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Abstract: Orchard plant protection machinery in China still has a low application efficiency. Air-blast
sprayers represent the primary development direction of pesticide applications in orchards. The
spray control parameters have to be matched to the tree canopy status to achieve precise results. In
this study, a vertical patternator was used to determine the accuracy of spraying fruit trees. The
influences of three control parameters (blower speed, spray angle, and spray distance) on the spray
performance of the air-blast sprayer were analyzed, and the volume of the spray was measured in
collection plates at different heights. The quantitative relationship between the overall collection
volume and the critical height collection volume was obtained for different parameter values, and
the combined effects of any two control parameters on the collection performance and the position
of the optimum collection area were obtained. The regression model describing the relationship
between the collection volume in the critical height range and the three factors was established,
and the main effects of the control parameters were determined. The results showed that if one
parameter remained constant, the correlation between the other two parameters was non-significant.
The collection volume in the critical height range increased initially and then decreased as the spray
distance increased. The maximum collection volume was obtained at a spray distance of 1.762 m.
The regression model can be used to obtain the optimum values of the parameters.

Keywords: air-blast sprayer; precision spraying; spray control parameter; three-factor regression analysis

1. Introduction

The development of orchards in China ranks first in the world in terms of area and
yield, but economic losses caused by diseases and insect pests are substantial. The effec-
tive control of diseases and insect pests in orchards can recover nearly 10% of economic
losses [1–3]. At present, the control of diseases and insect pests has primarily relied on
chemical pesticides, which are sprayed 8–15 times annually during the growth cycle of
apple trees. The workload accounts for about 30% of the total workload of fruit tree man-
agement [4–6]. However, most orchard spraying operations use backpack sprayers and
frame-mounted sprayers with low spraying efficiency [7–9]. In addition, spraying causes
environmental pollution and affects the quality and competitiveness of Chinese agricultural
products [10–12]. Air-blast sprayers have a strong flow generated by a blower to penetrate
the dense fruit tree canopy; this ensures that the pesticide can reach most parts of the leaves,
and the utilization rate of the pesticide is 30–40% [13–16].

The existing orchard spraying equipment does not meet the requirement of accurate
detection and spraying on demand, which is a common problem in the world at present [17].
In order to achieve the effect of pest control, excessive spraying is mostly used in actual
operation, which leads to a large number of chemical pesticide residues, seriously polluting
the ecological environment and threatening the safe production of fruits [18]. Therefore, it
will be helpful for the development of orchard spraying machinery to study the intelligent
control technology of spraying amount, in order to realize the target variable spraying and
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the control method of wind variable to realize the on-demand air supply. The existing
spraying control technologies mainly include: the total dosage control pipeline method, and
the independent dosage control nozzle method. The total dosage control pipeline method
can use the flow sensor to monitor the spraying quantity in real time, and use the electric
regulating valve to change the spraying pressure of the pipeline according to the spraying
demand, so as to control the spraying quantity. The existing control methods mainly
include hysteresis switch control [19], classical PID control [20,21], fuzzy control [22–24]
and artificial neural network [25]. In the independent control spray nozzle method, spray
nozzles with different flow rates are arranged at different heights to realize different spray
amounts. In order to control the nozzle flow, a proportional valve can be added in the front
section of the nozzle, and the nozzle flow can be regulated by adjusting the opening of the
proportional valve in real time [26–33].

Air-blast sprayers have the advantages of good spray performance, low cost, high
efficiency, and low labor intensity; therefore, they are the primary development direction of
pesticide applications in orchards [34–39]. In recent years, many researchers worldwide
have focused on optimizing the spraying parameters according to the crop canopy status
to increase the pesticide utilization rate of air-blast sprayers and improve the precision of
spraying technology. In Refs. [39–41], different blower speeds were tested to investigate
the influence of the airflow on the collection volume. Farooq & Landers [42] analyzed the
wind field of an air-blast sprayer and adjusted the spray distance to achieve the desired
effect. He et al. [43] determined the effect of wind speed on the collection volume of the
pesticide. The results showed that the penetration and collection volume in the canopy
were positively correlated with the wind speed. Lü et al. [44] tested different levels of spray
pressure, blower outlet wind speed, driving speed, and sampling height to determine the
influence of the parameters of the air-blast sprayer on the collection volume and pesticide
distribution. Reichard et al. [45] presented the air velocity distribution of an air-driven
orchard sprayer at different driving speeds in the open field and in the peach orchard. With
the change of driving speed, the airflow velocity distribution had no significant change, but
the tree structure and natural wind speed had a certain influence on the auxiliary airflow
velocity. As the distance between the monitoring point and the nozzle outlet increased, the
airflow speed decreased rapidly, and the decreasing rate depended on the airflow rate. By
establishing a mathematical model, Fox [46,47] calculated the energy of airflow velocity at
different positions in the air jet field and estimated the power requirements for designing
an axial-flow air-fed sprayer. At the same time, they also simulated the deflection of the
auxiliary airflow under the influence of the natural wind speed and the speed of the sprayer,
pointing out that the narrower the width of the airflow outlet, the more significant the
deflection of the airflow path. Fox and Svebsson [48–50] showed that the combination of
two fans with transverse airflow formed a constant airflow organization to improve airflow
penetration in low apple trees.

In these studies, the effects of various control parameters on the amount of pesticide
at different heights of the canopy were not investigated. In addition, no regression models
have been developed to describe the relationship between manually controlled parameters
and the spray height.

The blower speed, spray angle, and the distance from the sprayer to the canopy
have to be matched to the tree canopy conditions to reduce spray drift. Therefore, the
objectives of this study are (1) to analyze the influence of single control parameters on
the collection volume of pesticide at different heights; (2) to determine the influence of
any two control parameters on the collection volume; (3) to assess the influence of three
control parameters on the collection volume at the critical height and establish a regression
model; (4) to provide a strategy for precise spray control based on the optimization of the
control parameters.
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2. Materials and Methods
2.1. Materials and Equipment

The experiment was performed on 20 May 2021 outside of the Agricultural Machinery
Laboratory of the College of Mechanical and Electronic Engineering at Northwest A & F
University. The daily ambient temperature was 27 ± 1 ◦C, and the relative humidity was
73%; the influence of wind was negligible.

The equipment used in the experiment included a vertical patternator with a guide rail
(Salvarani BVBA, AAMS Company, Maldegem, Belgium); a lead-acid battery (NP-12-24,
Ruiwu Electric, Shanghai, China); a tape measure (A5, Aicevoos, Wuhan, China); and an
air-blast sprayer (self-developed).

There were 20 collection plates in the vertical patternator, numbered 1–20, as shown
in Figure 1. The 20 collection plates were positioned intwo columns (left and right), with
odd-numbered plates on the left and even-numbered plates on the right. The height range
of plate 1 was 225–425 mm, and that of plate 2 was 450–650 mm. Each board was 200 mm
tall, and the distance between the boards was 225 mm. The height parameters of the
collecting plate of the vertical distributor are shown in Table 1.

Figure 1. Experimental equipment and experimental ground.

Table 1. The height parameters of collecting plate of vertical distributor.

Number Height
Range (mm) Number Height

Range (mm) Number Height
Range (mm) Number Height

Range (mm)

1 225–425 6 1350–1550 11 2475–2675 16 3600–3800
2 450–650 7 1575–1775 12 2700–2900 17 3825–4025
3 675–875 8 1800–2000 13 2825–3025 18 4050–4250
4 900–1100 9 2025–2225 14 3150–3350 19 4275–4475
5 1125–1325 10 2250–2450 15 3375–3575 20 4500–4700

The vertical patternator was powered by matching lead-acid batteries and achieved a
constant speed of 1 m/s on the guide rail; the length of the guide rail was 6 m. A liquid
pump was used in the experiment. The sprayer used in the experiment was a self-developed
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sprayer (2.75 m × 1.15 m × 1.16 m) with 5 sprinklers (TR80, Lechler, Metzingen, Germany)
on one side. The parameters of the sprinkler and liquid pump are shown in Table 2. The
spray head was installed on a rotating plate, and the angle of the spray head changed as
the plate rotated. An axial-flow fan (SFG4-4, Shanghai Zaize Electric Machinery Factory,
Shanghai, China) with 3000 r/min maximum speed was used. The axis of the blower was
parallel to the face of plates, and the distance from the ground to the axis was 780 mm.

Table 2. The parameters of main experimental equipment.

Project Sprinkler Liquid Pump Axial-Flow Fan

Diameter (mm) 57 130 415
Length (mm) 155 290 331

Working flow (m3/h) 0.04–0.96 2400 5870
Working pressure

(bar) 0.25 1.70 1.49

Range (m) 2.50–10.70 — —
Angle adjustment 0–180◦ — —

Power (W) — 400 550
Voltage (V) — 220 220

2.2. Experimental Methods

The influence of the spray control parameters on the collection volume was analyzed.
The blower speed (N), the spray angle (W), and the spray distance (L) were the control
parameters. In this research, it was 0◦ when the sprinkler was horizontal to the ground,
and the counterclockwise direction was the positive direction of the sprinkler movement.
The spray angle was controlled by changing the angle of the rotating plate using a stepper
motor, the blower speed was controlled by a hydrostatic device (a speed of 2000 r/min),
and the spray distance between the axis of the blower and the axis of the vertical patternator
was controlled by moving the blower; the distance was measured with a tape. The control
parameters were selected based on previous investigations, a literature review, and the
requirements of practical applications. The plates were rotated by controlling the variables
and using bilateral spraying of the air-blast sprayer. All the experiments were conducted
five times, and the average was obtained. The experimental data of this research would be
imported into Origin 2018 for a data analysis and graph drawing.

3. Results and Discussion
3.1. Single-Factor Analysis of Spray Control Parameters for All Collection Plates

Figure 2 shows the relationship between the blower speed and the collection volume
for constant values of the spray angle (45◦) and the spray distance (1.0 m). Figure 3 shows
the relationship between the spray angle and the collection volume for constant values of
the spray distance (1.5 m) and blower speed (2400 r/min). Figure 4 shows the relationship
between the spray distance and the collection volume for constant values of the spray angle
(45◦) and blower speed (2400 r/min).

The middle of the tree crown is the crucial target area for spraying; therefore, the
collection volumes obtained at heights of 1.35–1.55 m are of primary importance.

As shown in Figure 2, as the blower speed increased from 2000 r/min to 2800 r/min,
the collection volume at high heights increased gradually, whereas that at low heights
decreased. The total collection volume increased from 532 mL to 627 mL, and that at the
height of 1.35–1.55 m decreased from 123 mL to 72 mL.

Figure 3 shows that, as the spray angle increased from 45 ◦ to 85 ◦, the collection
volume of the lower and middle heights decreased and that of the high heights increased;
the total collection volume increased from 592 mL to 653 mL and that at the height of
1.35–1.55 m decreased from 151 mL to 73 mL.



Agriculture 2022, 12, 1260 5 of 14

Figure 2. Influence of blower speed on the collection volume (W = 45 ◦, L = 1.0 m).

Figure 3. Influence of spray angle on the collection volume (N = 2400 r/min, L = 1.5 m).
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Figure 4. Influence of spray distance on the collection volume (W = 45 ◦, N = 2400 r/min).

As shown in Figure 4, as the spray distance increased from 1.0 m to 2.5 m, the collection
volume of the middle heights increased; the collection volume of the high and lower heights
decreased and reached the peak value at a spray distance between 1.5 m and 2.0 m. Then,
as the distance increased further, the collection volume of the low heights increased, and
that of the high and middle heights decreased. The total collection volume increased from
584 mL to 576 mL, and that at the height of 1.35–1.55 m decreased from 110 mL to 76 mL.

In summary, it is concluded that when the other two factors remain unchanged, the
increase in the blower speed and spray angle results in an increase in the collection volume,
but the collection volume differs for different heights. When the blower speed increased,
the collection volume was larger at high heights and lower at the middle and lower heights.
With an increase in the spray angle, the collection volume was larger in the upper plates
and lower in the middle and lower plates.

Due to the parabolic trajectory of the droplets, the spray distance affects the collection
volume; at a relatively short spray distance, an increase in the spray distance increases
the collection volume at higher and middle heights. However, when the spray distance is
relatively large, the collection volume is larger at high heights and lower at low heights.

3.2. Two-Factor Analysis of the Spray Control Parameters

The average height range of 0.325–3.25 m was selected for the two-factor analysis
because it provided a good representation of the changes in the collection volume, as shown
in Figures 2 and 3.

In this experiment, the spray distance was 1.0 m, and the spray angles were 60◦ and
75◦. As shown in Figure 5a,b, when the spray angle and blower speed both increased, the
peak of the curve moved to the right. When the blower speed increased and the spray
angle decreased, the peak moved to the right, the peak value was higher, and the curve
was more even.

In practical applications, when the blower speed and spray angle both increase, the
collection volume is higher in the upper part of the tree crown, but the overall collection
volume does not change. When the spray angle increased and the blower speed decreased
in the experiment, the optimum spray area moved to the higher height, but the collection
volume was low; in the other plates, the collection volume was higher and exhibited
fewer fluctuations.
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Figure 5. Influence of the blower speed on the collection volume at different spray angles (L = 1.0 m).
(a) Influence of the blower speed on the collection volume (W = 60◦). (b) Influence of the blower
speed on the collection volume (W = 75◦).

Figure 6 shows the influence of the spray distance on the collection volume at different
blower speeds (2400 r/min and 2800 r/min) for a spray angle of 60◦. The results shown in
Figure 6a,b indicate that at a constant spray angle, when the blower speed and the spray
distance increased, the peak of the curves moved to the right and increased slightly. The
rate of increase was unchanged, and the rate of increase became higher while the collection
volume of the lower collection plate decreased.
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Figure 6. Influence of the spray distance on the collection volume at different blower speeds (W = 60◦).
(a) Influence of the spray distance on the collection volume (N = 2800 r/min). (b) Influence of the
spray distance on the collection volume (N = 2400 r/min).

When the blower speed increased, the spray distance decreased, and the peak of the
curve moved to the right and increased slightly; the increase range decreased first and
then increased with the decrease in the spray distance. In practical applications, when
the blower speed and spray distance both increase, the collection volume increases, and
the optimum spray move upward in the tree crown. In the experiment, the collection
volume was slightly higher in the optimum collection area. It did not change, whereas the
collection volume decreased in the lower part of the tree crown, and the variability of the
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collection volume increased as the blower speed increased. At a small spray distance, the
optimum collection area occurred at a greater height, and the collection volume was slightly
higher; the range of improvement increased first and then decreased with the increase in
the spray distance.

Figure 7 shows the influence of the spray angle on the collection volume at different
spray distances (1.0 m and 2.0 m) and a blower speed of 2400 r/min. Figure 7a,b show that
as the spray angle and spray distance increased, the maximum spray volume remained
unchanged, and the peak decreased slightly. The collection volume of the lower collection
plates first decreased and then increased. As the spray angle increased, the spray distance
decreased, the peaks increased slightly, and the increase range first decreased and then
increased with a decrease in the spray distance.

Figure 7. Influence of the spray angle on the collection volume at different spray distances
(N = 2400 r/min). (a) Influence of the spray angle on the collection volume (L = 1.0 m). (b) In-
fluence of the spray angle on the collection volume (L = 2.0 m).
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In practical applications, this would mean that when the spray angle and spray
distance increased, the collection volume and the optimum spray area would not change.
In the experiment, the collection volume of the optimum collection area decreased, and the
collection volume of the lower part of the tree canopy first decreased and then increased
with an increase in the values of both parameters. As the spray angle increased, the spray
distance decreased, and the collection volume decreased. The optimum collection area
did not change, and the collection volume of the optimum collection area increased with
the range of improvement, increasing first and then decreasing with an increase in the
spray distance.

In summary, it can be concluded that when one of the parameters remained unchanged,
the influence of the other two parameters was relatively small. An increase in the blower
speed and spray angle were, respectively, the primary and secondary reasons for the
upward movement of the optimum collection area. As the blower speed and spray angle
increased, the collection efficiency of the optimum collection area remained unchanged;
as the blower speed increased, and the spray distance decreased, the collection volume of
the optimum collection area decreased. The spray distance had little effect on the position
of the optimum collection, and the collection volume of the optimum collection area first
increased and then decreased with the increase in the spray distance. The collection volume
was higher at lower heights and lower at higher heights.

3.3. Three-Factor Analysis of the Control Parameters of the Key Collection Plates

The literature [10–12] indicates that the crown height of apple trees in the young
fruit stage is about 2.5–3.5 m; the middle part of the crown is the spray target area. The
results of the two-factor analysis showed that the collection volume was stable in the
range of 1.35–1.55 m. Therefore, the collection volume in this range was selected as the
dependent variable, and the spray angle, spray distance, and blower speed were used as
the independent variables in the regression.

Figure 8 shows the influence of the three control parameters blower speed, spray angle,
and the spray distance on the collection volume. The results show that due to the parabolic
trajectory of the droplets, the increase in the spray angle and the spray distance will cause
the collection volume in the range of 1.35–1.55 m to decrease, and the increase in the blower
speed will increase the collection in the range of 1.35–1.55 m to some extent.

Figure 8. Influence of the three control parameters on the collection volume. (a) Influence of the
spray angle and spray distance on the collection volume (N = 2000 r/min). (b) Influence of the spray
angle and spray distance on the collection volume (N = 2400 r/min). (c) Influence of the spray angle
and spray distance on the collection volume (N = 2800 r/min).

The inter-subject effect test results of the model are shown in Table 3. The dependent
variable was the collection volume, and the independent variables were the blower speed,
spray angle, spray distance, and position of collection plates. From Table 3, it can be
concluded that the SIG of spray angle and spray distance is less than 0.0001, so it has a
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significant impact on the spray effect, and the SIG of the fan speed is less than 0.005, so it
has a significant impact on the spray effect to a certain extent.

Table 3. Inter-subject effect test.

Data Source Sum of Squares DF Mean Square F SIG Non-Central
Parameter

Calibration model 59,803.112 18 3130.032 85.239 0.0000 1782.298
Intercept 208,942.321 1 208,942.321 620.019 0.0000 6201.230

Spray distance 12,230.031 2 6108.120 178.040 0.0000 317.271
Spray angle 72.132 2 26.200 1.324 0.0001 3.042

Blower speed 13.024 3 6.171 0.314 0.0054 0.431
Collection plate position 43,831.211 9 3103.121 98.141 0.0000 1235.020

Abbreviation: DF: degrees of freedom; SIG: significance.

A regression analysis on three control parameters was made, and the p-values of the
spray distance, spray angle, and blower speed were less than 0.05, indicating that these
parameters had significant effects on the collection volume. The regression equation in the
height range of 1.35–1.55 m is:

Y = 123.3499 − 0.5242X1 + 5.5833X2
2 − 30.4583X2 − 0.0110X3 (1)

where Y is the collection volume at heights of 1.35-1.55 m; X1, X2, and X3 are, respectively,
the values of the spray angle (◦), the spray distance (m), and the blower speed (r/min).

The coefficient of determination R2 of the regression equation was 0.80, the corrected
R2 was 0.82, and the standard error was 7.62, indicating a good fit.

The partial derivatives of the three factors were obtained:

∂Y
∂X1

= −0.5242 (2)

∂Y
∂X2

= 11.1666X2 − 30.4583 (3)

∂Y
∂X3

= −0.0110 (4)

The analysis of the three factors in the crown height range of 1.35–1.55 m shows that an
increase in the spray angle and blower speed results in a decrease in the collection volume
due to the parabolic trajectory of the droplets. The effect of the spray angle on the collection
volume is the most obvious.

In addition, the proposed regression model can be modified using data from field
experiments because differences exist in the canopy density and surface characteristics
between the vertical patternator and real trees.

4. Conclusions

In this study, the influences of different control parameters on the spray performance
of an air-blast sprayer were determined. A regression equation was established to describe
the relationship between the collection volume at the critical height range and the spray
angle, blower speed, and spray distance. The influences of the three spray parameters on
the collection volume at different heights were analyzed:

(1) Under the experimental conditions, an increase in the spray angle and blower speed
increased the overall spray volume and decreased the spray volume at the critical
height.

(2) The influence of any single parameter on the other parameters was relatively small.
The increase in the blower speed and spray angle were the primary and secondary
reasons for an increase in the height of the optimum collection area.
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(3) The spray distance affected the collection volume due to the parabolic trajectory of
the droplets. The collection volume in the critical height range first increased and
then decreased as the spray distance increased, and the largest collection volume was
obtained at a distance of 1.762 m.

(4) A quadratic regression model was established to predict the collection volume at the
critical height of the tree crown based on the spray distance, spray angle, and blower
speed. When one parameter is given, the other two parameters can be adjusted to
achieve the desired spray effect.
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