise fertilization. This working state has been widely reported to result in an uneven fertilizer flow [15,18]. Therefore, it is evident that a common groove wheel fertilizer distributor is unsuitable for small topdressing operations and cannot fulfill the requirements of rice topdressing.



To address the aforementioned issues, this study developed an offset spiral tooth fertilizer discharge device with a motor drive. The discrete element method was employed to analyze the inherent relationship between the four key parameters of the spiral tooth angle, height, number, and diameter of the fertilizer distributor wheel, and the resulting one-cycle amount of fertilizer and variation coefficient. Single-factor tests were conducted to analyze the individual effects of each parameter and determine their respective ranges of influence. Moreover, regression tests were carried out to analyze the interaction effects between these parameters using the response surface method. A multivariate regression model, considering high, medium, and low speeds, was established to incorporate multiple factors and indicators. Subsequently, a multi-objective parameter optimization was performed to obtain the optimal process parameters. The results of the bench test demonstrate that the proposed fertilizer distributor achieves a variation coefficient that meets operational requirements at low work speeds. This design fulfills the precise delivery requirements of late-stage rice fertilization and provides valuable equipment selection guidance for accurate rice topdressing.




2. Working Principles and Parameter Analysis


2.1. Structure and Working Principles


The rice topdressing and fertilizer distribution device is illustrated in Figure 1. In Figure 1a, the overall structure of the equipment is depicted, comprising a fertilizer box, a drive motor, a residual fertilizer unloader, and 10 fertilizer device units. The structure of the fertilizer device unit is shown in Figure 1b, consisting of a ducted fan, an offset spiral tooth fertilizer wheel, and a shell.



According to rice-planting agronomy principles, the fertilizer distributor is designed to perform single-row topdressing. Each fertilizer device unit corresponds to a rice row and is centrally installed. Each unit is equipped with an offset spiral tooth fertilizer wheel and a hexagonal shaft passing through the center of the fertilizer wheel. One end of the hexagonal shaft is connected to the drive motor. The fertilizer in the fertilizer box fills the tooth groove on the fertilizer wheel. When the motor is started, the fertilizer wheel rotates uniformly and orderly under the action of the hexagonal shaft, resulting in the even discharge of the fertilizer. A ducted fan is used to quickly deliver the fertilizer to the space between the rice rows. By adjusting the rotation speed of the fertilizer wheel, the amount of fertilizer can be changed to achieve precise topdressing for a single rice row.



The designed fertilizer device belongs to the groove wheel fertilizer device. The conveying part of the groove wheel fertilizer device is divided into a forced layer and a driven layer. The conveying amount of the forced layer depends on the outer contour characteristics of the groove wheel, while the conveying amount of the driven layer is uncertain [19]. In this study, the fertilizer device that was designed did not have a driven layer. The gap between the outer side of the fertilizer wheel and the shell of the fertilizer device unit was 0.5 mm, which is smaller than the particle size of the fertilizer. Due to the lack of buffering in the driven layer, there is a possibility that the fertilizer particles in the closed gap between the fertilizer wheel and the shell are sheared or squeezed, resulting in instability in the torque of the fertilizer device. The offset teeth of the device provide a space for these fertilizer particles to escape. Therefore, the fertilizer output of the groove wheel-type fertilizer distributor was calculated by Equation (1) [20], and the effective working length of the fertilizer wheel was one-third of the ordinary groove wheel. The length of the offset spiral tooth fertilizer wheel was L = 25 mm.


  q =   L A z γ α  0  ,  



(1)




where γ represents the material density (g/cm3), α0 is the material filling coefficient, A represents the cross-sectional area of a single groove (cm2), and z represents the number of teeth on the fertilizer wheel.




2.2. Kinematic Analysis of the Fertilizer Particles


Fertilizer particles exhibit radial movement as influenced by the fertilizer wheel and shell. Additionally, due to the spiral-inclined surface of the tooth surface, there is a possibility for the fertilizer particles to move axially along the spiral axis. Figure 2a illustrates the force analysis of the fertilizer particle M at r from the fertilizer wheel axis AB. The inclination angle of the fertilizer teeth is represented by α, and the tooth surface exerts a supporting force Fn on the particles, which is perpendicular to the tooth surface. The frictional force between the particles and the tooth surface is denoted as f. The resultant force F, formed by Fn and f, creates an angle θ with Fn. Consequently, the particles experience both radial and axial movement due to the respective components of the force F, namely Fy and Fx [21]. The axial and radial forces acting on the particles are provided in Equations (2) and (3).


   F x  = F cos ( α + θ ) ,  



(2)






   F y  = F sin ( α + θ ) ,  



(3)







Assuming the fertilizer wheel rotates at an angular velocity of ω and the initial velocity of the fertilizer is 0, the tangential velocity of the fertilizer particle M at a distance r from the rotational axis AB is V0. This velocity is directed along the tangent to the rotational motion at point M. Neglecting the effect of friction results in a resultant velocity Vn that is perpendicular to the blade surface. However, due to the friction between the particles and the spiral tooth surface, the direction of the resultant velocity V undergoes an angular deviation of θ, known as the friction angle. The final resultant velocity V is illustrated in Figure 2b. The axial and radial components of the resultant velocity V are decomposed into Vx and Vy (circular velocity), respectively. The axial velocity and radial motion can be represented by Equation (4) and Equation (5), respectively.


   V y   = tan (  α + θ ) ×   ω D   120   ×   f +  1 r    1 +     2 π   R tan ( α + θ ) + r      2    ,  



(4)






   V x   = tan (  α + θ ) ×   ω D   120   ×   1 −  f r    1 +     2 π   R tan ( α + θ ) + r      2    ,  



(5)




where f represents the coefficient of friction between the fertilizer particles and the tooth surface of the fertilizer wheel.



In summary, the performance of the offset spiral tooth fertilizer device is mainly affected by 4 structural parameters: the number of teeth on the fertilizer wheel (z), the groove area (A), the helix angle of the fertilizer teeth (θ), and the rotational speed (ω). The groove area (A) is influenced by the diameter of the fertilizer wheel (D) and the height of the tooth (h). When the tooth thickness is disregarded, the groove area (A) can be calculated using the formula (2Dh − h2)π/4z. Therefore, the objective of this study is to conduct experiments to investigate the impact of the number of teeth on the fertilizer wheel (z), the height of the fertilizer tooth (h), the outer diameter of the fertilizer wheel (D), the helix angle of the fertilizer teeth (θ), and the rotational speed (ω).





3. Simulation Analysis


3.1. Simulation Details


The discrete element method (DEM) is a numerical computational method proposed by Cundall P A et al. that is used to study the motion and mechanical characteristics of complex discrete systems [22]. It is considered a mature and well-established theoretical and methodological approach [23]. To clarify the material parameters of fertilizers used for rice topdressing, four commonly used fertilizers in southern China were measured using a grading sieve, an angle of repose measuring instrument, and an emptying method [17]. The density and angle of repose of the four fertilizers are shown in Figure 3a, and the probability distribution density of the particle size is shown in Figure 3b, both of which exhibit a Gaussian distribution. This indicates that there are significant differences between the four fertilizers and that they are generally representative. The four fertilizers are A Kang complex fertilizer (Beijing Yongshengfeng Agricultural Materials Co., Ltd., Beijing, China), Ba Tian (Shenzhen Batian Ecological Engineering Co., Ltd., Shenzhen, China), Yaran compound fertilizer (Norwegian Yaran International Co., Ltd., Hong Kong, China), and granular urea (Hubei Sanning Chemical Industry Co., Ltd., Yichang, China).



In this study, the fertilizer discharge process was assumed to be an ideal water-free environment with no bonding between particles. The Hertz–Mindlin (no slip) contact model was used to describe the interaction between the fertilizer particles and the geometric body of the discharge device [24]. The contact mechanics parameters between the fertilizer particles and the PLA plastic material of the discharge device were determined based on the relevant literature and the experimental methods [25,26,27], as shown in Table 1.



The simulation of the angle of repose of the fertilizer particles was conducted using EDEM 2020 software, as depicted in Figure 4e. The parameters used for the simulation are provided in Table 1. The obtained angle of repose was found to be 27.28°, which closely aligns with the angles of repose measured for the four fertilizers shown in Figure 4a–d. This suggests that the parameters utilized in the discrete element model accurately represent the fertilizers and enable the simulation of the fertilizer particle behavior.




3.2. Evaluation Criteria and Data Collection Methods


The one-cycle amount of fertilizer is a crucial parameter for measuring the performance of a discharge device and serves as the primary basis for assessing its adaptability [20,28]. A larger discharge amount indicates that the device can meet the demand for larger fertilization amounts, while a smaller amount suggests otherwise. This study focuses on developing discharge devices with smaller one-cycle amounts of fertilizer. The variation coefficient of discharge is an evaluation index used to measure the uniformity of discharge. A smaller variation coefficient signifies a more uniform fertilization process and reduces the likelihood of breaking fertilizer strips and gathering fertilizer together [16,29]. Furthermore, considering that the fertilizer discharge device designed in this paper does not have a driving layer, the fertilizer located at the edge of the fertilizer wheel teeth when the wheel filling is completed collides with the fertilizer discharge device shell and brake. This collision causes the fertilizer discharge torque to be unstable. Therefore, the experiment selected a one-cycle amount of fertilizer, variation coefficient of discharge, and discharge torque as indicators to evaluate the design quality. The specific data collection and processing methods are as follows.



3.2.1. One-Cycle Amount of Fertilizer


In the test, the fertilizer box was filled to a minimum of two-thirds of its volume before initiating the discharge process. To collect the fertilizer, a fertilizer amount collection box, consisting of the fertilizer box and discharge device, was placed at the discharge port, as shown in Figure 5a. The one-cycle amount of fertilizer was determined using Equation (6).


   Q S  =   60  n  ×    q 1  −  q 2     t 2  −  t 1    ,  



(6)




where Qs represents the one-cycle amount of fertilizer (g/cycle); n represents the rotational speed of the discharge wheel (rpm); and q1 and q2 represent the total mass of fertilizer in the box at times t1 and t2, respectively.




3.2.2. Uniformity of Discharge


In accordance with the relevant studies [25,30,31], three sets of data collection boxes, each containing 20 small cubes measuring 50 mm × 50 mm × 50 mm, were positioned beneath the simulation fertilizer device, as shown in Figure 5b. Once the fertilizer was discharged steadily from the device, the fertilizer device unit was controlled to move along the x-axis at a speed of 0.6 m/s, and the fertilizer was dropped into the data collection box. After the simulation, the quality of the fertilizer in each of the 20 grids was counted individually. The average fertilizer quality, standard deviation, and variation coefficient for the fertilizer uniformity in each statistical grid unit within the fertilizer performance test group were calculated using Equations (7)–(9).


   m ¯  =     ∑  i = 1   20     m i     n    ( i = 1 , 2 , ⋯ , 20 ) ,  



(7)






  s =       ∑  i = 1   20      (  m i  −  m ¯  )  2      n − 1       ( i = 1 , 2 , ⋯ , 20 ) ,  



(8)






  σ =  s  m ¯   × 100 % ,  



(9)




where mi represents the total mass of fertilizer particles in the i-th grid (g); n represents the number of statistical grid units;   m ¯   represents the average mass of fertilizer particles in the statistical grid unit (g); s represents the standard deviation between the statistical grid units in a single experiment (g); and σ represents the variation coefficient of the fertilizer uniformity between the statistical grid units in a single test (%).




3.2.3. Fertilizer Discharge Torque


The fertilizer discharge device studied in this paper did not have a driven layer of fertilizer; so, the chance of the existence of extrusion and shearing of particles at the closure of the discharge wheel and the shell is higher than that of the fertilizer discharger with a driven layer, and this damage to the fertilizer causes the instability of the fertilizer discharge torque [32]. Therefore, the torque was chosen as one of the evaluation criteria in this paper.



Due to the instability of dynamic torque data, a combined analysis approach is commonly employed for processing its torque load spectrum. This involves methods such as frequency spectrum transformation and rain flow counting [33,34]. However, it is important to note that the discrete element simulation overlooks the mechanical interaction and assembly errors in mechanical structures, which can lead to idealized results. In this study, 500 torque values were obtained within 5 s after stable discharge. These values were then used to create a half-violin plot using the Origin 2021 software. This plot provided insights into the distribution, mean value, and standard deviation of the torque, allowing for a visual representation of torque changes.






4. Single-Factor Test and Result Analysis


4.1. Single-Factor Test Design


To investigate the impact of four factors-angle, height, number, and diameter of the offset spiral teeth fertilizer discharge wheel-on the discharge performance of the discharge device, single-factor simulation tests were conducted. These tests adhered to the principle of varying only one variable at a time. For the angle factor, nine tests were conducted with the teeth angles ranging from −60° to 60°, as depicted in Figure 6a. The height of the tooth was fixed at 10 mm, the discharge wheel diameter at 60 mm, and the number of discharge teeth at 10. When examining the height of the spiral teeth, the setup was as shown in Figure 6b, with an angle of 30°, a diameter of 60 mm, 10 discharge teeth, and heights of 5 mm, 7.5 mm, 10 mm, 12.5 mm, and 15 mm. Similarly, for the discharge wheel diameter, the five diameters of 40 mm, 50 mm, 60 mm, 70 mm, and 80 mm were employed, as shown in Figure 6c, with an angle of 30°, a height of 10 mm, and 10 discharge teeth. Lastly, when investigating the number of discharge teeth, seven different numbers of teeth were tested, as illustrated in Figure 6d, with an angle of 30°, a height of 10 mm, and a diameter of 60 mm.




4.2. Single-Factor Test Results and Analysis


4.2.1. Influence of the Spiral Angle of the Tooth


Figure 7 illustrates the significant impact of the offset spiral teeth angle of the fertilization wheel on various factors, such as the one-cycle amount of fertilizer, and the variation coefficient. Figure 7a demonstrates that the one-cycle amount of fertilizer initially increases with the angle, reaches its peak near 0 degrees, and then decreases. However, within the range of 15–45 degrees, the one-cycle amount of fertilizer changes at a slower rate. Figure 7b indicates that the uniformity of fertilization gradually declines as the angle increases, reaching its lowest point around 30 degrees, and then gradually improving. Additionally, the variation coefficient exhibits an increasing trend with the angle. Figure 7c shows that the fertilizer torque decreases as the angle changes from −60° to 60°, but the rate of decrease slows down after 15°.




4.2.2. Influence of the Height of the Tooth


Figure 8a illustrates that as the height of the tooth of the fertilizer discharge wheel increases, the one-cycle amount of fertilizer also increases. Additionally, Figure 8b demonstrates that the variation coefficient of the fertilizer output decreases rapidly with the increase in the height of the tooth, and then increases slightly after the height of the tooth reaches 12.5 mm. Figure 8c analyzes the fertilizer torque at various heights of the tooth, revealing that the torque is minimally affected by the height and exhibits a relatively concentrated mean value. However, the maximum torque value is irregularly distributed.




4.2.3. Influence of the Diameter of the Fertilizer Discharge Wheel


The impact of the diameter of the fertilizer wheel on the one-cycle amount of fertilizer is illustrated in Figure 9a. It is observed that, as the diameter of the fertilizer discharge wheel increases, the one-cycle amount of fertilizer also increases. Figure 9b presents the results indicating that the variation coefficient of the fertilizer output initially decreases and then increases with the increase in the diameter of the fertilizer wheel. The minimum value of the variation coefficient is observed near a diameter of 60 mm. The change rate of the variation coefficient is relatively slow before and after this minimum value. The fertilizer torque is depicted in Figure 9c, and it is observed that the mean value of the torque increases with the diameter.




4.2.4. Influence of the Number of Teeth of the Fertilizer Discharge Wheel


According to Figure 10a,b, it can be observed that, as the number of teeth of the fertilizer discharge wheel increases, both the one-cycle amount of fertilizer and the variation coefficient of the fertilizer output exhibit a pattern of initially decreasing and then increasing. The minimum values for both parameters are obtained when the number of teeth is nine. On the other hand, the mean value of the fertilizer torque, as depicted in Figure 10c, shows relatively less variation with respect to the number of teeth.






5. Parameter Regression Test and Optimization


5.1. Regression Test Design


The single-factor test revealed a close relationship among the angle, height, number, and diameter of the offset spiral teeth of the fertilizer wheel and the one-cycle amount of fertilizer, the variation coefficient of the fertilizer output, and the fertilizer torque. To further optimize the performance of these four structural parameters at different operating rotation speeds, a comprehensive assessment of the fertilizer device was conducted at three speeds (20 rpm, 55 rpm, and 90 rpm). A 4-factor 2-level regression combination test was designed.



The test factors and level coding were carried out following Equation (10), and xj2 was centered using Equation (11). The coding results are presented in Table 2, where z1, z2, z3, and z4 represent the offset spiral teeth angle, height, diameter, and number of offset spiral teeth in natural space, respectively. Similarly, x1, x2, x3, and x4 represent the offset spiral teeth angle, height, outer diameter, and number of offset spiral teeth in coding space, respectively.


   x j  =   2 × (  z j  −  z  0 j   )    z  2 j   −  z  1 j     ,  



(10)






   x  ij  ’  =  x ij 2  −  1 N    ∑  i = 1  N    x ij 2    ,  



(11)







The test was conducted based on the arrangement described in Table 3.




5.2. Regression Model and Significance Test Analysis


The test results were analyzed using a regression model variance analysis, regression coefficient significance test, and lack-of-fit test. Table 4 shows that the p-values of the quadratic regression models for the variation coefficient of fertilizer output, one-cycle amount of fertilizer, and fertilizer torque, established by the influencing factors, were all less than 0.05, indicating their significance. The p-values of the lack-of-fit test were all greater than 0.05, suggesting a high degree of fit and no lack-of-fit phenomenon in the regression equations. Therefore, the nine regression models obtained from the test are effective, and the parameters of the fertilizer applicator can be optimized based on these models.



The p-values obtained from the coefficient significance test were used to evaluate the impact of the parameters on the regression model. A p-value lower than 0.01 indicates that the parameter has a significant impact on the model, while a p-value greater than 0.05 indicates that the parameter has no significant impact on the model. When the discharge wheel was set at a rotation speed of 20 rpm, seven parameters (x2, x3, x1x2, x12, x22, x32, and x42) had an extremely significant impact on the variation coefficient CV(20 rpm) model (p < 0.01). Additionally, two parameters (x1 and x4) had a significant impact on the variation coefficient CV (20 rpm) model (p < 0.05). For the one-cycle amount of fertilizer Q(20 rpm) model, five parameters (x2, x3, x4, x2x3, and x42) had an extremely significant impact (p < 0.01), while parameters x1x3 and x12 had a significant impact (p < 0.05). In terms of the fertilizer torque T(20 rpm), two parameters (x1 and x3) had an extremely significant impact (p < 0.01), and three parameters (x2, x12, and x42) had a significant impact (p < 0.05). When the discharge wheel was set at a rotation speed of 55 rpm, six parameters (x2, x3, x1x2, x12, x22, and x42) had an extremely significant impact on the variation coefficient CV(55 rpm) with a p-value lower than 0.01. Additionally, two parameters (x1 and x1x3) had a significant impact on the variation coefficient CV(55 rpm) with a p-value lower than 0.05. Furthermore, six parameters (x2, x3, x4, x1x3, x2x3, and x22) had an extremely significant impact on the one-cycle amount of fertilizer model Q(55 rpm) with a p-value lower than 0.01. Two parameters (x1 and x3) had an extremely significant impact on the fertilizer torque model T(55 rpm) with a p-value lower than 0.01.When the discharge wheel was set at a rotation speed of 90 rpm, three parameters (x2, x3, and x42) had an extremely significant impact on the variation coefficient CV(90 rpm) model (p < 0.01). Two parameters (x12 and x22) had a significant impact on the variation coefficient CV(90 rpm) model (p < 0.05). Six parameters (x2, x3, x4, x1x3, x2x3, and x22) had an extremely significant impact on the one-cycle amount of fertilizer Q(90 rpm) model (p < 0.01). Two parameters (x1 and x3) had an extremely significant impact on the fertilizer torque T(90 rpm) model (p < 0.01).



The regression model for the variation coefficient of the fertilizer output and the one-cycle amount of fertilizer at different rotation speeds in natural space were calculated using Equation (11), as shown in Equation (12). The model was optimized.




        C  V  ( 20 rpm )   = 141.54 + 0.33  x 1  − 0.85  x 2  − 2.4  x 3  − 12.44  x 4  − 0.043  x 1   x 2  + 0.0086  x 1 2  + 0.11  x 2 2  + 0.017  x 3 2  + 0.48  x 4 2       Q  ( 20 rpm )   = 84.53 − 0.94  x 1  − 0.68  x 2  − 1.33  x 3  − 6.82  x 4  + 0.011  x 1   x 3  + 0.057  x 2   x 3  + 0.0048  x 1 2  + 0.37  x 4 2       T  ( 20 rpm )   = 0.104 − 0.001  x 1  − 0.0006  x 2  − 0.0017  x 3  − 0.0078  x 4  + 0.0000085  x 1 2  + 0.00046  x 4 2      C  V  ( 55 rpm )   = 78.68 + 0.47  x 1  − 0.57  x 2  − 0.86  x 3  − 10.42  x 4  − 0.035  x 1   x 2  − 0.0091  x 1   x 3  + 0.007  x 1 2  + 0.094  x 2 2  + 0.54  x 4 2       Q  ( 55 rpm )   = 57.68 − 0.73  x 1  − 0.12  x 2  −  x 3  − 4.11  x 4  + 0.011  x 1   x 3  + 0.062  x 2   x 3  − 0.053  x 2 2       T  ( 55 rpm )   = − 0.032 − 0.0006  x 1  + 0.002  x 2  + 0.00059  x 3  + 0.0036  x 4      C  V  ( 90 rpm )   = 50.27 + 0.88  x 1  − 0.74  x 2  − 0.6  x 3  − 6.41  x 4  + 0.0037  x 1 2  + 0.04  x 2 2  + 0.26  x 4 2       Q  ( 90 rpm )   = 7 − 0.53  x 1  + 0.46  x 2  − 0.27  x 3  − 0.54  x 4  + 0.01  x 1   x 3  + 0.059  x 2   x 3  − 0.079  x 2 2       T  ( 90 rpm )   = 0.054 − 0.00027  x 1  + 0.0015  x 2  − 0.0019  x 3  + 0.00021  x 4         



(12)






5.3. Analysis of the Interactive Factors


According to the analysis, the test results are influenced by interaction factors. When the rotation speed is 20 rpm, the interaction x1x2 has an extremely significant impact on the variation coefficient VC (20 rpm). The interaction effects x1x3 and x2x3 have significant and extremely significant impacts on the one-cycle amount of fertilizer Q (20 rpm), respectively. At a rotation speed of 55 rpm, the interaction effects x1x2 and x1x3 have extremely significant and significant impacts on VC(55 rpm), respectively. Similarly, the interaction effects x1x3 and x2x3 have extremely significant impacts on Q(55 rpm). At a rotation speed of 90 rpm, the interaction effects x1x3 and x2x3 have very significant impacts on Q(90 rpm). The response surfaces of these interaction effects were obtained using the design-expert 8.0.6 software and are shown in Figure 11, Figure 12, Figure 13, Figure 14 and Figure 15.



Figure 11a,b illustrate the impact of the interaction between the spiral angle and height of the tooth on the variation coefficient. The rotation speeds of 20 rpm and 55 rpm were considered, while keeping the diameter of the fertilizer wheel (x3) at 60 mm and the number of fertilizer teeth (x4) at nine. It is observed that the variation coefficient of the fertilizer output is minimized when the spiral angle of the tooth is large and the height of the tooth is high. Conversely, the variation coefficient increases as the spiral angle of the tooth decreases and the height of the tooth increases. The variation coefficient of the fertilizer output also increases rapidly with the increase in the spiral angle of the teeth and the decrease in the height of the tooth. Furthermore, Figure 11c demonstrates the effect of the interaction between the spiral angle of the tooth (x1) and the diameter of the fertilizer wheel (x3) on the variation coefficient at a rotation speed of 55 rpm. In this case, the height of the fertilizer tooth (x2) is fixed at 10 mm and the number of fertilizer teeth (x4) is nine. It is observed that the variation coefficient VC(55 rpm) initially decreases and then increases with the increase in the spiral angle of the tooth. Moreover, when the spiral angle of the tooth is large, the variation coefficient decreases with the increase in the diameter of the fertilizer wheel.



Figure 12 examines the interaction effect of x1x3, which represents the spiral angle of the tooth (x1) and the diameter of the fertilizer wheel (x3), on the one-cycle amount of fertilizer. The height of the tooth (x2) is fixed at 10 mm, and the number of fertilizer teeth (x4) is set at nine. In Figure 12a, at a rotation speed of 20 rpm, the one-cycle amount of fertilizer increases as the diameter of the fertilizer wheel increases. When the diameter of the fertilizer wheel is small, the one-cycle amount of fertilizer decreases with an increased spiral angle of the tooth. However, when the diameter of the fertilizer wheel is large, the one-cycle amount of fertilizer increases with an increased spiral angle of the teeth. The trend of this interaction effect remains consistent at the rotation speeds of 55 rpm and 90 rpm, as shown in Figure 12b and Figure 12c, respectively.



When the spiral angle of the teeth is 30° (x1) and the number of teeth is nine (x4), the interaction effect between the height of the teeth (x2) and the diameter of the fertilizer wheel (x3) on the one-cycle amount of fertilizer is shown in Figure 13. The effect trend of this interaction on the one-cycle amount of fertilizer remains consistent at the rotation speeds of 20 rpm, 55 rpm, and 90 rpm. The one-cycle amount of fertilizer increases with the increase in both the diameter of the fertilizer wheel and the height of the fertilizer tooth. However, when the diameter of the fertilizer wheel is small, the increase in the one-cycle amount of fertilizer with the increase in the height of the fertilizer tooth is slower compared to when the diameter of the fertilizer wheel is large.





6. Parameter Optimization and Verification Test


6.1. Parameter Optimization


To determine the most effective parameters for the fertilizer device, this study utilized the optimization module of the Design-Expert 8.0.6 software. The objective was to minimize the variation coefficient and torque while maintaining a consistent one-cycle amount of fertilizer of approximately 18 g–20 g. The optimization conditions are shown in Equation (13).




        15 ° ≤  x 1  ≤ 45 °     7.5   mm ≤  x 2  ≤ 12.5 mm     55   mm ≤  x 3  ≤ 65 mm     8 ≤  x 4  ≤ 12     min   5 ≤ C  V  ( 20 rpm )   (  x 1  ,  x 2  ,  x 3  ,  x 4  ) ≤ 7.5       min   18 ≤  Q  ( 20 rpm )   (  x 1  ,  x 2  ,  x 3  ,  x 4  ) ≤ 20       min    T  ( 20 rpm )   (  x 1  ,  x 2  ,  x 3  ,  x 4  )       min   3 ≤ C  V  ( 55 rpm )   (  x 1  ,  x 2  ,  x 3  ,  x 4  ) ≤ 5       min   18 ≤  Q  ( 55 rpm )   (  x 1  ,  x 2  ,  x 3  ,  x 4  ) ≤ 20       min    T  ( 55 rpm )   (  x 1  ,  x 2  ,  x 3  ,  x 4  )       min   2 ≤ C  V  ( 90 rpm )   (  x 1  ,  x 2  ,  x 3  ,  x 4  ) ≤ 3       min   18 ≤  Q  ( 90 rpm )   (  x 1  ,  x 2  ,  x 3  ,  x 4  ) ≤ 20       min    T  ( 90 rpm )   (  x 1  ,  x 2  ,  x 3  ,  x 4  )          



(13)





The optimization results indicate that the fertilizer device performs optimally with the combination of the following parameters: a spiral angle of teeth angle of 35.42°, a fertilizer teeth height of 9.02 mm, a diameter of the fertilizer wheel of 57.43 mm, and the number of the tooth of nine. These parameters consistently yield the best results across all three speeds.




6.2. Verification Test


To verify the fertilization performance of the optimized results, 3D-printing technology was utilized to manufacture the fertilizer device. The device was then installed on a test platform equipped with a belt conveyor. The platform is depicted in Figure 14. Ten offset spiral tooth fertilizer devices with centrally installed and driven by servo motors were used. A sensor capable of collecting the real-time fertilization torque was installed between the fertilizer device and the motor. The same variation coefficient acquisition box, with specifications identical to those of the simulation test, was placed on a 6 m long belt conveyor. The belt conveyor was adjusted by the controller to operate at a speed of 0.6 m/s, and the test was conducted at different rotation speeds: 15 rpm, 30 rpm, 45 rpm, 60 rpm, 75 rpm, and 90 rpm. The calculations of the fertilization variation coefficient and the one-circle amount of fertilizer followed the same procedure as those of the simulation test. During the test, four types of fertilizers were used: A Kang compound fertilizer, Ba Tian compound fertilizer, Yaran compound fertilizer, and granular urea. The distribution of the discharged fertilizer in the coefficient of variation data acquisition box is as shown in the Figure 15.



The test results, as shown in Figure 16, indicate that the variation coefficient of the discharge for the four fertilizers decreases with the increase in the rotation speed. However, it is important to note that the variation coefficient is still relatively high at low speeds, but it still meets the relevant standards. Figure 16b shows the one-cycle amount of fertilizer of the four fertilizers at different speeds. Within the range of 15–90 rpm, the variation coefficient of the one-cycle amount of fertilizer is 3.63% for the A Kang compound fertilizer, 3.99% for the Ba Tian compound fertilizer, 2.66% for the Yaran compound fertilizer, and 3.03% for granular urea. This suggests that the one-cycle amount of fertilizer of the designed fertilizer device is stable.



Considering the limitations of the simulation experiment in evaluating the friction between the fertilizer discharge wheel and shell, processing error of parts, assembly error, and the disparity between the manure spreading torque in the bench and simulation tests, steps were taken to minimize the interference caused by these errors. Ten identical offset spiral tooth fertilizer units were installed on the same shaft and adjusted to achieve a stable idling torque before testing. The measured idling torque T0 = 0.26 ± 0.09 N·m and the average value of T0 were subtracted from the test data. The fertilizer discharge torque of the four fertilizers at different rotation speeds is illustrated in Figure 17. All four fertilizers show an increasing trend in the fertilizer discharge torque with the rotation speed, but there are significant differences in the torque values among them. Granular urea, with a smaller particle diameter, exhibits the smallest fertilizer discharge torque and a more concentrated distribution, followed by the Yaran compound fertilizer. The A Kang compound fertilizer has a larger torque, and the Ba Tian compound fertilizer has the largest torque. The torque of the three fertilizers with a larger fertilizer discharge torque is also more dispersed compared to that of granular urea. The maximum torque value is 1.75 N·m, and the maximum standard deviation is 0.31, both occurring when the Ba Tian compound fertilizer is at 15 rpm. However, the discussion of the torque in this paper is not sufficient, and further research is needed. Nevertheless, the research results still indicate that the designed manure spreader is adaptable to fertilizers with different material properties.





7. Conclusions


To address the issue of the current universal fertilizer discharge device’s inability to meet the needs of small-displacement fertilization, and the limited discharge amount and slow operation speed of rice topdressing, a new small fertilizer discharge device with offset spiral teeth was designed. This device enables precise topdressing and allows for small amounts of fertilizer to be accurately discharged. The use of offset spiral teeth helps to minimize the variation in fertilizer discharge caused by grooves and ridges, resulting in a more stable fertilizer discharge torque.



Through a theoretical analysis, this study identified four key structural parameters of the fertilizer wheel that affect the one-cycle amount of fertilizer, the force on the fertilizer particles, and the speed of movement. These parameters include the spiral angle, height, number of teeth, and diameter of the fertilizer wheel. Single-factor simulation tests and data analysis were conducted to determine the impact rules of each factor and establish the optimal parameter range. Subsequently, simulation regression experiments and response surface analysis were performed to establish a quadratic regression equation between the key structural parameters and the variation coefficient of fertilizer discharge, the one-cycle amount of fertilizer, and the fertilizer discharge torque. The results of the multi-objective optimization indicate that a spiral angle of the tooth of 35.42°, a height of the tooth of 9.02 mm, a fertilizer wheel diameter of 57.43 mm, and the number of teeth of nine can achieve the minimum variation coefficient of fertilizer discharge, a relatively small one-cycle amount of fertilizer, and a relatively small and stable fertilizer discharge torque required.



In this study, we conducted bench tests using four commonly used fertilizers, at rotational speeds ranging from 15 rpm to 90 rpm. The maximum variation coefficient of fertilizer discharge was found to be 10.42%. In the range of test rotation speed, the one-cycle amount of fertilizer remained stable. Although there were significant numerical differences in the fertilizer discharge torques of the four fertilizers, the overall trend was consistent, and the torque remained stable. The results demonstrate that the designed fertilizer distributor exhibits excellent adaptability and practicability when dealing with small fertilizer discharge demands. It effectively achieves uniform fertilization even with small amounts of fertilizer, thereby providing valuable technical support for further research in the field of fertilizer distribution.
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Figure 1. Structure of the fertilizer equipment. (a) Rice topdressing fertilizer distribution device; (b) offset spiral tooth fertilizer device unit. 
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Figure 2. Kinematic analysis of fertilizer particles: (a) force analysis; (b) motion analysis. 
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Figure 3. Fertilizer parameters. (a) Distribution of the density and angle of repose; (b) probability distribution map of the fertilizer particle size. 
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Figure 4. Measurement and simulation of the angle of repose. (a) A Kang; (b) Ba Tian; (c) Yaran; (d) granular urea; (e) simulated. 
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Figure 5. Schematic diagram of the simulation model and data collection. (a) simulation model. (b) Data collection boxes. 
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Figure 6. Level setting of single-factor test factors. (a) Angle, (b) height, (c) diameter of the fertilizer discharge wheel, and (d) number of teeth for the fertilizer discharge wheel. 
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Figure 7. Single-factor analysis of the spiral angle of the tooth. (a) One-cycle amount of fertilizer. (b) Uniformity of discharge. (c) Fertilizer discharge torque. 
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Figure 8. Single-factor analysis of the height of the tooth. (a) One-cycle amount of fertilizer. (b) Uniformity of discharge. (c) Fertilizer discharge torque. 
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Figure 9. Single-factor analysis of the diameter of the fertilizer discharge wheel. (a) One-cycle amount of fertilizer. (b) Uniformity of discharge. (c) Fertilizer discharge torque. 
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Figure 10. Single-factor analysis of the number of teeth of the fertilizer discharge wheel. (a) One-cycle amount of fertilizer. (b) Uniformity of discharge. (c) Fertilizer discharge torque. 
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Figure 11. Influence of the interaction factors on the variable coefficient. (a) VC(20 rpm). (b) VC(55 rpm). (c) VC(55 rpm). 
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Figure 12. Influence of the interaction factors on the one-cycle amount of fertilizer between the spiral angel and diameter of the fertilizer wheel. (a) Q(20 rpm). (b) Q(55 rpm). (c) Q(90 rpm). 
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Figure 13. Influence of the interaction factors on the one-cycle amount of fertilizer between the height and diameter of the fertilizer wheel. (a) Q(20 rpm). (b) Q(55 rpm). (c) Q(90 rpm). 
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Figure 14. Verification test. 
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Figure 15. Test results of the coefficient of variation at different speeds. 
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Figure 16. Results of the bench test. (a) Uniformity of discharge. (b) One-cycle amount of fertilizer. 
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Figure 17. Half-violin diagram of the fertilizer discharge torque during the bench test. 
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Table 1. Material parameters and contact parameters between discrete element model and fertilizer particles.
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Item

	
Parameter

	
Value






	
Fertilizer

	
Poisson’s ratio

	
0.25 [26,27]




	
Shear modulus (Pa)

	
2.8 × 107 [25]




	
Density (kg·m3)

	
1320 [25]




	
Diameter (mm)

	
N (2, 0.5)




	
PLA plastic

	
Poisson’s ratio

	
0.43 [25]




	
Shear modulus (Pa)

	
1.3 × 109 [25]




	
Density (kg·m3)

	
1240 [25]




	
Interaction between the fertilizer particles

	
Restitution coefficient

	
0.11 [25]




	
Coefficient of static friction

	
0.3 [25]




	
Dynamic friction coefficient

	
0.1 [25]




	
Interaction between the fertilizer particles and PLA plastic

	
Restitution coefficient

	
0.41 [25]




	
Coefficient of static friction

	
0.32 [25]




	
Dynamic friction coefficient

	
0.18 [25]











 





Table 2. Factor coding table.
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zj

	
z1

	
z2

	
z3

	
z4




	
xj






	
r

	
45

	
15

	
70

	
11




	
1

	
37.5

	
12.5

	
65

	
10




	
0

	
30

	
10

	
60

	
9




	
−1

	
22.5

	
7.5

	
55

	
8




	
−r

	
15

	
5

	
50

	
7




	
Δ

	
7.5

	
2.5

	
5

	
1











 





Table 3. Theoretical and test results for the three rotational speeds.
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	No
	x1
	x2
	x3
	x4
	CV(20 rpm) (%)
	Q(20 rpm) (g)
	T(20 rpm) (N·m)
	CV(55 pm) (%)
	Q(55 rpm) (g)
	T(55 rpm) (N·m)
	CV(90 rpm) (%)
	Q(90 rpm) (g)
	T(90 rpm) (N·m)





	1
	1
	1
	1
	1
	5.05423
	25.8236
	0.00939698
	3.25919
	25.211
	0.00785301
	1.3606
	24.8485
	0.00813667



	2
	1
	1
	1
	−1
	5.63623
	27.374
	0.00940123
	4.00333
	26.4537
	0.00958984
	1.39112
	25.9537
	0.00850244



	3
	1
	1
	−1
	1
	7.0733
	17.8306
	0.00505321
	5.3397
	16.4933
	0.00413609
	2.64336
	16.3326
	0.0055662



	4
	1
	−1
	1
	1
	10.2574
	16.4921
	0.0102604
	7.48816
	16.1577
	0.00781118
	3.10867
	15.8015
	0.00876267



	5
	1
	1
	−1
	−1
	7.94214
	19.6032
	0.00306656
	5.93247
	19.1836
	0.0033926
	2.63855
	18.8693
	0.00362769



	6
	1
	−1
	1
	−1
	10.3654
	17.675
	0.00969057
	7.58815
	16.9931
	0.0103101
	2.67213
	16.6752
	0.00932542



	7
	1
	−1
	−1
	1
	11.4247
	11.4973
	0.00655173
	8.9632
	11.3702
	0.0059479
	3.3838
	11.2158
	0.00622143



	8
	1
	−1
	−1
	−1
	12.7748
	12.7622
	0.00680792
	9.5743
	12.5723
	0.00566899
	3.87708
	12.2164
	0.00606232



	9
	−1
	1
	1
	1
	5.86624
	25.1997
	0.0110241
	4.31899
	24.635
	0.00943533
	1.68057
	24.2922
	0.0105494



	10
	−1
	1
	1
	−1
	6.30361
	27.3193
	0.0111212
	4.81652
	26.8739
	0.0125643
	1.99183
	26.3427
	0.0121553



	11
	−1
	1
	−1
	1
	6.86711
	19.316
	0.00882995
	4.95469
	19.0282
	0.00797037
	1.93688
	18.8427
	0.00838506



	12
	−1
	−1
	1
	1
	7.83388
	15.9041
	0.0133468
	5.74229
	15.5299
	0.0136352
	2.52669
	15.3039
	0.0148374



	13
	−1
	1
	−1
	−1
	8.10292
	20.7485
	0.00884088
	5.82028
	20.2403
	0.0102573
	2.53033
	19.8919
	0.00986663



	14
	−1
	−1
	1
	−1
	8.5884
	17.1759
	0.0110163
	6.34977
	16.7532
	0.0121493
	2.48619
	16.3895
	0.0111531



	15
	−1
	−1
	−1
	1
	7.39886
	12.393
	0.00890929
	5.89067
	12.2727
	0.00783929
	2.26604
	12.0249
	0.0101356



	16
	−1
	−1
	−1
	−1
	9.4141
	13.8118
	0.0082099
	6.58118
	13.358
	0.00751394
	2.90265
	13.0809
	0.00809152



	17
	r
	0
	0
	0
	7.41024
	19.3399
	0.00782995
	5.50962
	18.9387
	0.00897037
	2.38857
	18.6239
	0.00773851



	18
	−r
	0
	0
	0
	7.60235
	19.3536
	0.0107198
	5.43468
	19.073
	0.0104627
	2.51635
	18.9217
	0.0101308



	19
	0
	r
	0
	0
	6.27695
	25.48
	0.00739737
	4.60019
	24.8948
	0.00911837
	2.21136
	24.8035
	0.00868337



	20
	0
	−r
	0
	0
	10.6015
	9.50073
	0.00934303
	7.87938
	9.13368
	0.00938973
	3.00264
	8.85003
	0.00945429



	21
	0
	0
	r
	0
	5.49477
	24.3142
	0.0111767
	3.32449
	23.7622
	0.0104905
	1.30362
	23.3456
	0.0143356



	22
	0
	0
	−r
	0
	9.3927
	13.9314
	0.00622879
	6.14172
	13.8105
	0.00710415
	2.85873
	13.5884
	0.00663835



	23
	0
	0
	0
	r
	7.1765
	19.398
	0.0092099
	6.11054
	18.4628
	0.00851394
	2.77852
	18.0613
	0.00909152



	24
	0
	0
	0
	−r
	7.86491
	20.1468
	0.00918787
	5.97613
	19.923
	0.00905519
	2.53085
	19.6963
	0.00915777



	25
	0
	0
	0
	0
	6.74215
	19.0664
	0.00795401
	4.64726
	19.1963
	0.00795161
	2.22217
	18.6368
	0.00820223



	26
	0
	0
	0
	0
	5.98622
	19.0357
	0.00734303
	4.52473
	18.4298
	0.00838973
	2.09443
	19.222
	0.00845429



	27
	0
	0
	0
	0
	4.90934
	17.6946
	0.00681232
	3.96375
	17.5471
	0.0057008
	0.86686
	17.6596
	0.00571927



	28
	0
	0
	0
	0
	4.98764
	17.3433
	0.00788229
	3.13458
	18.0671
	0.00840601
	0.89665
	18.5981
	0.00770957



	29
	0
	0
	0
	0
	5.72264
	17.7869
	0.0073038
	4.01351
	17.7373
	0.00939722
	1.42015
	19.2038
	0.0102343



	30
	0
	0
	0
	0
	6.96148
	18.21
	0.00667038
	4.77793
	18.3627
	0.00877792
	2.22802
	18.6163
	0.00795364










 





Table 4. Regression tests’ data analysis.
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Source

	
df

	
CV(20 rpm) (%)

	
Q(20 rpm) (g)

	
T(20 rpm) (N·m)




	
Sum of Squares

	
Mean Square

	
F Value

	
p-Value

	
Sum of Squares

	
Mean Square

	
F Value

	
p-Value

	
Sum of Squares

	
Mean Square

	
F Value

	
p-Value






	
Model

	
14

	
106.87

	
7.63

	
11.63

	
<0.0001 **

	
602.99

	
43.07

	
129.56

	
<0.0001 **

	
1.16

	
0.08

	
10.54

	
<0.0001 **




	
x1

	
1

	
3.98

	
3.98

	
6.06

	
0.0264 *

	
0.34

	
0.34

	
1.01

	
0.3310

	
0.30

	
0.30

	
38.17

	
<0.0001 **




	
x2

	
1

	
47.77

	
47.77

	
72.80

	
<0.0001 **

	
395.79

	
395.79

	
1190.53

	
<0.0001 **

	
0.06

	
0.06

	
7.56

	
0.0149 *




	
x3

	
1

	
14.87

	
14.87

	
22.65

	
0.0003 **

	
180.22

	
180.22

	
542.10

	
<0.0001 **

	
0.63

	
0.63

	
80.05

	
<0.0001 **




	
x4

	
1

	
3.17

	
3.17

	
4.84

	
0.0439 *

	
7.61

	
7.61

	
22.88

	
0.0002 **

	
0.01

	
0.01

	
1.47

	
0.2447




	
x1x2

	
1

	
10.60

	
10.60

	
16.15

	
0.0011 **

	
0.07

	
0.07

	
0.22

	
0.6421

	
0.01

	
0.01

	
1.77

	
0.2028




	
x1x3

	
1

	
1.39

	
1.39

	
2.11

	
0.1666

	
2.51

	
2.51

	
7.56

	
0.0149 *

	
0.02

	
0.02

	
2.45

	
0.1386




	
x1x4

	
1

	
0.15

	
0.15

	
0.22

	
0.6427

	
0.01

	
0.01

	
0.04

	
0.8406

	
0.00

	
0.00

	
0.03

	
0.8624




	
x2x3

	
1

	
0.62

	
0.62

	
0.95

	
0.3452

	
8.17

	
8.17

	
24.59

	
0.0002 **

	
0.00

	
0.00

	
0.14

	
0.7156




	
x2x4

	
1

	
0.08

	
0.08

	
0.12

	
0.7381

	
0.19

	
0.19

	
0.57

	
0.4631

	
0.00

	
0.00

	
0.17

	
0.6847




	
x3x4

	
1

	
0.80

	
0.80

	
1.23

	
0.2856

	
0.00

	
0.00

	
0.01

	
0.9199

	
0.00

	
0.00

	
0.01

	
0.9161




	
x12

	
1

	
6.35

	
6.35

	
9.67

	
0.0072 **

	
1.98

	
1.98

	
5.95

	
0.0277 *

	
0.06

	
0.06

	
8.03

	
0.0126 *




	
x22

	
1

	
13.99

	
13.99

	
21.32

	
0.0003 **

	
1.05

	
1.05

	
3.16

	
0.0958

	
0.02

	
0.02

	
2.24

	
0.1549




	
x32

	
1

	
5.94

	
5.94

	
9.05

	
0.0088 **

	
1.24

	
1.24

	
3.72

	
0.0728

	
0.03

	
0.03

	
3.96

	
0.0653




	
x42

	
1

	
6.44

	
6.44

	
9.82

	
0.0068 **

	
3.85

	
3.85

	
11.59

	
0.0039 **

	
0.06

	
0.06

	
7.40

	
0.0158 *




	
Residual

	
15

	
9.84

	
0.66

	

	

	
4.99

	
0.33

	

	

	
0.12

	
0.01

	

	




	
Lack of Fit

	
10

	
6.16

	
0.62

	
0.83

	
0.6236

	
2.38

	
0.24

	
0.46

	
0.8640

	
0.10

	
0.01

	
3.72

	
0.0799




	
Pure Error

	
5

	
3.69

	
0.74

	

	

	
2.61

	
0.52

	

	

	
0.01

	
0.00

	

	




	
Cor Total

	
29

	
116.71

	

	

	

	
607.98

	

	

	

	
1.28

	

	

	




	
Source

	
df

	
CV(55 pm) (%)

	
Q(55 rpm) (g)

	
T(55 rpm) (N·m)




	
Sum of Squares

	
Mean Square

	
F Value

	
p-Value

	
Sum of Squares

	
Mean Square

	
F Value

	
p-Value

	
Sum of Squares

	
Mean Square

	
F Value

	
p-Value




	
Model

	
14

	
67.65

	
4.83

	
12.97

	
<0.0001 **

	
572.82

	
40.92

	
145.61

	
<0.0001 **

	
1.08

	
0.08

	
2.93

	
0.0236 *




	
x1

	
1

	
2.55

	
2.55

	
6.84

	
0.0195 *

	
0.85

	
0.85

	
3.04

	
0.1019

	
0.37

	
0.37

	
13.94

	
0.0020 **




	
x2

	
1

	
28.80

	
28.80

	
77.29

	
<0.0001 **

	
373.15

	
373.15

	
1327.97

	
<0.0001 **

	
0.02

	
0.02

	
0.61

	
0.4455




	
x3

	
1

	
9.53

	
9.53

	
25.58

	
0.0001 **

	
170.63

	
170.63

	
607.22

	
<0.0001 **

	
0.58

	
0.58

	
22.19

	
0.0003 **




	
x4

	
1

	
0.82

	
0.82

	
2.20

	
0.1583

	
8.94

	
8.94

	
31.83

	
<0.0001 **

	
0.03

	
0.03

	
0.99

	
0.3354




	
x1x2

	
1

	
6.79

	
6.79

	
18.23

	
0.0007 **

	
0.43

	
0.43

	
1.52

	
0.2364

	
0.01

	
0.01

	
0.35

	
0.5607




	
x1x3

	
1

	
1.86

	
1.86

	
4.98

	
0.0412 *

	
2.48

	
2.48

	
8.84

	
0.0095 **

	
0.00

	
0.00

	
0.12

	
0.7372




	
x1x4

	
1

	
0.02

	
0.02

	
0.06

	
0.8052

	
0.00

	
0.00

	
0.01

	
0.9221

	
0.00

	
0.00

	
0.00

	
0.9527




	
x2x3

	
1

	
0.20

	
0.20

	
0.55

	
0.4704

	
9.56

	
9.56

	
34.02

	
<0.0001 **

	
0.01

	
0.01

	
0.25

	
0.6234




	
x2x4

	
1

	
0.03

	
0.03

	
0.08

	
0.7811

	
0.58

	
0.58

	
2.05

	
0.1724

	
0.02

	
0.02

	
0.86

	
0.3692




	
x3x4

	
1

	
0.04

	
0.04

	
0.11

	
0.7444

	
0.03

	
0.03

	
0.09

	
0.7636

	
0.02

	
0.02

	
0.58

	
0.4578




	
x12

	
1

	
4.24

	
4.24

	
11.38

	
0.0042 **

	
0.75

	
0.75

	
2.68

	
0.1224

	
0.02

	
0.02

	
0.93

	
0.3513




	
x22

	
1

	
9.39

	
9.39

	
25.20

	
0.0002 **

	
3.03

	
3.03

	
10.77

	
0.0050 **

	
0.01

	
0.01

	
0.35

	
0.5652




	
x32

	
1

	
1.19

	
1.19

	
3.20

	
0.0938

	
0.34

	
0.34

	
1.20

	
0.2908

	
0.00

	
0.00

	
0.05

	
0.8295




	
x42

	
1

	
7.88

	
7.88

	
21.15

	
0.0003 **

	
1.24

	
1.24

	
4.41

	
0.0531

	
0.00

	
0.00

	
0.04

	
0.8374




	
Residual

	
15

	
5.59

	
0.37

	

	

	
4.21

	
0.28

	

	

	
0.39

	
0.03

	

	




	
Lack of Fit

	
10

	
3.73

	
0.37

	
1.00

	
0.5344

	
2.49

	
0.25

	
0.72

	
0.6924

	
0.31

	
0.03

	
1.93

	
0.2422




	
Pure Error

	
5

	
1.86

	
0.37

	

	

	
1.73

	
0.35

	

	

	
0.08

	
0.02

	

	




	
Cor Total

	
29

	
73.24

	

	

	

	
577.03

	

	

	

	
1.47

	

	

	




	
Source

	
df

	
CV(90 rpm) (%)

	
Q(90 rpm) (g)

	
T(90 rpm) (N·m)




	
Sum of Squares

	
Mean Square

	
F Value

	
p-Value

	
Sum of Squares

	
Mean Square

	
F Value

	
p-Value

	
Sum of Squares

	
Mean Square

	
F Value

	
p-Value




	
Model

	
14

	
11.55

	
0.83

	
4.19

	
0.0046 **

	
564.48

	
40.32

	
161.90

	
<0.0001 **

	
1.33

	
0.09

	
4.40

	
0.0036 **




	
x1

	
1

	
0.26

	
0.26

	
1.32

	
0.2682

	
0.98

	
0.98

	
3.94

	
0.0658

	
0.47

	
0.47

	
22.06

	
0.0003 **




	
x2

	
1

	
3.11

	
3.11

	
15.79

	
0.0012 **

	
372.66

	
372.66

	
1496.39

	
<0.0001 **

	
0.04

	
0.04

	
1.69

	
0.2132




	
x3

	
1

	
2.71

	
2.71

	
13.80

	
0.0021 **

	
163.53

	
163.53

	
656.63

	
<0.0001 **

	
0.70

	
0.70

	
32.33

	
<0.0001 **




	
x4

	
1

	
0.05

	
0.05

	
0.25

	
0.6238

	
8.20

	
8.20

	
32.92

	
<0.0001 **

	
0.01

	
0.01

	
0.26

	
0.6163




	
x1x2

	
1

	
0.55

	
0.55

	
2.80

	
0.1152

	
0.38

	
0.38

	
1.54

	
0.2340

	
0.00

	
0.00

	
0.05

	
0.8306




	
x1x3

	
1

	
0.59

	
0.59

	
2.97

	
0.1051

	
2.37

	
2.37

	
9.51

	
0.0076 **

	
0.00

	
0.00

	
0.03

	
0.8626




	
x1x4

	
1

	
0.13

	
0.13

	
0.64

	
0.4365

	
0.00

	
0.00

	
0.02

	
0.8923

	
0.00

	
0.00

	
0.06

	
0.8053




	
x2x3

	
1

	
0.18

	
0.18

	
0.91

	
0.3561

	
8.80

	
8.80

	
35.35

	
<0.0001 **

	
0.00

	
0.00

	
0.08

	
0.7799




	
x2x4

	
1

	
0.00

	
0.00

	
0.02

	
0.8778

	
0.46

	
0.46

	
1.86

	
0.1922

	
0.03

	
0.03

	
1.36

	
0.2620




	
x3x4

	
1

	
0.21

	
0.21

	
1.09

	
0.3126

	
0.02

	
0.02

	
0.07

	
0.7952

	
0.00

	
0.00

	
0.07

	
0.8004




	
x12

	
1

	
1.21

	
1.21

	
6.15

	
0.0255 *

	
0.00

	
0.00

	
0.01

	
0.9230

	
0.00

	
0.00

	
0.21

	
0.6550




	
x22

	
1

	
1.70

	
1.70

	
8.62

	
0.0102 *

	
6.74

	
6.74

	
27.08

	
0.0001 **

	
0.01

	
0.01

	
0.33

	
0.5734




	
x32

	
1

	
0.38

	
0.38

	
1.92

	
0.1866

	
0.20

	
0.20

	
0.81

	
0.3820

	
0.07

	
0.07

	
3.39

	
0.0854




	
x42

	
1

	
1.86

	
1.86

	
9.47

	
0.0077 **

	
0.01

	
0.01

	
0.03

	
0.8597

	
0.01

	
0.01

	
0.39

	
0.5411




	
Residual

	
15

	
2.95

	
0.20

	

	

	
3.74

	
0.25

	

	

	
0.32

	
0.02

	

	




	
Lack of Fit

	
10

	
0.86

	
0.09

	
0.21

	
0.9835

	
2.12

	
0.21

	
0.65

	
0.7349

	
0.22

	
0.02

	
1.03

	
0.5179




	
Pure Error

	
5

	
2.09

	
0.42

	

	

	
1.62

	
0.32

	

	

	
0.11

	
0.02

	

	




	
Cor Total

	
29

	
14.50

	

	

	

	
568.21

	

	

	

	
1.65

	

	

	








Note: * shows that the item is significant (p < 0.05). ** shows that the item is extremely significant (p < 0.01).
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