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Abstract

:

A distributed seed delivery system is the most important component of a pneumatic central-cylinder seeder. We performed a fluent simulation analysis for seed-drop tubes at different parameters and airflow velocities, and with an increase in air velocity, the larger the angle is, the easier it is to produce a vortex, which considerably changes the angle, with the little bend tube improving the uniformity of seeding performance. The distribution of rice seeds in the seeding furrow using seed-drop tubes of different angles was also analyzed, and with an increase in delivery airflow velocity, the rice-sowing belts aggregated toward the seeding furrow central line, and with an increase in the forward speed, the seed distribution in the forward-speed direction presented an aggregation and then dispersion trend. The field experiment and physiological indices show that the yield of germination acceleration by seed pelleting can reach 7.92 t. ha−1, which was significantly higher than the yields with other treatments.
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1. Introduction


Rice-planting mechanization is a considerable aspect of completely mechanizing rice production. Rice-planting mechanization mainly includes three patterns: mechanized transplanting, throwing, and direct seeding. Chinese mechanized direct-sowing technology for rice has undergone significant development in recent years, with precision rice hill–drop drilling technology being promoted for use over a wide area due to its advantages of saving time and labor, ensuring well-ventilated fields, fewer pests, low-tillering nodes in rice, and even growth [1,2,3,4]. Because of the strong tillering ability and high production capability, hybrid rice is becoming increasingly popular in China. The planting area of hybrid rice has reached 16.1787 million hectares, accounting for 53.37% of the total planting area of rice in China [5]. The mean yield of rice in China is 7059.20 [6]. Current mechanical seed-metering devices are mainly designed for medium or large seeding-amount requirements, meaning it is hard to meet the technical requirements of hybrid rice’s precise seeding.



A pneumatic seed-metering device is suitable for precise seeding due to its characteristics of less bud damage and strong adaptability to the dimensions of rice seeds. To improve the performance of the seed-metering device, intensive studies have been conducted to analyze the distribution and suction mechanisms of material particles in the seed-blowing process of seed-metering devices. Pneumatic conveyance is an integral part of seeding in agriculture. In the context of air seeding, seeds are subjected to various pneumatic conveyance situations including horizontal flow, horizontal-vertical elbow transitions, and distribution into multiple outlets [7]. This type of collision with tube inner surfaces may result in mechanical damage [8] and influence important seed attributes, such as seed germination and vigor index [9]. A better understanding of gas–solid flow characteristics in pneumatic conveyance has the potential to influence the approach to designing the seeding machinery. A series of computational fluid dynamics–discrete element method (CFD-DEM) simulations were applied to seed flow in horizontal-vertical 90-degree elbows about the seed flow in horizontal-vertical tube transition, simulation results indicated that one-way coupling could be suitable to describe seed flow when two-way coupling may not be possible or practical. The discrete element method has been applied to perform a simulated analysis on the seed dispersion in the seed-metering device, the acting force between the seeds, and the moving speed of the seeds [10,11,12,13,14]. Extensive studies have been conducted on the working parameters of airflow distribution device of pneumatic Seeder did not involve hybrid rice [15,16,17,18,19,20,21,22,23,24,25].



A reasonable combination of distributed conveyor-type seed-drop tubes and airflow parameters is critical to determine the seed-metering evenness of a pneumatic central-cylinder direct-seeding machine. This paper aims to design an experimental distributed seed delivery system with a pneumatic central-cylinder seeder.




2. Materials and Methods


2.1. Overall Structure of Distributed Seed-Drop Tubes


Based on previous research foundation [26,27], the seed-drop tubes (inner diameter 40 mm) were symmetrically distributed, with central tube A vertically downward designed, and tubes B and C at different angles arranged on the left and right sides of the central cylinder (Figure 1).



The working principle is the power take-off drives the inner (bigger vacuum holes) and outer cylinder to rotate, and the axial fixed-ventilation shell has positive- and negative-pressure cavities. The cylinder’s suction holes in the negative-pressure cavity suck rice seeds into the seed box, and excess rice seeds fall into the seed box under the action of the seed-cleaning mechanism. The sucked rice seeds enter the positive-pressure cavity with the rotation of the cylinder, falling into the seeding tubes under self-weight and positive pressure, then falling into the sowing furrows.




2.2. Simulation Analysis of Airflow in Seed Delivery Tube


Computational fluid dynamics (CFD) simulation analyses of tubes C and B were conducted to calculate in-tube airflow [28,29,30], and the seed delivery velocity of 8~40 m s−1 was selected as the variation range for the airflow velocity of the two tubes in Figure 1 (tubes C and B) according to the analysis and calculation with the above airflow delivery theory. The arrangement of the experiment is shown in Table 1.



Taking the airflow distributions of tubes C and B under different seed delivery airflow velocities as the indicators, the possible airflow velocity dead zone in the flow field of the tubes was analyzed to reduce the retention of rice seeds in the tube through parameter optimization, improving seeding precision.



Figure 2 shows that for tube C, which has the largest angle opening, the airflow velocity had a sharp increase at the position with the largest change in angle from the straight part to the bending part of the tube when the inlet velocity increased from 8 to 40 m s−1; in Figure 3 for tube B, there was little change in the airflow velocity when the inlet velocity increased from 8 to 40 m s−1, with only a small surge at the lower bending part.



To sum up, when the high-speed airflow enters the seed delivery tube, due to the continuous expansion and contraction of the tube’s cross-section diameter, the extrusion and stretching effect on the flow field increases [11], and with the increase in air velocity, the larger the angle is, and the easier it is to produce a vortex where the angle considerably changes. Furthermore, the little bend tube can improve the uniformity of seeding performance.



Air distribution in the seed delivery tube affected the seed-movement state, which was directly reflected in the collision law [26] in the tubes and the distribution state in the seeding ditch. Therefore, studying the internal relationship between the collision law and the distribution of rice seeds in the seeding ditch is crucial.




2.3. On the Field Distribution of Rice Seeds


Negative-pressure seed-suction, forward-speed, and seed-drop tubes all influence the distribution of rice seeds in the seeding furrow when the pneumatic central-cylinder direct-seeding machine is working. Therefore, we performed a field rice seed distribution experiment. The experiment was arranged according to the previous test results and the rice ride transplanter’s forward speeds, as shown in Table 2 [26,27].



The field experiments were carried out at Cencun Teaching and Scientific Farm, the South China Agricultural University, China. The area of the plots was about two acres. The plots were soaked, rotary-tilled, leveled, and precipitated prior to the field experiments. The experiment seeds were the Indica two-line hybrid rice variety Jingliangyou 1212, which has a growth period of 116.9 d. The sowing machine was a hill–drop pneumatic central-cylinder direct-seeding machine for hybrid rice, and the row spacing was 200 mm (Figure 4).



The field rice seed distribution experiment was performed according to the arrangement shown in Table 2. The airflow velocity was set as 40 m s−1. The 2D coordinates of 1000 continual rice seeds in each rice-sowing belt were obtained. The sowing belts corresponding to the three-angle seed-drop tubes were recorded. A scatter plot was drawn using the data statistical analysis software Origin Pro 9.1.



The rice seed coordinates with different treatments and in different guide tubes are shown in Figure 5, Figure 6, Figure 7 and Figure 8.



The seed-suction negative pressure for tubes C and B was 2.7 and 4.0 kPa, respectively. Judging the lateral distribution of the rice seeds, with the increase in delivery airflow velocity, the rice-sowing belts aggregated toward the seeding furrow’s central line, presenting an aggregation effect. The delivery airflow velocity had a considerable impact on the distribution of rice seeds in the seeding furrow. With the increase in the forward speed, the seed distribution in the forward-speed direction presented an aggregation and then dispersion trend. As the forward speed increased, the linear velocity of the rice seeds leaving the roller increased, and the distribution length in the forward direction decreased when the number of rice seeds was the same; as the rice drill velocity increased from a medium to a high level under certain amounts of delivery airflow, the increase in the forward velocity was larger than the linear velocity increase due to the increase in roller revolving velocity, and the sowing belt was longer.




2.4. Field Validation


The field experiments were conducted at Cencun Teaching and Scientific Farm, the South China Agricultural University, China. The seeding time was 24 March 2018 (early season rice). The area of the plots was four mu. The plots were soaked, rotary-tilled, leveled, and precipitated. The experiment seeds were the Indica two-line hybrid rice variety Jingliangyou 1212, with a growth period of 116.9 d. The seeds were treated with coating and pelleting, respectively, as shown in Figure 9. The sowing machine was a hill–drop pneumatic central-cylinder direct-seeding machine for hybrid rice, and the row spacing was 200 mm. The operation of the field experiments is shown in Figure 10.



The experiments include ten treatments, with three operating speeds, namely, low speed (0.3–0.4 m s−1), medium speed (0.6–0.7 m s−1), and high speed (0.9–1.0 m s−1), and two seed-suction negative pressures of 2.7 kPa and 4.0 kPa. The experiment arrangement is shown in Table 3.



During the field experiments, three sampling plots were randomly set up for each treatment, in total of 30 sampling plots were established for all ten treatments, as shown in Figure 10.





3. Results and Discussion


The seedling emergence rate and yield of rice were the key factors to indicate the seeding performance, and the rice growth vigor in the experiment plots was tracked and recorded throughout the experiment. The rice growth vigor in the whole growth period is shown in Figure 11:



3.1. Slip Ratio Experiment


As the direct-seeding machine operates in a soft and slippery field, the soil providing thrust would show shear deformation, and the ground-contacting surface of the driving wheel would have a backwards slide over the ground, which is called wheel slip. The slip not only affects the average speed but also consumes more fuel; therefore, we conducted slip ratio experiments for different treatments. To reduce experimental errors, the actual distance traveled in each treatment and the number of revolutions of the rear wheels were used to measure the slip ratio of the whole machine, and the low, medium, and high speeds of the direct-seeding machine were 0.35 m s−1, 0.65 m s−1, and 0.95 ms−1, respectively. The experiment results are shown in Table 4.



Table 4 shows that the average slip ratios of the low, medium, and high forward speeds were 22.43%, 25.97%, and 28.18%, respectively, and the slip ratios increased with the rise in the forward speed. A considerable reduction in the operating speed can decrease the slip ratio.




3.2. Investigation of Seeding Number


The seeding number is a critical index to evaluate the performance of the direct-seeding machine. We randomly selected a 1 m seeding length for each treatment, checked the dibbling grain number in length, repeated three times for each treatment, and took the average value. The seeding rate in response to different forward speeds, pressures, and seed pre-treatments in the field experiment in Table 5 shows that the coefficient of variation with coating (pelleting) was 18%.



One-way ANOVA was carried out using SPSS 11.0 for Windows. The results are shown in Table 6. The error bar chart is shown in Figure 12 (the significance level of the mean difference is 0.05).




3.3. Emergence Rate


The emergence rate is the ratio between the number of seedlings that grow normally and the number of seeds sown within a specified time and conditions. Usually, seedlings have the ability to grow into normal plants under good soil and suitable moisture, temperature, and light conditions.



The field emergence rate is a comprehensive evaluation of the seeding machine’s seeding quality, the natural environmental conditions in the field, the germination characteristics of the seeds, and the effects of different treatments of rice seeds, as well as a prerequisite for the overall growth and yield assurance of rice in the later stage. The experiments in this part were conducted to investigate normally grown seedlings on the basis of the field seeding rates after being sown as described above. The experiment data and results are shown in Table 7.



A one-way ANOVA was carried out using SPSS 11.0 for Windows; the results are shown in Table 7. The error bar chart is shown in Figure 13 (the significance level of the mean difference is 0.05).



One-way ANOVA was carried out using SPSS 11.0 for Windows. The results are shown in Table 8.



Table 9 shows the seeding emergence percentage (%) in response to different forward speeds, pressures, and seed pre-treatments in the field experiment.




3.4. Yield Measurement


Yield experiments were conducted by combining sampling plots and the actual harvest. Sampling methods: we used a manual sampling plot experiment with a 1 m × 1 m sampling frame, with three sampling plots randomly selected for each treatment, and the seed heads were cut off and put into the net bag, as shown in Figure 14.



A one-way ANOVA was carried out with SPSS 11.0 for Windows; the results are shown in Table 10 (the significance level of the mean difference is 0.05).



Table 11 shows a statistical analyses of rice panicles cut in each sampling plot. Among them, the effective panicles of both the germination acceleration treatment and the coating germination acceleration treatment of Jingliangyou 1212 were between 220 and 240 panicles, while the effective panicles of the coating without germination acceleration treatment were between 180 and 190 panicles. In the direct seeding of hybrid rice, soaking in germination acceleration treatment until chest burst (turn white) has a greater effect on the seedling rate.



A one-way ANOVA was carried out with SPSS 11.0 for Windows; the analysis results are shown in Table 12 (the significance level of the mean difference is 0.05).



Table 13 shows the seed setting rate of the sampling plots of each treatment, and the setting rates of the germination acceleration treatment and the coating germination acceleration treatment of Jingliangyou 1212 both exceeded 80%, while the setting rate of the coating without germination acceleration treatment was below 80%. This showed that soaking germination acceleration treatment until chest burst (turn white) also has a greater effect on the seed setting rate.



One of the main reasons for the high yield of hybrid rice is its higher amount of dry matter compared with common rice varieties. During the experiments, the above-ground parts of the plants in each sampling plot were harvested, fully dried, weighed, and measured. Table 14 shows that the dry matter accumulation under a seed-suction vacuum pressure of 4 kPa was significantly higher than that at 2.7 kPa, and the dry matter weights of both the germination acceleration treatment and the coating germination acceleration treatment of Jingliangyou 1212 were above 665 g, whereas the seed setting rate of the coating without germination acceleration treatment was less than 625 g. This indicated that soaking in germination acceleration treatment until chest burst (turning white) for direct seeding would also affect the dry matter accumulation in plant stems.



A one-way ANOVA was carried out with SPSS 11.0 for Windows; the analysis results are shown in Table 15; the errors bar chart is shown in Figure 15 (the significance level of the mean difference is 0.05).



The rice seeds from the three sampling plots were treated, respectively, based on the data in Table 16. The results are converted to the standard yield experiment moisture content of 13.5% by winnowing and water content determination. Then, the final results are averaged, yielding the following data:



For a seed-suction vacuum pressure of 2.7 kPa, the yields of Jingliangyou 1212 rice seeds with a coating germination acceleration treatment at low, medium, and high velocities were 7.73/t. ha−1, 7.44/t. ha−1, and 7.31/t. ha−1, respectively.



For a seed-suction vacuum pressure of 4.0 kPa, the yields of Jingliangyou 1212 rice seeds with a coating germination acceleration treatment at low, medium, and high velocities were 7.44/t. ha−1, 7.80/t. ha−1, and 7.60/t. ha−1, respectively.



For rice seeds with a coating (pelleting) and a soaking germination acceleration treatment, the yield was 7.88/t. ha−1 when the seed-suction vacuum pressure was under 2.7 kPa, yielding 7.92/t. ha−1 when the seed-suction vacuum pressure was under 4.0 kPa.



For rice seeds with a coating (pelleting) treatment without soaking germination acceleration, the yield was 5.76/t. ha−1 when the seed-suction vacuum pressure was under 2.7 kPa, yielding 7.11/t. ha−2 when the seed-suction vacuum pressure was under 4.0 kPa.



With late rice (sowing on 8 August 2018) using the same rice varieties of Jingliangyou 1212, the other treatments were the same as with 4-1, with a yield of 7.80/t. ha−1.



The above data showed that the yield of Jingliangyou 1212 with coating (pelleting) and soaking germination acceleration treatment was obviously higher than other treatments.





4. Discussion and Conclusions


To promote the simplified mechanization of hybrid rice direct seeding, this paper adopted a combination of CFD simulation, mechanism design, and experimental analysis to perform a CFD analysis and experimental study on a distributed seed delivery system with a pneumatic central-cylinder seeder.



	
Direct seeder technology for a paddy omits the step of seeding and planting, and it is a new technology for mechanized operations, saving both time and labor and increasing production and efficiency. Air-blown seeding technology is an important way to achieve precision seeding. This article is based on a pneumatic drum-centralized rice precision direct seeder with different angles of air blown through tubes. The distribution of rice seeds in the field is considerably affected by the different angles of the seed delivery tubes, the larger the angle, the higher the probability of in-tube rice seed collisions. Therefore, increasing the delivery airflow velocity in high-angled tubes can reduce the accumulation and collision of rice seeds. In terms of field experiments, different angles, and airflow velocities had considerable influences on the distribution of the rice seeds in the furrow. Therefore, the optimized distributed tube structure is the key to achieving the proper distribution of seeds.



	
Regarding the growth of rice in the field, for treatment (4-1), the seeding rate variation coefficient between the ten seeding rows of rice seeds germinated by coating (pelleting) was 18%, which is considerably better than other combinations, and the error variance between seeding rows 1 and 5, 2 and 5, 3 and 5, 4 and 5, 5 and 7, 5 and 8, 5 and 9, and 9 and 10 are significant. The coating treatment presented good effects on the emergence of rice seeds, and the emergence rates under two different vacuum pressures reached 81.77% and 78.21%, respectively, and the error variance between seeding rows 1 and 4, 2 and 4, 3 and 4, 4 and 5, 4 and 6, 4 and 7, 4 and 8, and 5 and 9 are significant. Regarding the seeding emergence percentage (%) in response to different forward speeds, pressures, and seed pre-treatments in the field experiment, the sig value of 0.096 is not significant between seeding rows. The effective panicles of both the germination acceleration treatment and the coating germination acceleration treatment of Jingliangyou 1212 were between 220 and 240 panicles, while the effective panicles of the coating without germination acceleration treatment were between 180 and 190 panicles, and the sig value of 0.082 is not significant between the different seeding rows.






The seed setting rates of the sampling plots of each treatment corresponding with the setting rates of the germination acceleration treatment and the coating germination acceleration treatment of Jingliangyou 1212 both exceeded 80%, while the setting rate of the coating without the germination acceleration treatment was below 80%. This showed that soaking germination acceleration treatment until chest burst (turning white) also has a greater effect on the seed setting rate, and the sig value of 0.905 is not significant between different seeding rows. The dry matter accumulation under a seed-suction vacuum pressure of 4 kPa was significantly higher than that at 2.7 kPa, and the dry matter weights of both the germination acceleration treatment and the coating germination acceleration treatment of Jingliangyou 1212 were above 665 g, whereas the seed setting rate of the coating without germination acceleration treatment was less than 625 g. This indicated that soaking germination acceleration treatment until chest burst (turning white) for direct seeding would also affect the dry matter accumulation in plant stems, and the error variance between rows 1 and 4, 4 and 7, 4 and 9, and 4 and 10 are significant.



The seed germination, seedling formation, growth parameters, and biomass production are important evaluation indicator, which needs to be explored in depth. phenotypic information, most severe, etc.



	3.

	
For rice seeds with a coating (pelleting) and soaking germination acceleration treatment, the yield was 7.88/t. ha−1 when the seed-suction vacuum pressure was under 2.7 kPa, yielding 7.92/t. ha−1 when the seed-suction vacuum pressure was under 4.0 kPa. The above data showed that the yield of Jingliangyou 1212 with a coating (pelleting) and soaking germination acceleration treatment was obviously higher than other treatments.







In summary, the different variable parameters have a significant impact on yield and biological indicators. Achieving a high yield based on specific parameter combinations is particularly crucial in the next study. The experimental data and results of this paper can provide the basis for the optimization of the structural parameters of a pneumatic central-cylinder seeder. The yield data and biological indicators showed that the yield of Jingliangyou 1212 with a coating (pelleting) and soaking germination acceleration treatment was obviously higher than that with other treatments. Further development of the technique would be desirable to facilitate its applicability for the mechanized direct seeding of hybrid rice.
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Figure 1. The schematic diagram of direct seeder and distributed seed-drop tubes; (a) main structure of rice-direct seeder. 1. seed metering device 2. gasoline engine 3. centrifugal fan 4. riding rice transplanter head; (b) seed metering device with distributed seed-drop tubes. 
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Figure 2. The cloud map of airflow distribution at different inlet velocities of tube C. 
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Figure 3. The cloud map of airflow distribution at different inlet velocities of tube B. 
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Figure 4. The investigation on the coordinate distribution of rice seeds. 
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Figure 5. The distribution of rice seeds in response to different velocities under the same vacuum pressure of 2.7 kPa in tube C. 
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Figure 6. The distribution of rice seeds in response to different velocities under the same vacuum pressure of 4.0 kPa in tube C. 
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Figure 7. The distribution of rice seeds in response to different velocities under the same vacuum pressure of 2.7 kPa in tube B. 
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Figure 8. The distribution of rice seeds in response to different velocities under the same vacuum pressure of 4.0 kPa in tube B. 






Figure 8. The distribution of rice seeds in response to different velocities under the same vacuum pressure of 4.0 kPa in tube B.
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Figure 9. The pre-treatment of coating and pelleting forseed (a) coating treatment; (b) pelleting treatment. 
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Figure 10. The plot establishment in the paddy field at sowing stage (a) seeding in paddy field; (b) the sampling plot establishment. 
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Figure 11. The picture of rice plants at different growing stages in early cropping season. DAS: Days after sowing. 
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Figure 12. The seeding rate error bar chart. Vertical bars above mean values indicate standard error. Different letters indicate significant difference according to the LSD (0.05) test. 
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Figure 13. The error bar chart for emerged seedings. Vertical bars above mean values indicate standard error. Different letters indicate significant difference according to the LSD (0.05) test. 
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Figure 14. The calculation of seed yields through artificial harvesting. 
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Figure 15. Error bar chart of biomass production. Vertical bars above mean values indicate standard error. Different letters indicate significant difference according to the LSD (0.05) test. Vertical bars above mean values indicate standard error. Different letters indicate significant difference according to the LSD (0.05) test. 
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Table 1. The arrangement of air computational fluid dynamics experiments for seed delivery tubes.
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	Level
	Inlet Velocity (m s−1)
	Delivery Tubes Type





	1
	8
	C



	2
	16
	B



	3
	24
	-



	4
	32
	-



	5
	40
	-
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Table 2. Experimental design for various seed arrangements involving forward speed and vacuum pressure in the field.






Table 2. Experimental design for various seed arrangements involving forward speed and vacuum pressure in the field.





	
Treatment

	
Factors




	
Velocity (m s−1)

	
Vacuum Pressure (kPa)






	
1-1

	
Low speed (0.3~0.4)

	
2.7




	
1-2

	
4.0




	
2-1

	
Medium speed (0.6~0.7)

	
2.7




	
2-2

	
4.0




	
3-1

	
High speed (0.9~1.0)

	
2.7




	
3-2

	
4.0
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Table 3. Experimental factors for different forward speeds, pressures, and seed pre-treatments for seed sowing in the field experiment.






Table 3. Experimental factors for different forward speeds, pressures, and seed pre-treatments for seed sowing in the field experiment.





	
Treatment

	
Treatment Factors




	
Forward Speed (m s−1)

	
Vacuum Pressure (kPa)

	
Seed Pre-Treatment






	
1-1

	
Low

	
2.7

	
Germination acceleration via seed coating




	
1-2

	
Low

	
4.0




	
2-1

	
Medium

	
2.7




	
2-2

	
Medium

	
4.0




	
3-1

	
High

	
2.7




	
3-2

	
High

	
4.0




	
4-1

	
Low

	
2.7

	
Germination acceleration via seed pelleting




	
4-2

	
Medium

	
4.0




	
5-1

	
Low

	
2.7

	
Seed drying via seed pelleting




	
5-2

	
Medium

	
4.0
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Table 4. The slip ratio (%) of the direct-seeding machine in response to different forward speeds, pressures, and seed pre-treatments in the field experiment.






Table 4. The slip ratio (%) of the direct-seeding machine in response to different forward speeds, pressures, and seed pre-treatments in the field experiment.





	
Treatment

	
Number of Revolutions of the Rear Wheels

	
Time (mins)

	
Slip Ratio (%)

	
Mean (%)






	
1-1

	
16.3

	
1.33.71

	
24.25

	
22.43




	
1-2

	
16.3

	
1.44.50

	
20.60




	
2-1

	
16.0

	
0.51.37

	
26.15

	
25.97




	
2-2

	
15.6

	
0.50.33

	
25.79




	
3-1

	
15.7

	
0.33.79

	
27.65

	
28.18




	
3-2

	
15.5

	
0.32.87

	
28.71
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Table 5. The seeding rate (1 m length) of the direct-seeding machine in response to different forward speeds, pressures, and seed pre-treatments in the field experiment.






Table 5. The seeding rate (1 m length) of the direct-seeding machine in response to different forward speeds, pressures, and seed pre-treatments in the field experiment.





	
Treatment

	
Row

	

	

	




	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
9

	
10

	
Mean

	
Std

	
Cv






	
1-1

	
10.7

	
10.0

	
8.7

	
9.0

	
9.7

	
8.7

	
13.0

	
14.3

	
13.3

	
6.7

	
10.4

	
2.44

	
0.23




	
1-2

	
10.7

	
11.3

	
10.7

	
12.3

	
11.3

	
9.0

	
7.0

	
8.3

	
14.0

	
6.3

	
10.1

	
2.40

	
0.24




	
2-1

	
10.3

	
11.0

	
10.3

	
9.7

	
9.7

	
7.7

	
12.0

	
16.0

	
17.3

	
4.0

	
10.8

	
3.80

	
0.35




	
2-2

	
17.3

	
15.3

	
15.0

	
12.0

	
13.0

	
7.3

	
16.7

	
16.0

	
15.0

	
10.3

	
13.8

	
3.14

	
0.23




	
3-1

	
8.0

	
8.3

	
6.0

	
8.0

	
6.7

	
7.3

	
9.0

	
8.7

	
8.0

	
8.7

	
7.9

	
0.95

	
0.12




	
3-2

	
14.3

	
10.0

	
7.0

	
9.0

	
6.0

	
7.7

	
9.0

	
9.3

	
14.0

	
10.7

	
9.7

	
2.73

	
0.28




	
4-1

	
9.3

	
9.3

	
8.7

	
7.3

	
9.3

	
11.0

	
9.7

	
10.7

	
13.3

	
12.3

	
10.1

	
1.77

	
0.18




	
4-2

	
10.3

	
8.3

	
13.0

	
8.7

	
8.0

	
10.7

	
11.3

	
11.7

	
13.3

	
9.3

	
10.5

	
1.89

	
0.18




	
5-1

	
10.3

	
11.3

	
10.7

	
12.7

	
12.0

	
12.3

	
11.0

	
11.3

	
14.7

	
12.0

	
11.8

	
1.21

	
0.10




	
5-2

	
9.3

	
10.3

	
11.3

	
8.7

	
11.0

	
6.7

	
6.0

	
7.7

	
7.7

	
9.3

	
8.8

	
1.80

	
0.20
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Table 6. One-way ANOVA analysis.






Table 6. One-way ANOVA analysis.













	Source
	SS
	df
	SS/df
	F
	Sig





	SSr
	110.19
	9.00
	12.24
	2.03
	0.04



	SSe
	541.51
	90.00
	6.02
	
	



	SSt
	651.71
	99.00
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Table 7. The number of emerged seedlings (no. m−2) in response to different forward speeds, pressures, and seed pre-treatments in the field experiment.






Table 7. The number of emerged seedlings (no. m−2) in response to different forward speeds, pressures, and seed pre-treatments in the field experiment.





	
Treatment

	
Rows

	

	

	




	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
9

	
10

	
Mean

	
Std

	
Cv






	
1-1

	
7.7

	
7.0

	
5.3

	
7.7

	
8.7

	
7.0

	
9.0

	
11.3

	
10.0

	
6.0

	
8.0

	
1.82

	
0.23




	
1-2

	
8.7

	
7.3

	
6.7

	
8.7

	
10.3

	
7.3

	
4.7

	
6.3

	
5.3

	
5.7

	
7.1

	
1.74

	
0.24




	
2-1

	
6.7

	
5.0

	
2.3

	
8.0

	
8.7

	
5.0

	
8.3

	
12.3

	
14.0

	
4.7

	
7.5

	
3.58

	
0.48




	
2-2

	
13.3

	
13.3

	
11.0

	
9.7

	
10.7

	
4.7

	
15.3

	
14.0

	
16.0

	
9.0

	
11.7

	
3.39

	
0.29




	
3-1

	
4.7

	
5.0

	
4.3

	
5.3

	
5.0

	
7.7

	
6.3

	
6.3

	
5.7

	
5.3

	
5.6

	
0.99

	
0.18




	
3-2

	
8.0

	
4.7

	
4.7

	
5.0

	
5.3

	
7.7

	
10.7

	
5.3

	
7.0

	
5.0

	
6.3

	
1.98

	
0.31




	
4-1

	
7.0

	
7.7

	
6.0

	
6.7

	
7.0

	
10.7

	
8.0

	
9.0

	
11.7

	
9.0

	
8.3

	
1.83

	
0.22




	
4-2

	
9.0

	
6.0

	
10.3

	
7.3

	
6.7

	
8.0

	
8.0

	
8.7

	
9.3

	
8.0

	
8.1

	
1.27

	
0.16




	
5-1

	
8.3

	
7.0

	
5.7

	
5.3

	
8.7

	
12.3

	
13.3

	
10.0

	
10.7

	
10.7

	
9.2

	
2.69

	
0.29




	
5-2

	
11.3

	
7.3

	
7.3

	
5.3

	
11.3

	
10.7

	
7.0

	
8.7

	
9.3

	
4.7

	
8.3

	
2.37

	
0.29











[image: Table] 





Table 8. One-way ANOVA analysis.






Table 8. One-way ANOVA analysis.













	Source
	SS
	df
	SS/df
	F
	Sig





	SSr
	250.79
	9.00
	27.87
	5.22
	0.000



	SSe
	480.24
	90.00
	5.37
	
	



	SSt
	731.025
	99.00
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Table 9. The seeding emergence percentage (%) in response to different forward speeds, pressures, and seed pre-treatments in the field experiment.






Table 9. The seeding emergence percentage (%) in response to different forward speeds, pressures, and seed pre-treatments in the field experiment.





	
Treatment

	
Rows

	




	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
9

	
10

	
Mean

	
Std

	
Cv






	
1-1

	
72.19

	
70.00

	
61.15

	
85.55

	
90.00

	
80.77

	
69.23

	
78.84

	
75.00

	
90.00

	
77.28

	
9.52

	
0.12




	
1-2

	
81.25

	
64.71

	
62.50

	
70.27

	
91.18

	
81.48

	
66.67

	
76.00

	
38.10

	
89.47

	
72.16

	
15.59

	
0.22




	
2-1

	
64.52

	
45.45

	
22.58

	
82.76

	
89.66

	
65.22

	
69.44

	
77.08

	
80.77

	
85.11

	
68.26

	
20.60

	
0.30




	
2-2

	
76.92

	
86.96

	
73.33

	
80.56

	
82.05

	
63.64

	
92.00

	
87.50

	
93.75

	
87.10

	
82.38

	
9.17

	
0.11




	
3-1

	
58.33

	
60.00

	
72.22

	
66.67

	
75.00

	
99.57

	
70.37

	
73.08

	
70.83

	
61.54

	
70.76

	
11.68

	
0.17




	
3-2

	
55.81

	
46.67

	
66.67

	
55.56

	
88.89

	
95.22

	
84.11

	
57.14

	
50.00

	
46.88

	
64.69

	
18.18

	
0.28




	
4-1

	
75.00

	
82.50

	
69.23

	
91.36

	
75.00

	
96.97

	
82.76

	
84.38

	
87.50

	
72.97

	
81.77

	
8.76

	
0.11




	
4-2

	
87.10

	
72.00

	
79.49

	
84.62

	
83.33

	
75.00

	
70.59

	
74.29

	
70.00

	
85.71

	
78.21

	
6.62

	
0.08




	
5-1

	
80.65

	
61.76

	
53.13

	
42.11

	
72.22

	
83.67

	
82.71

	
88.24

	
72.73

	
88.89

	
72.61

	
15.73

	
0.22




	
5-2

	
82.30

	
70.97

	
64.71

	
61.54

	
97.35

	
62.62

	
85.71

	
88.51

	
82.80

	
50.00

	
74.65

	
14.87

	
0.20
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Table 10. One-way ANOVA analysis.






Table 10. One-way ANOVA analysis.













	Source
	SS
	df
	SS/df
	F
	Sig





	SSr
	13024.03
	9.00
	1447.12
	2.09
	0.082



	SSe
	13883.33
	20.00
	694.17
	
	



	SSt
	26907.38
	29.00
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Table 11. The number of effective panicles (no. m−2) in response to different forward speeds, pressures, and seed pre-treatments in the field experiment.






Table 11. The number of effective panicles (no. m−2) in response to different forward speeds, pressures, and seed pre-treatments in the field experiment.





	
Treatments

	
Plots

	

	

	




	
Repeat 1

	
Repeat 2

	
Repeat 3

	
Mean

	
Std

	
Cv






	
1-1

	
220

	
171

	
230

	
207.00

	
31.58

	
0.15




	
1-2

	
223

	
280

	
198

	
233.67

	
42.03

	
0.18




	
2-1

	
209

	
223

	
211

	
214.33

	
7.57

	
0.04




	
2-2

	
236

	
242

	
244

	
240.67

	
4.16

	
0.02




	
3-1

	
213

	
226

	
211

	
216.67

	
8.14

	
0.04




	
3-2

	
234

	
228

	
245

	
235.67

	
8.62

	
0.04




	
4-1

	
241

	
230

	
234

	
235.00

	
5.57

	
0.02




	
4-2

	
263

	
207

	
254

	
241.33

	
30.07

	
0.12




	
5-1

	
220

	
123

	
213

	
185.33

	
54.10

	
0.29




	
5-2

	
172

	
192

	
184

	
182.67

	
10.07

	
0.06
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Table 12. One-way ANOVA analysis.






Table 12. One-way ANOVA analysis.













	Source
	SS
	df
	SS/df
	F
	Sig





	SSr
	345.88
	9.00
	38.43
	0.432
	0.902



	SSe
	1779.44
	20.00
	88.97
	
	



	SSt
	21,252.32
	29.00
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Table 13. The seed setting rate (%) of the field experiment in response to different forward speeds, pressures, and seed pre-treatments.
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Treatment

	
Plots

	

	

	




	
Repeat 1

	
Repeat 2

	
Repeat 3

	
Mean

	
Std

	
Cv






	
1-1

	
80.57

	
86.21

	
87.44

	
84.74

	
3.66

	
0.04




	
1-2

	
88.56

	
90.46

	
72.84

	
83.95

	
9.67

	
0.12




	
2-1

	
71.85

	
79.27

	
76.61

	
75.91

	
3.76

	
0.05




	
2-2

	
84.94

	
91.20

	
83.95

	
86.70

	
3.93

	
0.05




	
3-1

	
78.69

	
96.18

	
71.05

	
81.97

	
12.88

	
0.16




	
3-2

	
91.61

	
76.44

	
59.44

	
75.83

	
16.09

	
0.21




	
4-1

	
78.88

	
98.41

	
67.58

	
81.62

	
15.60

	
0.19




	
4-2

	
83.37

	
77.38

	
81.01

	
80.59

	
3.02

	
0.04




	
5-1

	
78.70

	
76.24

	
84.24

	
79.73

	
4.10

	
0.05




	
5-2

	
87.74

	
73.74

	
75.25

	
78.91

	
7.68

	
0.10
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Table 14. The biomass production (g m−2) at maturity stage in response to different forward speeds, pressures, and seed pre-treatments in the field experiment.
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Treatment

	
Plots

	

	

	




	
Repeat 1

	
Repeat 2

	
Repeat 3

	
Average

	
Std

	
Cv






	
1-1

	
540.8

	
589.6

	
657.7

	
596.0

	
58.7

	
0.10




	
1-2

	
708.3

	
749.5

	
772.3

	
743.4

	
32.4

	
0.04




	
2-1

	
617.5

	
683.8

	
856.9

	
719.4

	
123.6

	
0.17




	
2-2

	
797.5

	
929.4

	
813.1

	
846.7

	
72.1

	
0.09




	
3-1

	
810.2

	
830.0

	
692.1

	
777.4

	
74.6

	
0.10




	
3-2

	
695.4

	
682.6

	
820.9

	
733.0

	
76.4

	
0.10




	
4-1

	
521.5

	
562.8

	
667.6

	
584.0

	
75.3

	
0.13




	
4-2

	
750.6

	
793.5

	
698.8

	
747.6

	
47.4

	
0.06




	
5-1

	
606.8

	
597.9

	
601.4

	
602.0

	
4.5

	
0.01




	
5-2

	
639.5

	
611.8

	
688.2

	
646.5

	
38.7

	
0.06
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Table 15. One-way ANOVA analysis.
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	Source
	SS
	df
	SS/df
	F
	Sig





	SSr
	209,552.15
	9.00
	23,283.57
	5.08
	0.001



	SSe
	91,618.51
	20.00
	4580.93
	
	



	SSt
	301,170.66
	29.00
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Table 16. The yield (t. ha−1) in response to different forward speeds, pressures, and seed pre-treatments in field experiment.






Table 16. The yield (t. ha−1) in response to different forward speeds, pressures, and seed pre-treatments in field experiment.





	
Treatment

	
Before Winnowing (kg m−2)

	
After

Winnowing

(kg m−2)

	
Yield

(t. ha−1)

	
Mean Yield

(t. ha−1)

	
Treatment

	
Before Winnowing (kg m−2)

	
After

Winnowing

(kg m−2)

	
Yield

(t. ha−1)

	
Mean Yield

(t. ha−1)






	
1-1

	
0.86

	
0.82

	
8.23

	
7.73

	
3-2

	
0.85

	
0.80

	
8.00

	
7.60




	
0.85

	
0.82

	
8.23

	
0.77

	
0.69

	
6.85




	
0.69

	
0.67

	
6.72

	
0.83

	
0.79

	
7.93




	
1-2

	
0.80

	
0.79

	
7.87

	
7.44

	
4-1

	
0.83

	
0.83

	
8.29

	
7.88




	
0.74

	
0.69

	
6.89

	
0.64

	
0.59

	
5.91




	
0.81

	
0.76

	
7.56

	
0.98

	
0.94

	
9.41




	
2-1

	
0.88

	
0.84

	
8.37

	
7.44

	
4-2

	
0.86

	
0.81

	
8.12

	
7.92




	
0.57

	
0.54

	
5.42

	
0.91

	
0.87

	
8.72




	
0.88

	
0.85

	
8.54

	
0.73

	
0.69

	
6.92




	
2-2

	
0.95

	
0.92

	
7.90

	
7.80

	
5-1

	
0.49

	
0.46

	
4.60

	
5.76




	
0.93

	
0.90

	
7.81

	
0.67

	
0.65

	
6.47




	
0.81

	
0.77

	
7.68

	
0.64

	
0.62

	
6.20




	
3-1

	
0.81

	
0.81

	
8.07

	
7.31

	
5-2

	
0.59

	
0.56

	
5.58

	
7.11




	
0.69

	
0.64

	
6.37

	
0.82

	
0.77

	
7.74




	
0.76

	
0.75

	
7.48

	
0.85

	
0.80

	
8.04
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