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Abstract

:

Air-assisted sprayers are widely employed in orchards, but inappropriate spray parameters can lead to large droplet losses, pesticide waste, and environmental pollution. To investigate the factors affecting the droplet loss of an air-assisted sprayer behind canopies, a two-factor, five-level full experiment was conducted in an actual orchard, where the two factors were the power gradient and foliage area volume density (FAVD). In addition, the location of the sampling point was also considered in the data analysis, including horizontal distance, forward distance, and height. The results show that all factors significantly affected droplet coverage (p-value < 0.01). The droplet coverage showed an increase and then a decrease with an increasing power gradient, and the maximum coverage was measured at power gradient P3 (forward speed: 0.49 m/s, spray pressure: 0.30 MPa, and spray flow rate: 7.13 L/min) or P4 (forward speed: 0.58 m/s, spray pressure: 0.35 MPa, and spray flow rate: 8.44 L/min). The effect of FAVD on droplet coverage had obvious regularity, and this regularity did not change with the power gradient. At different positions behind canopies, the droplet coverage had great differences. The droplet coverage gradually decreases with increasing horizontal distance and height, while increasing with forward distance. This study provides a reference for the air-assisted sprayers to reduce droplet loss, and data support for subsequent research on precision spraying based on FAVD.
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1. Introduction


Air-assisted sprayers are widely employed in orchards to improve spray efficiency [1,2]. Droplets rely on the air-assisted sprayer’s fan to obtain a greater initial velocity, while the airflow generated by the fan enables leaves to turn over. The flow enhances the droplet deposition within canopies. However, if the operating parameters are not properly set, droplets will be carried away by the airflow, resulting in droplet loss, which mainly contains the deposition loss to the ground and the diffusion loss to the air [3,4,5]. Off-target losses lead to the pollution of the orchard environment. Especially, the loss behind canopies facilitates pesticide residues in neighboring crops and soils [6,7,8], which is the main form of pesticide pollution to the environment [9,10].



Current research on anti-drift air-assisted sprayers focuses on developing anti-drift technologies to enhance droplet deposition in canopies to reduce drift [11,12,13]. Computational Fluid Dynamics (CFD) simulation is a common method to study droplet loss and drift. Pascuzzi et al. performed a numerical simulation to analyze the drift patterns of the droplets with different diameters influenced by airflow directions [14]. Hong et al. evaluated the droplet deposition and drift loss from an air-assisted sprayer in the form of CFD simulation [15]. Duga et al. developed a CFD model for drift from an air-assisted sprayer, and analyzed the effect of nozzle position, number of nozzles, and fan speed on droplet drift based on this model [16]. Although CFD simulations predict the deposition and drift of droplets, there are differences between the simulated and actual environments. The simulation results can only serve as a reference and still need to be verified by actual operation. In terms of anti-drift technology and mechanism improvement, conical airflow anti-drift devices [17,18], anti-drift nozzles [19,20], and other mechanisms were designed [21]. Rathnayake et al. evaluated the downwind drift characteristics of air-assisted sprayers in apple orchards and found that the drift distance of droplets in the downwind direction would exceed 183 m [22]. In addition, applicable methods for the evaluation of pesticide droplet drift or loss were developed [23,24]. These studies provided useful implications for the improvement of air-assisted spraying technology and the selection of application parameters. The canopy characteristics had a great influence on droplet drift in actual operations [25,26,27]. However, these characteristics were not considered in the studies. Therefore, the factors affecting droplet drift or loss in practice are not well-understood, and further research is needed.



In this paper, an experiment was conducted in an orchard to investigate the factors influencing the droplet loss of air-assisted sprayers behind canopies. The purpose is to clarify the effects of different factors on droplet loss behind canopies and quantify each factor’s impact. This study provides a reference for air-assisted sprayers to reduce droplet loss in orchard spraying.




2. Materials and Methods


2.1. Air-Assisted Sprayer


A tower-type air-assisted sprayer, G6S, was selected (Figure 1A), which was produced by Shandong Guohaha Agricultural Machinery Co., Ltd. (Linyi, China). The main technical parameters are: the overall dimensions of the G6S air-assisted sprayer are 2500 × 1050 × 1500 mm, the maximum capacity of the tank is 350 L, the maximum spray pressure is 2.0 MPa, the pump is a three-cylinder plunger pump, and the maximum flow rate of the pump is 48 L/min. The nozzle is a small bee nozzle (Shandong Guohaha Agricultural Machinery Co., Ltd., Linyi, China), which is a two-way nozzle that combines a fan-shaped and a conical nozzle (Figure 1B). Spraying was performed with the fan-shaped nozzle during the experiment, and the spray angle of the fan-shaped nozzle is 65°. All 18 nozzles are symmetrically distributed on both sides of the tower. The forward speed, fan speed, and pressure of the sprayer are directly controlled by the throttle, which is commonly used for air-assisted sprayers in orchards in China at present.




2.2. Experimental Scheme


The experiment was conducted from 8 to 25 April 2020 in Tianyang District, Baise City, Guangxi Zhuang Autonomous Region, China. The fruit tree is mango with large canopies. Planting parameters such as row spacing, plant spacing, and plant height were determined in the experimental area by randomly measuring 30 times with a tape measure. Row spacing, plant spacing, and plant height were on average 4.5, 3.5, and 4.5 m, respectively.



A two-factor, five-level full experiment was conducted. The two factors were the power gradient and the foliage area volume density (FAVD) of the fruit tree canopy.



FAVD is the sum of the leaf area per unit volume at a certain height (m2/m3). The FAVD at different positions of the canopy is different. Therefore, the average FAVD at different positions of fruit tree canopies was used to represent the FAVD of the whole tree. Five fruit trees were randomly selected as the five levels of the FAVD, labeled Tree1, Tree2, Tree3, Tree4, and Tree5. The measurement method is described as follows:




	(a)

	
A 50 × 50 × 50 cm cubical frame was selected to randomly frame the canopy 5 times.




	(b)

	
The number of leaves in the frame was counted, and the average value was calculated.




	(c)

	
The average area of individual leaves of fruit trees was calculated using the following image processing method [28]:




	◆

	
Pre-processing the acquired image.




	◆

	
Segmenting the labeled images to obtain target images.




	◆

	
Calculating the actual area of the leaf by the reference method.










	(d)

	
The FAVD of each fruit tree was calculated based on Equation (1):











  F A V D =   N ×  S  l e a f    V   



(1)




where Sleaf is the area of the leaf, N is the average number of leaves in the cubical frame, and V is the volume of the cubical frame.



Spray experiments were conducted at five power gradient levels. These levels were the five positions of the air-assisted sprayer throttle, marked P1, P2, P3, P4, and P5. The five power gradients were calibrated before the start of the experiment. Per power gradient, the average forward speed was determined by recording the time to cross a distance of 30 m, 5 times. The time of each case was recorded, and then the ratio of distance to time was calculated to obtain the average speed. The fan speed was measured five times by a UNI-T UT370 photoelectric tachometer (UNI-Trend Technology (China) Co., Ltd., Dongguan, China) for each power gradient and then averaged. The airflow rate at each nozzle outlet was measured by a Testo 405i thermal wireless anemometer (Testo AG, Titisee-Neustadt, Germany), so there were 18 anemometers in total. Per power gradient, data were continuously collected for 30 s (about 15 data points). The average of these 15 data points was selected as the outlet airflow rate of the corresponding nozzle. The Testo 405i thermal wireless anemometer was connected to an android phone via Bluetooth to save the data in real time.



Spray pressure and spray flow rate can be calculated according to Equations (2) and (3):


   P  p r e s s u r e   =    V  t e s t      V  m a x     ×  P  m a x    



(2)






   F  f l o w   =    V  t e s t      V  m a x     ×  F  m a x    



(3)




where Ppressure is the spray pressure, Vtest is the forward speed calibration value, Vmax is the maximum forward speed, Pmax is the maximum spray pressure, Fflow is the spray flow rate, and Fmax is the maximum spray flow rate.



The experimental scheme is shown in Figure 2. First, 3 × 3 × 3 sampling points (27 sampling points) were arranged behind the canopies of 5 fruit trees and divided into 3 layers: top, middle, and bottom. Second, the sampling points of each layer were labeled in the order of 1–9. To express each location more clearly, measurement locations were defined. For example, the location of sampling point 1 at the top layer was described as ‘1 top’, and that at the bottom layer was defined as ‘1 bottom’. The horizontal distance from the central line of the sprayer to the tree center was 1.8 m. The horizontal distance from the center of the tree to the first sampling point was 1.8 m. In each layer, the distance between sampling points was 1.2 m, the distance between each layer was 0.8 m, and the distance from the bottom layer to the ground was 0.8 m. Therefore, the sampling distances from the center of the tree were 1.8, 3.0, and 4.2 m, respectively. The heights were 0.8, 1.6, and 2.4 m, respectively. The distances along the trees were 0, 1.2, and 2.4 m, respectively. Water-sensitive paper (WSP) (76 × 26 mm) was used to collect droplets, which was fixed at each sampling point with paper clips. For safety reasons and the impact on fruit trees, water was chosen as the solution during the experiment.



Before each experiment, the WSPs were arranged on the sampling points. Then, the air-assisted sprayer was started, the power gradient was varied, the nozzle was turned on, and the sprayer was steadily run to pass by the test fruit trees at a uniform speed along the centerline between the rows. After traveling to a distance of 20 m from the test fruit trees, the sprayer was turned off. After drying, the WSPs were collected and scanned. The above experimental process was repeated in the order of Tree1 to Tree5 and power gradient P1 to P5, with a minimum interval of 30 min between each experimental group. In total, 675 samples were thus collected.



To facilitate the analysis of each sampling point’s location, a three-dimensional coordinate system (O-XYZ) was constructed. The intersection of the plane containing the sampling points 1, 2, and 3 was taken as well as the sprayer central axis and the ground as the coordinate origin O. The direction vertical to the forward orientation was the X-positive direction, the direction of forward orientation was the Y-positive direction, and the vertical direction upward from the ground was the Z-positive direction.



X represents the horizontal diffusion direction of droplets, which was used for the subsequent analysis of the correlation between droplet coverage and horizontal distance. Y represents the forward diffusion direction of droplets with the sprayer, which was used for the analysis of the correlation between droplet coverage and forward distance. Z represents the vertical diffusion direction of droplets, which was used for the analysis of the correlation between droplet coverage and height.




2.3. Data Analysis Methods


2.3.1. Selection of Dependent Variables


The WSPs collected by the experiment were processed using DepositScan™ software (version 1.2). The parameters used to represent the spray effect commonly include droplet coverage and droplet quantities. The data of the two parameters were read and saved in an Excel file. In this study, the F-test was used to obtain the consistency between the two parameters, and the appropriate parameter was selected as the dependent variable for the subsequent analysis.



As the units of the two parameters were not the same, the values were first normalized separately according to Equation (4) before the analysis:


   x *  =    x i  −  x  m i n      x  m a x   −  x  m i n      



(4)




where x* is the normalized result, xi is the original data, xmin is the minimum value of the original data, xmax is the maximum value of the original data, and i is the ordinal number.




2.3.2. Variables’ Significance Based on Analysis of Variance (ANOVA)


Five variables (FAVD, power gradient, horizontal distance (X), forward distance (Y), and height (Z)) were selected as factors during the experiment. The droplet coverage at the sampling site locations was selected as the dependent variable in a multi-way ANOVA, with the magnitude of the p-value indicating the significant factors.



Based on the ANOVA, the effect of these five variables on droplet coverage was separately analyzed and drawn by Origin 2019 for visualization.



For analyzing the effect of the power gradient, the power gradient was utilized as the horizontal axis, and droplet coverage was used as the vertical axis.



For analyzing the effect of FAVD, FAVD was utilized as the horizontal axis, and droplet coverage was used as the vertical axis. The droplet coverage was averaged for all sampling point locations behind canopies. The calculation method is shown in Equation (5):


   C ¯  =     ∑   j = 1  n   C j   n   



(5)




where   C ¯   is the average droplet coverage,    C j    is the droplet coverage of the j-th sampling point, n is the number of sampling points, n = 27, and j is the ordinal number.



For analyzing the droplet coverage difference of the position behind canopies, the three sections in the Y direction (Y = 0, Y = 1.2 m, and Y = 2.4 m) were selected to examine the variation of droplet coverage with horizontal distance and forward distance.






3. Results


3.1. Results of FAVD Calculation and Power Gradient Calibration


FAVD calculation results are shown in Table 1. The power gradient calibration results are shown in Table 2 and Figure 3.




3.2. Result of Dependent Variable Selection


An F-test was conducted to observe the consistency between droplet coverage and droplet quantities, and the results are shown in Table 3.



According to the results of the F-test, the p-values of all five trees were greater than 0.05, indicating no significant difference between droplet coverage and droplet quantities. Therefore, droplet coverage was selected as the dependent variable for subsequent analysis in this study.




3.3. Results of Variables’ Significance


The ANOVA results are shown in Table 4.



As can be seen from Table 4:




	(1)

	
For droplet coverage, all five factors were significant. Among them, power gradient, horizontal distance, and height were the most significant, followed by FAVD and forward distance. Although the five factors showed different levels of significance, the p-value of each factor was less than 0.01.




	(2)

	
The actual spray needs to combine two factors, FAVD and power gradient, to reduce the droplet coverage behind the canopy. For the actual spray, FAVD is the fruit tree variable and power gradient is the sprayer variable, both of which are decisive for droplet coverage, so it is important to focus on these two variables to reduce the droplet coverage of a non-target (non-canopy).










3.4. Effect of the Power Gradient on Droplet Coverage behind Canopies


The variation of droplet coverage with power gradient is shown in Figure 4.



From Figure 4, it can be seen that:




	(1)

	
The power gradients of P1 and P2 may be more suitable for fruit tree spraying. For the five fruit trees, the loss behind the canopy, as expressed as droplet coverage on WSPs, was lower at P1 and P2. According to the authors’ previous research [29], the droplet coverage within the canopy could meet the spray requirements when power gradients were P1 and P2. Therefore, P1 or P2 could be preferred for fruit tree spraying to reduce the droplet coverage behind canopies.




	(2)

	
The use of power gradients P3 and P4 could be best avoided when spraying mango trees. The droplet coverage increased first and then decreased with the power gradient. In Figure 4, P3, P4, and P5 reached the highest losses, quantified by droplet coverage. For Tree2 and Tree3, the average droplet coverage at P3 (Tree2: 56.97%, Tree3: 47.22%) was larger than at P5 (Tree2: 54.39%, Tree3: 39.10%), so P3 or P4 resulted in the highest losses, and the actual spraying should pay attention to the serious loss formed by these two power gradients.










3.5. Effect of FAVD on Droplet Coverage behind Canopies


Figure 5 shows the variation of droplet coverage with FAVD. It could be indicated that:




	(1)

	
With the increase of the FAVD, the average coverage of droplets behind canopies under different power gradients showed a decrease, increase, and then a decrease. Overall, the droplet coverage of Tree4 and Tree5 was smaller than that of Tree1, Tree2, and Tree3.




	(2)

	
The power gradient did not change the relationship between FAVD and droplet coverage, but changed the maximum value of average droplet coverage, e.g., P1 maximum value was 12.73% (Tree3), while P5 maximum value was 56.97% (Tree2).




	(3)

	
The effect of FAVD on droplet coverage had obvious regularity, and this regularity did not change with the power gradient. Therefore, in actual spraying, the effect of FAVD on droplet coverage should be considered.










3.6. Droplet Coverage Difference of the Position behind Canopies


The variation of droplet coverage in the horizontal distance (X) and height (Z) at Y = 0, Y = 1.2 m, and Y = 2.4 m was separately analyzed. Some of the results are shown in Figure 6, Figure 7 and Figure 8. All the results are shown in Appendix A, Appendix B and Appendix C.



From Figure 6, Figure 7 and Figure 8, it can be seen that:




	(1)

	
As the horizontal distance (X) and height (Z) increased, the droplet coverage gradually decreased. During actual spraying, the spray parameters can be appropriately adjusted to improve the droplet coverage of the target and reduce the droplet loss.




	(2)

	
The droplet coverage gradually increased in the Y direction (forward direction). When the FAVD and power gradient were constant, the droplet coverage gradually increased along the Y direction. Although the trends under some conditions were different (such as Tree4 under the P3 power gradient), it did not affect the overall regularity. This may be due to experimental errors caused by environmental factors.




	(3)

	
The possible reasons for the increase of droplet coverage along the Y direction were: the forward speed of the sprayer in the Y direction makes the droplets have an initial velocity, and the droplet coverage in the current section was formed by the superposition of the current droplets and the previous droplets. Thus, the droplet coverage gradually increased along the Y direction.




	(4)

	
For different power gradients, the variation regularity of droplet coverage along horizontal distance and height did not change, but the value of droplet coverage changed.











4. Discussion


In this study, to explore the loss of droplets behind canopies during spraying of fruit trees by air-assisted sprayers, a two-factor, five-level full experiment was conducted. The FAVD of fruit trees was tested as a factor. To examine the effect of FAVD on droplet loss, the experiment results showed that the FAVD significantly affected the droplet coverage (Table 4 and Figure 5). The FAVD was rarely involved in other studies on the effects of spraying in orchards. It is usually focused on the influence of spray pressure, airflow rate, and other parameters on droplet loss [10,30,31,32]. Although Sun et al. considered FAVD when studying the droplet penetration model of fruit trees, they did not clarify the effect of FAVD on droplet loss [33].



The application of air-assisted sprayers in orchards has significantly improved spraying efficiency, but it has also caused many problems, such as excessive spraying, pesticide residues, and environmental pollution. Many studies have proven that the adjustment of the pesticide application rate according to the characteristics of the fruit tree canopy is an effective means to reduce pesticide residues and environmental pollution [34,35,36,37,38]. However, the acquisition of canopy features was generally based on the ‘sensor scanning/acquisition–solving geometric equations–fitting canopy profile’ method [39,40], which simplified the asymmetric and porous structure of the canopy. Canopy characteristics mainly include canopy volume, leaf wall area, FAVD, etc. FAVD is the parameter that best reflects the characteristics of the canopy. Based on this study, studying the detection method of FAVD, and adjusting the spraying parameters based on this, will significantly reduce the droplet loss.



This study provides data support for subsequent research on precision spraying based on FAVD. However, there are still some shortcomings:




	(1)

	
In this paper, only one air-assisted sprayer was used as the experimental equipment, and a variety of sprayers can be used for comparative experiments in the future.




	(2)

	
The G6S air-assisted sprayer uses the throttle (power gradient) to simultaneously adjust parameters such as forward speed, fan speed, spray pressure, and spray flow rate. These parameters cannot be separately adjusted, so experiments with different parameter combinations were not conducted.




	(3)

	
In this paper, mango trees with large canopies were used as the experimental trees. Later, experiments can be carried out on different types of fruit trees to explore the regularity of droplet loss in different types of fruit trees.










5. Conclusions


A two-factor, five-level full experiment was conducted in an actual orchard. The effects of the power gradient and FAVD on droplet coverage behind canopies were analyzed, and the droplet coverage difference behind the canopies was clarified. Based on a detailed analysis of the experimental data, the following conclusions were obtained:




	(1)

	
Droplet coverage and droplet quantities were consistent, and five factors (power gradient, FAVD, horizontal distance (X), Forward distance (Y), and height (Z)) were significantly affected by droplet coverage behind the canopies (p-value < 0.01).




	(2)

	
In this study, power gradients P1 (forward speed: 0.25 m/s, spray pressure: 0.15 MPa, and spray flow rate: 3.63 L/min) and P2 (forward speed: 0.31 m/s, spray pressure: 0.19 MPa, and spray flow rate: 4.51 L/min) resulted in the lowest losses behind the canopy, as quantified by droplet coverage on WSPs. Based on the results found in this study, the use of power gradient P3 (forward speed: 0.49 m/s, spray pressure: 0.30 MPa, and spray flow rate: 7.13 L/min) or P4 (forward speed: 0.58 m/s, spray pressure: 0.35 MPa, and spray flow rate: 8.44 L/min) should be avoided.




	(3)

	
The effect of FAVD on droplet coverage had obvious regularity. With the increase of FAVD, droplet coverage first decreased, then increased, and finally, decreased again. This regularity did not change with the power gradient. At different positions behind canopies, the droplet coverage considerably varied. As the horizontal distance (X) and height (Z) increased, the droplet coverage gradually decreased. However, the droplet coverage gradually increased in the Y direction (forward direction).









This study revealed the loss regularity of droplets behind the fruit tree canopy, which can provide reference for the selection of operation parameters. The effect of FAVD on droplet loss was clarified, and data support was provided for the subsequent research on variable spraying based on FAVD.
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Figure A1. Droplet Coverage Difference at the Position Y = 0. 






Figure A1. Droplet Coverage Difference at the Position Y = 0.
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Figure A2. Droplet Coverage Difference at the Position Y = 1.2 m. 






Figure A2. Droplet Coverage Difference at the Position Y = 1.2 m.
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Figure A3. Droplet Coverage Difference at the Position Y = 2.4 m. 






Figure A3. Droplet Coverage Difference at the Position Y = 2.4 m.
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Figure 1. G6S tower air-assisted sprayer. 
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Figure 2. Schematic of the experimental scheme. 
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Figure 3. Minimum and maximum airflow rates (m/s) at the nozzle outlets on both sides of the air-assisted sprayer for each power gradient. 
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Figure 4. Effect of the power gradient on droplet coverage. 
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Figure 5. Mean droplet coverage (%) for different FAVD (m2/m3) over different power gradients. 
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Figure 6. Droplet coverage difference at the position Y = 0. 
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Figure 7. Droplet coverage difference at the position Y = 1.2 m. 
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Figure 8. Droplet coverage difference at the position Y = 2.4 m. 
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Table 1. FAVD calculation results.






Table 1. FAVD calculation results.





	Tree Number
	FAVD/(m2·m−3)





	Tree1
	2.72



	Tree2
	2.32



	Tree3
	1.50



	Tree4
	1.92



	Tree5
	2.22
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Table 2. Power gradient calibration results.






Table 2. Power gradient calibration results.





	Power Gradient
	Forward Speed

(m·s−1)
	Fan Speed

(RPM)
	Spray Pressure

(MPa)
	Spray Flow Rate

(L·min−1)





	P1
	0.25
	9850
	0.15
	3.63



	P2
	0.31
	10,789
	0.19
	4.51



	P3
	0.49
	18,820
	0.30
	7.13



	P4
	0.58
	20,930
	0.35
	8.44



	P5
	0.65
	22,985
	0.39
	9.45







Note: All calculated values in the table are average values.
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Table 3. F-test results for droplet coverage and droplet quantities.






Table 3. F-test results for droplet coverage and droplet quantities.





	Tree Number
	p-Value





	Tree1
	0.07



	Tree2
	0.11



	Tree3
	0.13



	Tree4
	0.57



	Tree5
	0.25
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Table 4. Results of ANOVA on factors influencing droplet coverage behind canopies.
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Factor

	
Spray Variable

	
F Value

	
p-Value

	
Significance






	
FAVD

	
Droplet coverage

	
7.74

	
5.56 × 10−3

	
**




	
Power gradient

	
116.63

	
<2.2 × 10−16

	
***




	
Horizontal distance (X)

	
23.17

	
1.83 × 10−6

	
***




	
Forward distance (Y)

	
6.75

	
9.55 × 10−3

	
**




	
Height (Z)

	
80.40

	
<2.2 × 10−16

	
***








Note: Significance: *** 0.001, ** 0.01.
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