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Abstract

:

The double-hole rice vacuum seed meter is critical equipment for the planting precision of rice direct seeding. The effects of shaped holes and seed disturbance on the precision of rice bunch planting were investigated to improve the precision of bunch planting with the double-hole rice vacuum seed meter. A test bench with the rice vacuum seed meter was set up to analyze the trends in the quality of feed index, miss index, and multiple index of seed meters with different shaped holes at different speeds and vacuum pressures. Based on the optimal hole structure, different seed disturbance structures were designed to investigate the influence of the seed disturbance structure on the precision of bunch planting. A multiple linear regression model was established for the relationship between the disturbance structure, vacuum pressure, rotational speed, and the precision of bunch planting. Discrete element numerical simulation experiments were carried out to analyze the effect of disturbance structures on seeds. The planting precision of the seed meter with the shaped hole was significantly higher than that of the seed meter without the shaped hole while the shaped hole B was the optimum structure. Disturbance structure affects the quality of feed index, multiple index rate, and miss index. The planting precision of the seed disturbance structure II was better than the other structures. At a speed of 60 rpm and vacuum pressures of 2.0 kPa, 2.4 kPa, and 2.8 kPa, the qualities of feed index of seed disturbance structure II were 90%, 91.11%, and 89.17%, respectively, and the miss indexes were 2.96%, 1.94%, and 1.57%, respectively. At high rotational speeds, the precision of rice bunch planting with the seed disturbance structure is better than that without the seed disturbance structure. In the simulation test, the seed velocity and total force magnitude of the meter without disturbance structures were less than those with the disturbed structure. Simulation experiments showed that the seed disturbance structure breaks up the stacked state of seeds. Research has shown that the shaped hole holds the seed in a stable suction posture, which helps to increase the seed-filling rate. Seed disturbance improves seed mobility, thereby enhancing the precision of bunch planting.
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1. Introduction


Rice is one of the most important food crops in the world, and the main methods used to grow rice are transplanting and direct seeding [1,2]. Direct seeding of rice eliminates the need for seedling cultivation and transplanting, reduces production costs, and improves production efficiency [3,4]. Mechanized direct seeding of rice can avoid the problems of disordered growth, uneven growth, and lodging associated with manual sowing [5]. Using mechanical seed meters can meet the agronomic requirements of direct seeding of rice bunch planting, but there are problems with large seeding volumes and high seed crush rates [6,7]. The vacuum seed meter has the advantages of high precision of bunch planting, low seed damage rate, and seed saving [8,9,10]. Using vacuum seed meters in the direct seeding of rice can solve the problems of mechanical meters. However, the rice vacuum seed meter’s low and variable seed-fill rates are problematic.



Some researchers have designed vacuum seed meters with different structures and optimized the key components to meet the precision seeding of different crops. The precision plug seeder for vegetables was developed to sow chili and tomatoes [11]. The vacuum seed meter was improved and optimized for mechanized sowing of sandalwood seeds in the diameter range of 13.5 to 23.5 mm [12]. A vacuum seed meter for potatoes was constructed, and the key components were designed and theoretically analyzed [13]. A multi-row pneumatic plate metering device was invented to cope with the sowing of oilseed rape in multiple rows [14]. A peanut precision meter for peanut sowing under mulch conditions was developed [15]. A metering device was developed using internal air pressure to improve the seed-filling rate in the high-speed sowing of maize [16]. A high-speed seed metering device with centrifugal fill and clean was designed for maize at 10 to 20 km/h [17]. For high-density planting of maize, cotton, and sunflower, an intermittent seed meter with a left seed disc and a right seed disc was invented [18]. To increase the working speed in the precision planting of maize, the method of positive pressure air flow and inclined seed disc is used to improve the seed falling speed of the seed meter, and the research proved that the high-speed positive pressure air flow can improve the uniformity of the seed spacing [19]. Seed and meter structure are the main factors affecting sowing accuracy, and some scientists have carried out related research. A mathematical model of the physical characteristics of different seeds (thousand kernel weight, projected area, sphericity, and seed density) with their optimum operating pressure was developed, and validation tests showed that the model could predict the optimum vacuum pressure of the seed meter [20]. The influence of the forward speed, the vacuum pressure, and the entry cone angle of the hole on the seeding accuracy was investigated to optimize the cotton seed meter, and the structure and working parameters were determined [21]. A study was carried out on the effect of different numbers of seed suction holes on seed spacing uniformity based on a computerized measurement system [22]. A prediction model based on artificial neural network multi-objective particle swarm optimization was established to maximize the quality feed index, and the error between the measured and predicted values was 2.11%, proving the model’s accuracy [23]. In recent years, it has become common to use numerical simulations to analyze the process of vacuum seeders. Based on computational fluid dynamics (CFD), the gas flow inside the rapeseed seed meter was simulated to determine the factors affecting seeding accuracy [24]. The working process of the inside-filling, air-blowing, seed-metering device was simulated based on CFD and the discrete element method (DEM) to optimize the structure of the seed-metering device [25]. The movement of maize seed in the airflow-assisted seed-dropping device was simulated by CDF and DEM to investigate the influence of the structural parameters of the seed drop tube on the seeding accuracy [26]. A numerical simulation based on CFD-DEM of a vegetable seed meter was carried out to analyze the changes in the flow field and seed movement law, and bench tests were carried out to determine the optimum operating parameters of the seed meter [27].



Currently, research into vacuum seed meters focuses mainly on high sphericity and large seeds such as peanuts, cotton, and maize. However, rice seeds have a fusiform shape and are seeds of low sphericity, having lemma hairs on their surface, resulting in poor seed mobility. The agronomic requirements of rice field direct seeding differ from those of other single-seed crops. Rice field direct seeding is generally used to plant multiple seeds per hole to ensure the field emergence rate, so that the vacuum seed meter for each group hole has a double-hole structure. Therefore, further research is needed to investigate the effect of structural parameters of vacuum seed meters on the precision of rice bunch planting.



In this paper, the effect of the shaped hole of the meter disc on the precision of rice bunch planting was first investigated, and the optimum shaped hole structure was determined. Then, based on the optimal hole structure, the qualities of feed index, miss index, and multiple index with different seed disturbance structures were analyzed at different vacuum pressures and speeds. Multiple regression models were developed for vacuum pressure, speed, and seed disturbance structure concerning the quality of feed index, miss index, and multiple index.




2. Materials and Methods


2.1. Seed Meter and Test Stand


The vacuum seed meter for rice mainly consists of seed inlet, seed-filling chamber, disc, seal rubber, and vacuum chamber (See Figure 1). The rice vacuum seed meter has 12 groups of seeding holes, each group having double 1.5-mm diameter holes. The seeds enter the seed chamber from the seed inlet, are suctioned by holes under the pressure difference, and then rotate to the release area with the disc to complete the seeding. The test bench, as shown in Figure 2, can adjust and measure the rotational speed of the seed meter through the motor governor and Hall sensor, respectively, and the rotational speed adjustment error is ±1 rpm. The vacuum pressure of the seed meter can be adjusted and measured through the adjustable fan and the air pressure sensor, respectively, and the vacuum pressure adjustment error is ±0.05 kPa. The type of Hall sensor and air pressure sensor are the CYT9100HT of TYHC and the QBM3020 of SIEMENS. Different shaped hole structures (see Figure 3) and seed disturbance structures (see Figure 4) were designed to improve the seed-filling rate of the vacuum seed meter.




2.2. Rice Seed


The “Wuyou 1179” indica rice seed with an average water content of <13% was selected as the test material. Rice seeds were between 6.40 mm and 9.72 mm long, 1.83 mm and 2.98 mm wide, and 1.34 mm and 2.31 mm thick. Thousand-grain weight of “Wuyou 1179” was 23.6 g.




2.3. Measurement of Precision of Bunch Planting


The qualities of feed index, miss index, and multiple index were used as indicators to evaluate the precision of rice bunch planting. During the test, the number of seed grains suctioned by each group of holes was recorded; 360 groups of holes were counted in each test, and each test was repeated three times. For each trial, the probability Pi that the seed meter adsorbs a different number of seeds can be calculated according to Equation (1). The quality of feed means that the number of seeds suctioned per group of holes is 1–2. Miss means that the number of seeds suctioned per group of holes is 0. Multiple means that the number of seeds suctioned per group of holes is greater than 2. Hence, the qualities of feed index, miss index, and multiple index are equal to P1~2, P0, and P>2, respectively:


   P i  =    ∑   X i      360   , i = 0 , 1 , 2 , 3 , 4 …  



(1)




where, Pi is the probability that the seed meter suctioned a number of seeds, and Xi is the number of different seeds suctioned by each set of holes.




2.4. Statistics and Analysis of Data


Data were compiled using Excel 2019 software. One-way ANOVA significance analysis (with p < 0.05 defined as a significant difference) and linear regression analysis were performed using SPSS 27 software for experimental data satisfying independence, normality, and homogeneity of variance. Graphs were generated using Origin 2019b software and discrete element simulation using EDEM 2022.2 software. Data that are not labeled with a lowercase letter are those that do not satisfy normality or homogeneity of variance. Although some of the data appeared to be significantly different, they did not meet the conditions for one-way ANOVA.





3. Effect of the Shaped Hole on the Precision of Bunch Planting


3.1. Shaped Hole


To reduce seed action on suctioned seeds, two types of shaped hole structures were designed as shown in Figure 3. The structural parameters LB, WB, and TB of the shaped hole B are 12 mm, 4 mm, and 2 mm, respectively, and the structural parameters LC, WC, and TC of the shaped hole C are 12 mm, 4 mm, and 1.5 mm, respectively. The hole spacing for direct seeding of rice is generally adjustable from 0.1 to 0.2 m. For the rice precision direct seeding machine using the rice transplanter as the power source, the transplanter field working speed is generally 0–1.3 m/s. There are 12 groups of double-suction holes in the seed meter, and the speed is taken as 20–60 rpm to meet the agronomic requirements of direct seeding of rice. For the test, speeds of 20 rpm, 40 rpm, and 60 rpm were used and the vacuum pressure was 1.2–3.6 kPa, with the vacuum pressure level adjusted by 0.4 kPa.




3.2. Results and Analyses


The variation in the quality of feed index for different holes is shown in Figure 4. At a rotational speed of 20 rpm, the differences in the quality of feed index (QFI) of hole A, hole B, and hole C at vacuum pressures of 2.8 kPa, 3.2 kPa, and 3.6 kPa were significant (p < 0.05). At a speed of 40 rpm, there was a significant difference (p < 0.05) between the QFI of holes A, B, and C at a vacuum of 3.6 kPa. At a speed of 60 rpm, there was a significant difference (p < 0.05) between the QFI of hole A, shaped hole B, and shaped hole C at vacuum pressures of 1.2 kPa, 1.6 kPa, 2.8 kPa, and 3.2 kPa. When the rotation speed is 20 rpm, 40 rpm, and 60 rpm, the QFI of hole A tends to increase with increasing vacuum. At 1.2 kPa to 2.8 kPa, the QFI of hole A is less than 50%. The QFI of hole A is lower because hole A has no shaped hole structure, it is difficult to break the seed stacking state, and the suctioned seeds are easily released from the hole under the friction between the seeds. A higher vacuum is required to increase the seed-filling rate of hole A. When the speed is 20 rpm and 40 rpm, the QFI of shaped hole B does not show a significant change trend with the increased vacuum. At a speed of 60 rpm, as the vacuum increases, the QFI of shaped hole B tends to increase and stabilize first. The main reason for this trend in QFI of shaped hole B is that the shaped hole B hole is an elliptically grooved hole that maintains a stable seed posture during the filling process, thus reducing the influence of seeds on the suctioned seed. The quality of feed index of shaped hole C showed an overall decreasing trend with increasing vacuum at 20 rpm, 40 rpm, and 60 rpm. The shaped hole C with the elliptical convex stand has a specific disturbing effect on the seeds, which can facilitate seed suction. However, the phenomenon of non-suctioned seeds being carried by the front end of the elliptical convex stand may occur, so that the phenomenon of the multiple index increases as the vacuum increases.



The multiple index of hole B and hole C tended to increase with increasing vacuum at speeds of 20 rpm, 40 rpm, and 60 rpm (see Figure 5). This trend is mainly due to an increase in vacuum pressure, which leads to an increase in suction force and, therefore, an increase in multiple index. Among them, the multiple index of shaped hole C is higher than the other two, and the increase in the multiple index of shaped hole B is smaller than that of shaped hole C. The multiple index of hole A fluctuates wildly. The shaped hole C hole structure is higher than the disc surface. Rice seeds that are not suctioned when rotating with the disc will be carried by the shaped hole to the seed releasing area, resulting in too high a multiple index for the shaped hole C. Seeds that are suctioned in hole A at low speeds may be dislodged from the hole by the extrusion of the population, so the multiple index of hole A is low. However, the same hole suctioned a few seeds to form a stable seed mass at high speeds, and population extrusion had less effect on it, so the multiple index of hole A was more significant at high speeds. The reason for the more stable multiple index of the shaped hole B is that the structure of the holes gives the seeds a stable posture when filled with seed. At a speed of 20 rpm, there were significant differences (p < 0.05) in the multiple index of hole A, shaped hole B, and shaped hole C at vacuum pressures of 2.4 kPa and 2.8 kPa; and between hole A and shaped hole C at vacuum pressure of 1.6 kPa. At a speed of 40 rpm, there was a significant difference (p < 0.05) in the multiple index of hole A, hole B, and hole C at a vacuum of 1.6 kPa, and hole B differed significantly (p < 0.05) from hole A and hole C at a vacuum of 3.6 kPa. At a speed of 60 rpm, the difference in the multiple index between hole C and hole A, and between hole C and hole B at vacuum pressures of 2 kPa and 2.8 kPa was significant (p < 0.05), and the difference between the multiple index of hole A, hole B, and hole C and at vacuum pressure of 3.2 kPa was significant (p < 0.05).



As shown in Figure 6, the miss index tends to decrease with the increase of vacuum, and the miss index of hole A is higher than that of shaped hole B and shaped hole C. The miss index of shaped hole C is the lowest. The main reason for this trend is that hole A has no shaped hole structure, and the seeds have no stable posture to be influenced by the population during the filling process, which leads to its high miss index. When the rotational speed is 20 rpm and the vacuum is 2.4 kPa to 3.6 kPa, the miss index of shaped hole B is less than 3%, and the miss index of shaped hole C is less than 1%. The differences in the miss index of hole A, hole B, and hole C at a vacuum of 1.6 kPa at a speed of 60 rpm were significant (p < 0.05).



Figure 7 shows that the suctioned seeds on shaped hole A have no stable posture and the contact area between the seeds and the hole is small. The suctioned seeds on hole B have a more stable posture, and hole C shows the phenomenon of some of the seeds stacking. The shaped hole structure allows the seeds to maintain a stable posture during the seed-filling process and reduces the influence of the population on the suctioned seeds. The stabilized seed suction posture is conducive to improving the precision of bunch planting. According to the above analysis, shaped hole structures have an effect on the quality of feed index, miss index, and multiple index. Compared with the other two shaped hole structures, the QFI of hole B is higher than that of hole A and hole C, and the QFI of hole B is stable; the multiple index of hole B is lower than that of hole C, and the miss index of hole B is lower than hole A. Seeds on hole A are easily detached from the suction hole by the action of other seeds. The shaped hole structure of hole B reduces the action of other seeds on the seeds of hole B. Additional edges of the shaped hole C carry excess seed. Therefore, the shaped hole B was selected as the shaped hole for the rice vacuum seed meter in the following tests.





4. Effect of the Seed Disturbance Structure on the Precision of Bunch Planting


4.1. Seed Disturbance Structure


Based on the optimal shaped hole structure, seed disturbance structures (SDS) were designed as shown in Figure 8. SDS IV, SDS V, and SDS VI are composed of SDS I, SDS II, and SDS III, plus a seed guidance strip, respectively. The main structural parameters R1, R2, θ1, θ2, and H1 of SDS I and SDS IV are 40 mm, 58 mm, 25°, 25°, and 1 mm, respectively. The main structural parameters R3, R4, θ3, θ4, and H2 of SDS II and SDS V are 78 mm, 58 mm, 20°, 12°, and 1 mm respectively. The main structural parameters L1, L2, and L3 of SDS III, and SDS VI are 25 mm, 6 mm, and 6 mm, respectively. The main structural parameters of the seed guidance strip were 6 mm, 1 mm, and 1.5 mm for L4, W, and H4, respectively. The rotational speed was taken as 20–60 rpm and the vacuum pressure as 1.2–3.6 kPa.




4.2. Results and Analyses


When the speed was 20 rpm, the QFI of discs with different seed disturbance structures showed different trends with increasing vacuum (see Figure 9a). Among them, the QFI of SDS III, SDS IV, SDS V, and SDS VI showed a decreasing trend with the increase of vacuum pressure. On the one hand, this was because the longer filling time at low speeds is favorable for seed filling, and on the other hand, it was because the optimum QFI of SDS III, SDS IV, SDS V, and SDS VI had a vacuum pressure of less than 1.2 kPa. The QFI of SDS I and SDS II showed a dynamic change, first increasing and then decreasing with the increase of vacuum. This was because the increase of vacuum improved the suction force of the holes to improve the seed-filling performance of the seed meter and when the vacuum reached the optimal QFI of vacuum, the multiple index increased with the increase of vacuum. At a vacuum pressure of 2.0 kPa, the QFI of SDS I was 90.74%, significantly higher than that of SDS II, SDS III, SDS V, and SDS VI (p < 0.05). At a vacuum pressure of 2.4 kPa, the QFI of SDS I was 90.56%, significantly higher than that of SDS III, SDS IV, SDS V, and SDS VI (p < 0.05).



At a speed of 40 rpm, SDS I and SDS II had higher QFI than the other seed disturbance structures and higher than those at 20 rpm (see Figure 9b). This is mainly due to the increase in rotational speed, which increases the disturbance of the seed population by SDS I and SDS II, improving the flowability of the seeds and allowing the shaped holes to suction the seeds more easily. At a vacuum pressure of 2.4 kPa, the QFI of SDS II was 89.07%, significantly higher than that of SDS IV, SDS V, and SDS VI (p < 0.05). At a vacuum pressure of 2.8 kPa, the QFI of SDS I was 93.15%, significantly higher than that of SDS III, SDS IV, SDS V, and SDS VI (p < 0.05).



With the change of vacuum, the QFI of various SDS at the speed of 60 rpm shows a more stable trend, even higher than the QFI at low speed (see Figure 9c). This change is partly due to the reduced multiple index of the seed meter at high speeds and partly due to the excellent seed-filling performance of the seed meter with SDS, even at high speeds. The QFI of SDS IV, SDS V, and SDS VI were lower than the other SDS because they had seed guidance strips that made excess seeds enter the holes. Of these, the QFI of SDS II were 90%, 91.11%, and 89.17% at vacuum pressures of 2.0 kPa, 2.4 kPa, and 2.8 kPa, respectively. At vacuum pressures of 1.2 kPa, 1.6 kPa, and 2.0 kPa, the QFI of SDS III were 90.37%, 91.30%, and 89.17%, respectively. At a vacuum pressure of 1.6 kPa, the QFI of SDS III was significantly higher than that of SDS I, SDS II, SDS IV, SDS V, and SDS VI (p < 0.05). At a vacuum pressure of 2.8 kPa, the QFI of SDS III was significantly higher than that of SDS IV, SDS V, and SDS VI (p < 0.05).



When the speed of the seed meter was 20 rpm, the multiple index of the seed disks with different SDS tended to increase approximately with the increase in vacuum (see Figure 10a). Among them, the multiple index of SDS VI was higher than the other SDS, ranging from 28.98% to 59.81%, indicating that the seed-filling performance of SDS VI was due to the other SDS. This is mainly because the groove structure of the SDS VI and the seed guidance strip can make more seeds flow near the holes to increase the seed-filling rate. When the vacuum was 1.2 kPa to 2.4 kPa, the multiple index of the SDS I was the lowest; when the vacuum was 2.8 kPa to 3.6 kPa, the multiple index of the SDS II was the lowest.



With the change of vacuum pressure, the multiple index of SDS II at 40 rpm showed an increasing trend with the increase of vacuum pressure, while the multiple index of the other SDS showed a fluctuating trend with the increase of vacuum pressure (see Figure 10b). Among them, the multiple index of SDS II was lower than other SDS at vacuum pressures of 1.6 kPa, 2.0 kPa, 2.4 kPa, 3.2 kPa, and 3.6 kPa. At a vacuum pressure of 2.8 kPa, the multiple index of SDS VI was significantly higher than that of SDS I, SDS II, SDS III, SDS IV, and SDS V (p < 0.05).



When the rotational speed was 60 rpm, the multiple index of various SDS showed a fluctuating trend with the change in vacuum (see Figure 10c). Among them, the multiple index of SDS II showed an increasing trend with the increase of vacuum pressure, and the multiple index of SDS II ranged from 2.96% to 12.31%, while the multiple index of SDS II was smaller than that of other structures at vacuum pressures of 1.6 kPa, 2.0 kPa, 2.4 kPa, 3.2 kPa, and 3.6 kPa. The multiple indexes of SDS IV, SDS V, and SDS VI were higher than the rest of the multiple indexes, probably because these three structures have a guidance strip that makes it easier for the seed to flow to the shaped hole at high rotational speeds.



At the same speed, the miss index of the seed meter disc with different SDS showed a decreasing trend with increasing vacuum (see Figure 11). At a rotational speed of 20 rpm, the miss index (<1%) of the SDS VI was smaller than that of the other SDS, mainly because the SDS VI was more accessible for seeds to be suctioned by the hole compared to the other structures. When the vacuum pressure was 2 kPa to 3.6 kPa, the miss index of the seed meter disk with disturbance seed structure was less than 6%. When the vacuum pressure was 2.4 kPa to 3.6 kPa, the miss index of SDS II, SDS III, SDS IV, and SDS V was less than 2.5%. When the rotational speed was 40 rpm and the vacuum pressure range 2.0 kPa to 3.6 kPa, the miss indexes of SDS I, SDS II, SDS III, SDS IV, SDS V, and SDS VI were less than 4%. Vacuum pressures of 1.2 kPa and 1.6 kPa resulted in significantly higher miss index than vacuum pressures of 2.0 kPa to 3.6 kPa, primarily because the vacuum pressure to maintain stable seed filling of the seed meter at a speed of 40 rpm should be greater than 1.6 kPa. When the rotational speed was 60 rpm and the vacuum pressure range s 2.4 kPa to 3.6 kPa, the miss indexes of SDS II, SDS III, SDS IV, SDS V, and SDS VI were less than 5%. The miss index of the SDS II was less than 3% in the vacuum range of 2.0 kPa to 3.6 kPa. At a vacuum pressure of 1.6 kPa, the miss index of SDS I was significantly higher than that of SDS II, SDS III, SDS, SDS V, and SDS VI (p < 0.05).



At speeds of 20 rpm and 40 rpm, seed disturbance structure I and seed disturbance structure II had higher quality of feed index. At speeds of 60 rpm, seed disturbance structure II and seed disturbance structure III had a higher quality of feed index. The multiple indexes of seed disturbance structures I and II were lower than the rest. However, at a speed of 60 rpm, the seed disturbance structure I had a high miss index. In conclusion, the precision of rice bunch planting of the seed disturbance structure II is optimal. Figure 4c and Figure 9c show that the quality of feed index of the seed disc with seed disturbance structure is significantly higher than that of the seed disc without seed disturbance structure at high speed, and the quality of the feed index changes are stable. Meanwhile, at the same speed and under vacuum pressure, the multiple index of the seed disc with the seed disturbance structure was higher than that of the seed disc without the seed disturbance structure, and the miss index of each of the seed disturbance structures was lower than that without the seed disturbance structure. In summary, the seed-filling performance of the seed meter with the seed disturbance structure is in all ways better than that of the seed meter without the seed disturbance structure. At a speed of 60 rpm and a vacuum pressure of 2.4 kPa, the seed suction posture of each seed disturbance structure is shown in Figure 12. It can be seen from Figure 12 that seeds suctioned by the meter disc with seed disturbance structure are maintained in a stable suction posture.




4.3. Multiple Regression Models


Multiple linear regression analyses were carried out with the experimental results of the effect of seed disturbance structure on the precision of bunch planting to investigate the relationship between speed, vacuum, and seed disturbance structure and precision of bunch planting. Since seed disturbance structure is a categorical variable, the multiple linear regression analyses were performed with the seed disturbance structure set as five dummy variables and the seed disturbance structure VI as the reference group. The multiple regression equations for the quality of feed index, miss index, and multiple index are shown in Equation (2):


   Y i  =  β 0  +  β 1   X 1  +  β 2   X 2  +  β 3   D 1  +  β 4   D 2  +  β 5   D 3  +  β 6   D 4  +  β 7   D 5  +  μ i   



(2)




where, Yi denotes the quality of feed index, miss index, and multiple index of the seed meter; β1 to β7 denote coefficients; μi is the random error; X1 and X2 are speed and vacuum, respectively; D1–D5 denote the dummy variables for the disturbance structure I–V. D1 to D5 are taken as 0 or 1, if one of the dummy variables is 1, the rest of the dummy variables are 0. If D1–D5 are all 0, the model is a disturbance structure VI.



Regression analyses were performed, and the multiple regression model was obtained, as shown in Table 1. The ANOVA results of the regression model are presented in Table 2. The regression models must be diagnosed to ensure their accuracy. The residuals of the regression model must follow a normal distribution, and the independent variables of the model should be free of multicollinearity. The VIF value of the independent variable is less than 5, which means there is no multicollinearity between the variables, and it does not affect the accuracy of the regression results. Figure 13 shows that the residuals of the QFI model and the multiple model obey a normal distribution, so they are accurate. However, the miss index model does not follow a normal distribution (see Figure 13c). Therefore, the miss index regression model is not statistically significant. The ANOVA results showed that the p values of the QFI model and the multiple model were all less than 0.01, indicating that the regression models are significant. The R2 of the regression models for the quality of feed index and multiple index were 0.65 and 0.73, indicating that the fit of the regression models for the quality of feed index and multiple index was 65% and 73%.




4.4. Discrete Element Simulation


The discrete element model of rice seed and seed meter is shown in Figure 14. The Poisson ratios of rice seed and seed meter are 0.25 and 0.42, the densities are 1045 kg/m2 and 1120 kg/m2, and the shear moduli are 1.08 × 108 Pa and 2.70 × 109 Pa, respectively. The restitution coefficient, static friction coefficient, and rolling friction coefficient between seed and seed meter are 0.25, 0.5, and 0.01, respectively. The restitution coefficient, static friction coefficient, and rolling friction coefficient between seed and seed meter are 0.52, 0.48, and 0.01, respectively [28].



The velocity and force magnitude of seeds are applied to indicate the amount of disturbance. After the simulation is completed, the velocity magnitude and force magnitude variation data of the seed discrete element model are derived at 0.01 s time interval, and the average velocity magnitude and average force magnitude within 4–10 s of the simulation time are used as evaluation indices of the disturbance.



Discrete element simulations were performed to obtain the total force magnitude of the seed for different meter discs, as shown in Figure 15a. The total force magnitude of the seed was positively correlated with speed in the rows of seed discs, except for CK. The main reason is that the higher the speed, the more the seeds are disturbed by the discs with a disturbance structure. In contrast, without the disturbance structure, the CK cannot break the stacked state of seeds despite the increase in speed. At 40 rpm and 60 rpm, the total force magnitude on the seeds with the disturbance structure of the seed discs was significantly higher than the CK. The velocity magnitude of the seed during the operation of the different meter discs is shown in Figure 15b. The velocity magnitude of the meter discs with disturbance structure increases with increasing speed, but the velocity magnitude of the CK at 60 rpm is lower than the velocity magnitude at 20 rpm. The main reason for this phenomenon is the disturbance structure of the disc that disturbs the seed pile. Disturbance increases with the speed of rotation. However, due to the CK disc without the disturbance structure, the seeds appear to have a stacked state earlier at high speeds than at low speeds. Figure 16 shows the seed velocity vector of different meter discs at a simulation time of 5 s. It can be seen that the seeds of the CK disc are in a stacked state, and the poor seed mobility of the CK disc is not conducive to seed filling. The seed mobility of the meter disc with the disturbance structure is better, and the seed speed around the hole is significantly higher than that of the control group.





5. Discussion


This study shows a difference in the precision of rice bunch planting between seed meters with different shaped hole structures. The seed meter with shaped holes had a higher quality of feed index than the seed meter without shaped holes, and the miss index was much lower than that of the seed meter without shaped holes. Some studies have found that the shaped hole structure can improve the planting precision of mechanical seed meters, which is consistent with the results of this paper [29,30]. A seed meter with a shaped hole structure allows the seeds to maintain a stable suction posture during the filling process, preventing the suctioned seeds from being dislodged from the holes by the action of the seeds. A stable seed suction posture is conducive to improving the seed filling rate of the seed meter. For seeds with low sphericity, the shaped hole structure of the meter disc can be used to improve the precision of bunch planting of the seed vacuum meter [31].



The quality of the feed index of the seed meter with the disturbance structure has low fluctuation. At high speed, the quality of the feed index of the seed meter with the disturbance structure is significantly higher than that of the seed meter without the disturbance structure. The miss index of the seed meter with the disturbance structure is lower than that of the seed meter without the disturbance structure, and there is a lower miss index even at high speeds. The seed disturbance structure improves the seed-filling performance of the oilseed rape seed meter as reported in [32]. Rice seeds are less mobile than oilseed rape seeds. Differences in the quality of feed index, miss index, and multiple index of seeders with different disturbance structures are mainly due to differences in the mobility of seeds with different disturbance structures. Seed meters with a disturbance structure can break up the seed stacked state and maintain good seed mobility during filling. Seeds in the seed meter without a disturbance structure are prone to pile up. Seed disturbance improves seed mobility and makes seeds more easily suctioned. For seeds with poor mobility, seed meter discs with disturbance structures can improve the precision of bunch planting.



The optimized seed meter performed better regarding the quality of the feed index and the miss index, but the multiple index was high. Further studies need to optimize the seed meter to reduce the multiple index. It is also necessary to consider the effect of machine vibration on the seed meter.




6. Conclusions


This study investigated the effect of shaped holes and seed disturbance structure on the precision of rice bunch planting using a double-hole vacuum seed meter as the research object. First, when the rotational speed is 20–60 rpm, and the vacuum pressure is 1.2–3.6 kPa, the quality of the feed indexes of hole structures, in descending order, are hole B, hole C, and hole A. The miss index of hole A is the highest, and the multiple index of hole C is the highest. Hole B is the optimum structure. Holes B and C have a shaped hole structure. Thus, the precision of rice bunch planting with the shaped hole structure was much higher than that without the shaped hole structure. The shaped hole structure enables a stable suction posture to be maintained during seed filling and improves the seed-filling performance of the seed meter.



There were differences in the planting precision of the different seed disturbance structures, with the highest multiple index in the seed disturbance structure VI, the highest miss index in the seed disturbance structure I, and the optimum structure being the seed disturbance structure II. At a speed of 60 rpm and vacuum pressures of 2.0 kPa, 2.4 kPa, and 2.8 kPa, the quality of feed indexes of seed disturbance structure II were 90%, 91.11%, and 89.17%, respectively, and the miss indexes were 2.96%, 1.94%, and 1.57%, respectively. At high speeds, the planting precision of the seed meter was significantly higher with the seed disturbance than without the seed disturbance. A regression model with statistical significance was developed to describe the relationship between the speed, the vacuum, the disturbance structure, and the precision of rice bunch planting. Discrete element simulation tests showed that the magnitude of force and velocity of the seeds with the seed disturbance structure was significantly higher than those without the seed disturbance structure. The seed disturbance structure improves seed mobility and increases the precision of bunch planting.
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Figure 1. Structural schematics of vacuum seed meter for rice. 1. Seed inlet, 2. Seed chamber, 3. View port, 4. Seed feed adjustment plate, 5. Isolation ring, 6. Disc, 7. Seed pool baffle brush, 8. Seal rubber, 9. Clean brush roller, 10. Axle, 11. Bearing, 12. Vacuum chamber, 13. Air outlet. 
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Figure 2. Test bench. 1. Motor, 2. Rotation speed display, 3. Air pressure sensor, 4. Hall sensor, 5. Motor governor, 6. Seed meter, 7. Adjustable fan, 8. Camera. 
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Figure 3. Structural schematic diagram and parameters of holes (A–C). 
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Figure 4. Variation of the quality of feed index for different shaped holes. A, B, and C refer to hole A, hole B, and hole C respectively. Lowercase letters (a, b, and c) indicate significant differences (p < 0.05). The same is below. (a) 20 rpm; (b) 40 rpm; (c) 60 rpm. 
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Figure 5. Variation of multiple index for different shaped holes: (a) 20 rpm; (b) 40 rpm; (c) 60 rpm. A, B, and C refer to hole A, hole B, and hole C respectively. Lowercase letters (a, b, and c) indicate significant differences (p < 0.05). 
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Figure 6. Variation of miss index for different shaped holes: (a) 20 rpm; (b) 40 rpm; (c) 60 rpm. A, B, and C refer to hole A, hole B, and hole C respectively. Lowercase letters (a, b, and c) indicate significant differences (p < 0.05). 
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Figure 7. Seed suction posture of different holes at a speed of 40 rpm and vacuum of 2.8 kPa. A, B, and C refer to hole A, hole B, and hole C respectively. 
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Figure 8. Structural schematic diagram and key parameters of seed disturbance structure. I, II, III, IV, V, and VI refer to SDS I, SDS II, SDS III, SDS IV, SDS V, and SDS VI, respectively. 
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Figure 9. Variation of the quality of feed index for different seed disturbance structures: (a) 20 rpm; (b) 40 rpm; (c) 60 rpm. I, II, III, IV, V, and VI refer to SDS I, SDS II, SDS III, SDS IV, SDS V, and SDS VI, respectively. Lowercase letters (a, b, and c) indicate significant differences (p < 0.05). 
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Figure 10. Variation of multiple index for different seed disturbance structures: (a) 20 rpm; (b) 40 rpm; (c) 60 rpm. I, II, III, IV, V, and VI refer to SDS I, SDS II, SDS III, SDS IV, SDS V, and SDS VI, respectively. Lowercase letters (a, b, and c) indicate significant differences (p < 0.05). 
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Figure 11. Variation of miss index for different seed disturbance structures: (a) 20 rpm; (b) 40 rpm; (c) 60 rpm. I, II, III, IV, V, and VI refer to SDS I, SDS II, SDS III, SDS IV, SDS V, and SDS VI, respectively. Lowercase letters (a, b, and c) indicate significant differences (p < 0.05). 
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Figure 12. Seed suction posture of different disturbance structures at a speed of 60 rpm and vacuum pressure of 2.4 kPa. I, II, III, IV, V, and VI refer to SDS I, SDS II, SDS III, SDS IV, SDS V, and SDS VI, respectively. 
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Figure 13. Histogram of standardized residuals for regression models: (a) QFI; (b) multiple; (c) miss. 
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Figure 14. Seed meter model and rice seed model in discrete element simulation. 
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Figure 15. Total force and velocity magnitude for different meter discs: (a) total force; (b) velocity magnitude. I, II, III, IV, V, VI, and CK refer to SDS I, SDS II, SDS III, SDS IV, SDS V, SDS VI, and without SDS, respectively. 
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Figure 16. Seed velocity vector of different meter discs at 60 rpm. I, II, III, IV, V, VI, and CK refer to SDS I, SDS II, SDS III, SDS IV, SDS V, SDS VI, and without SDS, respectively. 
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Table 1. Regression models of quality of feed index and multiple index.
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Model

	
VIF

	
Coefficient

	
SD

	
Significance




	
All

	
QFI

	
Multiple

	
QFI

	
Multiple

	
QFI

	
Multiple






	
Constant

	

	
67.51

	
22.48

	
2.63

	
2.67

	
<0.01

	
<0.01




	
Speed

	
1.00

	
0.24

	
−0.29

	
0.04

	
0.04




	
Vacuum

	
1.00

	
−4.45

	
7.93

	
0.72

	
0.73




	
SDS I

	
1.67

	
18.42

	
−19.13

	
1.99

	
2.02




	
SDS II

	
1.67

	
20.39

	
−20.89

	
1.99

	
2.02




	
SDS III

	
1.67

	
13.69

	
−13.40

	
1.99

	
2.02




	
SDS IV

	
1.67

	
11.83

	
−11.50

	
1.99

	
2.02




	
SDS V

	
1.67

	
10.56

	
−8.78

	
1.99

	
2.02











 





Table 2. ANOVA of regression models for quality of feed index and multiple index.
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Model

	
Sum of Squares

	
df

	
F

	
p

	
R2






	
QFI

	
Regression

	
8947.4

	
7

	
30.74

	
<0.01

	
0.65




	
Residual

	
4906.37

	
118

	

	

	




	
Multiple

	
Regression

	
13,853.68

	
7

	
46.27

	
<0.01

	
0.73




	
Residual

	
5046.82

	
118
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