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B W N e

Abstract: The aerial atomizer is the most essential component of the plant protection UAV (unmanned
aerial vehicle). However, the structural optimization of existing aerial atomizers lacks comprehensive
consideration of spray parameters and structural parameters, and there is a shortage of available
atomizer spray models, resulting in the unstable effect of UAV application. In our previous work, an
aerial dual-atomization centrifugal atomizer was developed. In order to obtain an aerial atomizer
with good atomization effect and its atomization model, structural optimization at different rotation
speeds and flow rates of the atomizer, and its atomization performance, are studied in this paper.
Firstly, with the droplet volume median diameter (VMD) and spectral width (SRW) as the evaluation
index, through the single-factor, Plackett—-Burman and Box-Behnken tests, the influence of rotation
speed, flow rate, tooth number and tooth shape were studied. The regression models of the droplet
VMD and SRW were established using multiple quadratic regression fitting of the test data. Secondly,
in order to achieve the lowest droplet VMD and SRW, the response surface method and post-hoc
multiple comparison method were used to obtain the optimized structure of the atomizer’s rotation
ring at different rotation speeds (600-7000 r/min) and flow rates (500-1000 mL/min). Lastly, with
the effective swath width (ESW) of the optimized atomizer as the evaluation index, through the
Box—Behnken test, the influence of rotation speed, flow rate and spray height were studied. The
multiple quadratic regression model of ESW was established with the test data. The test results
indicated that rotation speed, flow rate and tooth number had a significant effect on droplet VMD
and SRW; tooth shape had no significant effect on the droplet VMD and SRW, however, the square
tooth shape had the best atomization effect; and rotation speed, flow rate and spray height had a
significant effect on ESW. The optimized structural parameters were tooth shape: square, and tooth
number: 20. The determination coefficient R? of the regression model of VMD, SRW and ESW were
0.9976, 0.9770 and 0.9974, respectively, which indicates that the model was accurate, and can evaluate
and predict the spray effect. This paper provides an optimized dual-atomization centrifugal atomizer,
and its regression models of VMD, SRW and ESW for UAV applications can provide a reference for
efficient UAV spraying.

Keywords: aerial application; centrifugal atomizer; droplet-volume median diameter; droplet
spectral width; effective swath width; response surface; regression models

1. Introduction

The UN Food and Agriculture Organization (FAO) estimates that plant pests and
diseases cause 20—40% of crop losses worldwide [1]. Pesticide application is an important
tool to control crop pests and diseases. Over the past few decades, with the development of
precision agriculture, precision spraying technology has been used to greatly improve the
effective utilization of pesticides, which is essential for the prevention and control of pests
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and diseases, and meets the demand for green agriculture in current agricultural devel-
opment [2—4]. Traditional spraying technology mainly includes self-propelled sprayers or
knapsack sprayers. Although the former are widely used on field crops for high-efficiency
precision spraying, they are difficult to deploy in hills, mountains, paddy fields and other
environments with low flexibility, and with low pesticide utilization; the operation process
of the latter is very subjective, and its operators are easily exposed to pesticides [5-10].
Crop damage, a reduction in production area and soil compaction are caused by opera-
tors walking over or sprayers passing over fields [11-13]. In recent years, with the rapid
development of China’s agricultural aviation, plant protection UAVs (unmanned aerial
vehicles), which are an important part of agricultural aviation, have been widely studied
and employed [14]. Compared to manned aircrafts, the advantages of UAVs include ease
of control, ability to fly at low altitudes, lack of requirement for specific takeoff or landing
space, good maneuverability, being lightweight, and low maintenance costs [15-18]. In
contrast, UAV spraying technology is much more efficient, safe and flexible.

The aerial atomizer is the most important component of UAV application, which
directly affects the spray effectiveness of plant protection UAVs. According to various
atomization methods, the commonly used atomizers for UAV applications mainly include
pressure and centrifugal forms. The performance parameters, features and applications are
shown in Table 1. It has been found that the efficiency of UAV spraying still needs to be
improved because of its uneven distribution of droplet deposition and high risk of drift,
which causes serious environmental pollution and significant pesticide residues [19-22].
The atomizer’s atomization performance, primarily involving droplet size, droplet spec-
trum width and effective swath width, directly affects droplet deposition distribution and
drift [23]. The droplets of a large size tend to be deposited, while the droplets of a small
size tend to drift [24]. Droplets with a narrow droplet spectral width will reduce the ratio
of maximum and minimum droplets, which means it is easier to control droplet deposition
and reduce droplet drift [25]. The speed variation in the centrifugal atomizer has been
studied for site-specific management in distribution with prescription maps in precision
agriculture [26]. The centrifugal atomizer is widely used in aerial spraying because of its
controllable droplet size [27]. Therefore, optimizing the centrifugal atomizer’s structural
parameters to obtain a narrow droplet spectral width can increase droplet deposition and
reduce drift. Clarifying the coupling relationship between atomizer spray parameters and
atomization performance can provide reliable support for the development of implementa-
tion strategies for precision spraying, improving spraying quality and reducing pesticide
consumption. In a study of centrifugal-atomizer structure, Kumar and Sarkar studied the
atomization principle of slotted discs using a high-speed camera imaging technique and
found that slotted discs can achieve narrow-spectrum, wide-droplet distribution even at
high flow rates, as its slots can help to guide the liquid flow on the disc surface [28]. Craig
et al. studied the atomization of a rotary atomizer using high-speed photography and laser
droplet-sizing instrumentation, and found that the existing rotary-cage atomizer outer edge
of the points or pins could increase the uniformity of droplet size [27]. Zhou et al. optimized
the structure of the rotating cup atomizer based on the testing of droplet-volume median
diameter and droplet spectral width, and studied the effect of the atomizer’s structural
parameters on its atomization performance [25]. In a centrifugal-atomizer performance
study, Hooper and Spurgin studied the influence of rotation speed and flow rate on the
droplet particle size of a wind-wheel-drive cage atomizer using a laser particle-size analyzer
under wind-tunnel conditions [29]. Wang et al. used the response surface method to study
the effect of centrifugal nozzle parameters on atomization performance [30]. Studies have
shown that the droplet volume-median diameter (VMD) and the effective swath width
(ESW) of an atomizer directly affect its spraying quality. In different operating environ-
ments and target crops, centrifugal atomizers require precise spraying control models to
achieve the precise control of diseases and pests during aerial applications [31,32]. Some
research has focused on the optimization of rotation speed and flow rate based on the exist-
ing centrifugal atomizer, while other research has focused on optimizing the centrifugal
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atomizer’s structural parameters with a fixed rotation speed and flow rate. However, at
different rotation speeds and flow rates, the atomizer’s structural parameter optimization
and atomization performance models have not been studied systematically, which results
in poor stability of the centrifugal-atomization performance, directly affecting the spraying
effect.

Table 1. Classification, performance parameters and applications of commonly used atomizers for

UAV applications.
Atomization Volume
Description Spray Angle Median Features Applications References
Method .
Diameter
Post-emergence
Hollow cone o . Atomization good even touch herbicides,
80 Fine . ..
with low pressure fungicides and
Pressure form insecticides [33-35]

Different types

equipped with
5 5 different operational

. 80°/110 . o R
Plain fan nozzle o o Fine needs: anti-drift, General applications
90°/120 . .
air-absorbing,

extended range and

wide-angle type

Relatively controllable
droplet size, nearly
Centrifugal uniform atomization at Plant protection
form Rotary disk Indeterminate  Adjustable high speeds, and UAVs [25,36]

independent control of
atomization quality
and flow rate

This study firstly introduces a dual-centrifugal atomizer structure developed by our
team. The main structure is based on the structure of an existing slotted rotating-disc
centrifugal atomizer, with a toothed rotating ring coaxially set on the outer side of the
rotating disc, which rotates in the opposite direction to the rotating disc for secondary
atomization [37]. Secondly, we used a laser particle-size analyzer to test the indicators of the
droplet VMD and SRW in a wind tunnel with windless conditions. The effect of the above-
mentioned rotating ring’s structural parameters (tooth number and tooth shape) and spray
parameters (rotation speed and flow rate) on VMD and SRW was studied by conducting the
single-factor test, Plackett-Burman test and Box—-Behnken test, and the regression models of
VMD and SRW were obtained. Then, this atomizer’s optimized structural parameters were
obtained in combination with the post-hoc multiple comparison method. Thirdly, the effect
of the optimized atomizer’s spray parameters (rotation speed, flow rate and spray height)
on its effective swath width (ESW) was further analyzed by conducting the Box-Behnken
test, and the regression model of ESW was obtained. Optimization of the structure of the
aerial dual-atomization centrifugal atomizer can provide a reference for improving the
effectiveness of UAV aerial spraying. The regression models of VMD, SRW and ESW can
provide a reference for controlling atomization effects and developing assignment plans
for UAV aerial spraying.

2. Structure of Centrifugal Atomizer

In this study, we designed an aerial dual-atomization centrifugal atomizer. This
atomizer differs from the rotating-disc atomizer, as an atomizer with a toothed rotating ring
is coaxially set on the outer side of the slotted rotating disc which rotates in the opposite
direction to the rotating disc for secondary atomization. Its main structure consists of a
motor, a bevel gear commutator, a slotted rotating disc, a rotating disc flange, a toothed
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rotating ring and a pipeline (Figure 1a). The motor shaft is the power source for the input
gear of the bevel gear commutator, passing through its clearance-fitted output gear and the
rotating-disc flange, and the toothed rotating ring was fixed at its end. The rotating disc
flange is fixed to the commutator output gear. The input gear and the rotating ring rotate
clockwise driven by the motor shaft, and the output gear drives the rotating disc to rotate
counterclockwise. This centrifugal atomizer achieves the reverse rotation of the slotted
rotating disc and the toothed rotating ring by the above working principle. The liquid is
transported to the slotted rotating disc through the pipeline. Then, under the centrifugal
force of the rotating disc, the liquid is fired into the rotating ring, which is hit to form more
uniform droplets. The atomization process is shown in Figure 1b. The slotted-rotating-disc
diameter was 83 mm. The toothed-rotating-ring diameter was 97 mm, the tooth size was
1.3 mm x 2.5 mm X 8.2 mm, the number of teeth was 64, and the tooth shape was square.
In the following optimization and study, the change in the atomizer structure was on the
basis of the reference atomizer structure. The rotation speed of the atomizer was the motor
speed.

(a) (b)

Droplets

Figure 1. (a) Main structure of centrifugal atomizer (1. motor, 2. bevel gear commutator, 3. rotating
disc flange, 4. pipeline, 5. slotted rotating disc, 6. toothed rotating ring); (b) schematic diagram of the
centrifugal atomizer atomization process.

3. Materials and Methods

To optimize the structure of the centrifugal atomizer and study its atomization perfor-
mance, the droplet characteristics of the centrifugal atomizer were tested under wind-tunnel
windless conditions, and the spray width of the centrifugal atomizer was tested in the
laboratory under windless conditions.

3.1. Atomization Performance Evaluation

In this paper, the data used to analyze droplet characteristics included: D10, D50 or
VMD, D90, and SRW; the effective swath width (ESW) of the atomizer was an indicator of
the atomizer’s spray width. Dn is the droplet diameter (um), which represents the sum
of the volume of the given size and below, accounting for n % of the total droplet volume
of the sample, and the droplet volume median diameter (VMD or D50) can be used to
characterize the droplet diameter. The droplet spectral width (SRW), a dimensionless pa-
rameter, is used to indicate the degree of differential droplet-size distribution concentration
(Equation (1)); the narrower the SRW, the higher the uniformity of the drop size distribution
is. The effective swath width (ESW) of the atomizer indicates the distance from the atom-
izer’s lead hammer point as the center of the circle to the spray width (cm) corresponding
to D50 (the deposition volume is accumulated to 50% of that direction). Different droplet
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sizes are suitable for different biological targets [32]. ESW is used to plan rational routes for
aerial spraying [38].
D90 — D10

SRW=—5s0 @

3.2. Test Equipment and Method

In this study, the droplet-size test experiment was conducted in the wind-tunnel lab, located
in the National Center for International Collaboration Research on Precision Agricultural Aviation
Pesticide Spraying Technology (NPAAC) in South China Agricultural University, Guangzhou,
China, built according to the international standard ISO2856-2012. It can generate airspeeds
of 2-51 m/s and the test section size is 2.0 m x 1.1 m x 20.0 m (width x height x length)
(Figure 2a). The wind tunnel is the first high-low speed compound wind tunnel dedicated
to agricultural aviation in China and one of the most advanced wind tunnels in worldwide
agricultural engineering. To test the droplet size of the centrifugal atomizer, the test
equipment consisted of a spraying system and a droplet-size testing system. The DP-02
laser particle-size analyzer (OMC instrument co. LTD, Zhuhai, China) was used in the
test section to measure the droplet size. This laser particle-size analyzer is capable of
measuring droplets in the range of 1 to 1500 um. The laser particle-size analyzer consists
of a collimated laser generator, a signal-acquisition device and a data-processing system.
The distance between the laser transmitter and receiver is 2.0 m. In the test, the laser
particle-analyzer outputs were D50, D10, D90 and the particle-size differential distribution
curve. According to the ASABE (5572.3) standard, droplet-size measurement must ensure
that a representative, cross-sectional sample of the spray plume is achieved to obtain the
droplet-size spectrum, and the distance between the atomizer and the measurement point
should be between 200 mm and 500 mm to reduce contamination of the laser lens [39].
It is assumed that the droplet-size spectrum is uniformly distributed in the spray plume
and that any cross-section is completely representative of the droplet distribution of the
deposition ring; therefore, only one cross-sectional sample of the centrifugal-atomizer spray
plume was measured in the test. Specifically, the laser particle-size analyzer was placed
30 cm below the atomizer, the droplets were ejected horizontally by the atomizer and
the laser beam passed through its atomization area (Figure 3a). The spraying system
consisted of a centrifugal atomizer with 48v DC power, a diaphragm pump with 30v DC
power and several pipelines (Figures 2b and 3b). By changing the input voltage of the two
powers, the rotation speed (600-7000 r/min) of the centrifugal atomizer and the flow rate
(500-1000 mL/min) of the pump, respectively, were controlled.

Laser

DC power ) ¥ .
Laser-diffraction: \ N 1 i transmitter
X T
analyzer =8y centrifugal

Date v ' = H- T A / atomizer

particle-size

iy i 3 i s NN i

processing g ~ T | 'z t Laser
system o - F. 3 receiver
Tank with a

diaphragm /
PERR ) ©

Figure 2. Wind tunnel used in the droplet-size test experiment. (a) Form and structure (1. observation
window, 2. droplet-size testing system, 3. test section, 4. mounting bracket, 5. contractive segment,
6. steady section, 7. drive section); (b,c), the droplet test system and spraying system.
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(a)

Centrifugal atomizer Diaphragm pump ——  Water pipe

U

48V DC power 30V DC power

— Wire

(b)

Figure 3. Schematic diagram of the droplet testing system (a) and spraying system (b).

The centrifugal-atomizer spray-width test was conducted in the laboratory under
windless conditions (Figure 4). The droplet collection boxes were placed in eight direc-
tions below the atomizer (east, southeast, south, southwest, west, northwest, north and
northeast). Under windless conditions, there were no droplets in the central part of the
deposition area of the centrifugal atomizer; therefore, no droplet collection box was placed
in the central area. Due to the large number of tasks for collecting and weighing droplets,
9.3 cm x 9.3 cm square plastic boxes were used. The spraying system was the same as that
of the above droplet-size test. The spray height (1-3 m) was controlled by the lifting rod of
the atomizer’s support stand. For each test group, after atomizer spraying for 3 min, the
outside of each box was wiped using dry towels, and then the droplet mass of each box
was weighed. Finally, according to the droplet distribution, the spray width corresponding
to D50 in each direction was calculated, and the ESW of each group was obtained as its
average value of eight directions.

¥ The centrifugal atomizer

Collection box of droplets

Figure 4. Scheme of spray-width test experiment.
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3.3. Droplet Characteristics Test of Atomizer

In this work, the factors that have a significant effect on VMD and SRW, and their
numerical intervals, were initially obtained by combining the single-factor test and Plackett—
Burman test. Then, the structure of the atomizer was optimized by combining the Box—
Behnken response surface method and post-hoc multiple comparison method, and the
regression models of VMD and SRW were obtained. The specific experimental design is as
follows.

3.3.1. Single-Factor Test of Droplet Characteristics

We studied the effects of four factors—the rotation speed of the centrifugal atom-
izer (X1), flow rate (Xj), tooth number of the rotating ring (X3), and tooth shape of the
rotating ring (X4)—on the VMD and SRW of the centrifugal atomizer by conducting
single-factor tests. According to the structural design of the toothed rotating ring and
pre-test, the tooth number was set between 0 and 128 (Figure 5a), and the tooth shape
was selected from wedge, square and semicircular shapes (Figure 5b). Although the UAV
pump flow rate varied from 5.5 to 0.25 L/min (for all atomizers), the centrifugal atomizers
are generally ultra-low-volume ones; therefore, the tested flow rate was set to be from
500 to 1000 mL/min [40,41]. The required droplet size for aerial spraying is 50-300 um, with
the combination of the pre-test, the rotation speed was set to be from 600 to 7000 r/min [42].
The fixed parameters used in the single-factor test were a rotation speed of 4000 r/min,
flow rate of 700 mL/min, tooth number of 64, and square tooth shape. The specific factors
and levels are shown in Table 2. Each test group was repeated three times. The results of
this test can obtain a range of levels for each factor to be used in subsequent tests.

P BB
BB
B®D

Figure 5. Rotating rings with different tooth numbers (a) and different tooth shapes (b).

Table 2. Factors and levels of single-factor design.

Factors Level Values
X7: Rotation speed (r/min) 600, 2000, 3000, 4000, 5000, 6000, 7000
X5: Flow rate (mL/min) 500, 600, 700, 800, 900, 1000
X3: Tooth number 0,8,16,32,64,128
X4: Tooth shape wedge, square, semicircular

3.3.2. Plackett-Burman Test of Droplet Characteristics

The Plackett-Burman test is an experimental design method which can be used to
determine the significance of each factor. Four factors (X;: rotation speed of centrifugal
atomizer, Xy: flow rate, X3: tooth number of rotating ring, X4: tooth shape of rotating ring)
were screened in this test. Three levels of —1, 0 and +1 were taken for each factor; the ends
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of the levels in the single-factor test were selected as the levels of +1 and —1, respectively;
the average of the two ends was taken as the level of 0 and the response values were droplet
VMD and SRW. The specific coding levels are shown in Table 3.

Table 3. Factors and levels for the Plackett—-Burman design.

Level Values

Factors
-1 1
X1: Rotation speed (r/min) 600 7000
X5: Flow rate (mL/min) 500 1000
X3: Tooth number 0 128
X4: Tooth shape wedge square

3.3.3. Box-Behnken Test of Droplet Characteristics

Box—Behnken tests were carried out on the basis of the factors that had a significant
effect on VMD and SRW in the Plackett—-Burman test above. The factors include X;: rotation
speed of centrifugal atomizer, X,: flow rate and X3: tooth number of rotating ring, and
the response values were droplet VMD and SRW. The specific coding levels are shown in
Table 4.

Table 4. Factors and levels for the Box-Behnken design of droplet characteristics.

Level Values

Factors
-1 0 1
X7: Rotation speed (r/min) 600 3800 7000
X5: Flow rate (mL/min) 500 750 1000
X3: Tooth number 8 20 32

3.4. Spray-Width Test of Atomizer

In addition to the droplet characteristics, the spray width is another important indi-
cator which affects the quality of aerial spraying, which plays an important role in the
route planning of UAV spraying. In this test, according to the test results of Section 3.3, the
optimized centrifugal atomizer was selected to proceed with the Box-Behnken response
surface test which has three factors: rotation speed of centrifugal atomizer (X;), flow rate
(X2) and spray height (X3), and the response value was the atomizer ESW. The coding
levels are shown in Table 5.

Table 5. Factors and levels for the Box-Behnken design of spray-width Test.

Level Values

Factors
-1 0 1
X7: Rotation speed (r/min) 600 3800 7000
X5: Flow rate (mL/min) 500 750 1000
X3: Spray height (m) 1 2 3

4. Results
4.1. Centrifugal-Atomizer Droplet-Characteristics Test
4.1.1. Single-Factor Test Results of Droplet Characteristics

A series of single-factor tests were conducted to initially determine the effect of each
test factor on droplet VMD and SRW, and the results are shown in Figure 6. Figure 6a
shows the effect of the rotation speed of centrifugal atomizer (X;) on VMD and SRW. As
X, gradually increased from 600 r/min to 7000 r/min, VMD decreased from 315.22 um to
52.44 ym and SRW decreased from 2.10 to 0.61. Within the range of X; of 600 to 7000 r/min,
the decrease rate of VMD was great when X; was less than 2000 r/min, and the decrease
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trend of VMD gradually tended to smooth when X; exceeded 2000 r/min. The increase in
rotation speed leads to the decrease in VMD and SRW. Figure 6b shows the effect of flow
rate (X») on VMD and SRW, as X, increased from 500 mL/min to 1000 mL/min, VMD
increased from 62.33 um to 74.3 um and SRW increased from 0.79 to 1.4. An increase in
flow rate leads to an increase in VMD and SRW. Figure 6¢ shows the effect of the rotating
ring’s tooth number (X3) on VMD and SRW. As X3 increased from 0 to 16, VMD decreased
from 198.19 to 64.81 um and SRW decreased from 1.03 to 0.6. Then, as X3 continued to
increase from 16 to 128, VMD gradually increased to 94.33 and SRW gradually increased to
1.7. As X3 increased, both VMD and SRW decreased and then increased, and both achieved
the minimum value when X3 was 16. As X3 increased from 8 to 128, VMD was smaller
than X3 at 0, and as X3 increased from 8 to 64, SRW was smaller than X3 at 0, indicating
that the teeth of the toothed rotating ring may play a role in the atomization process in
secondary atomization, allowing the atomizer to produce droplets with smaller droplet
particle size and greater uniformity. However, as X3 increased from 16 to 128, the teeth
gradually filled the circumference of the rotating ring, the droplet size became larger and
the droplet uniformity decreased, which indicates that a gradually decreasing tooth gap
may prevent the full secondary atomization of the fluid from the rotating disc. Figure 6d
shows the effect of the rotating ring’s tooth shape (Xy) on the VMD and SRW. The VMD
and SRW of the droplets produced by the wedge tooth shape were 89.05 um and 1.1, the
VMD and SRW of the droplets produced by the square tooth shape were 68.94 um and
1.01, and the VMD and SRW of the droplets produced by the semicircular tooth shape were
90.32 um and 1.05. The droplet VMD and SRW produced by the square tooth shape were
smaller than the wedge and semicircular tooth shapes, which indicates that the square
tooth shape has better atomization capability.

350 2.5
1315 22
300 ‘
2.0
,-EL 250
2200} 115 E
0
% 150 + 01
0.76 10
100 | 89\59 > zags. L7 e
_68.94
sl San 60.69 s, 0}75?44“{“/, 05
600 2000 3000 4000 5000 6000 7000 500 600 700 800 900 1000

X;: Rotation speed (r/min) X,: Flow rate (ml/min)

(a) (b)

2.0
200 7% /1.7
920 |
180 - SRW 89.05
160 + 1.5 _
E 140 + 3 g]_ 80|
% 120 + 11.0 % %
100 - - 3&33 70l
VDM
801 67. zf)\-§4 81 66.16 6894 — 40.5
60 | -

. . 0 . . .
0 816 32 64 128 Wedge-shape Quadrangle Half round

X,: Teeth number X,: Tooth shape
(c) (d)

Figure 6. Results of single-factor tests on the effect of rotation speed (a), flow rate (b), tooth number
(c) and tooth shape (d) on the droplet volume median diameter (VMD) and spectral width (SRW).
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4.1.2. Screening for Important Factors Affecting Droplet Characteristics Using
thePlackett-Burman Design

The Plackett-Burman test was designed using the Design-Expert 11 software. The
VMD and SRW results of the 18 test schemes and the four factors are shown in Table 6.

Table 6. Plackett-Burman test protocol and results.

Test Serial Test Factors

Number X X, X5 X, VMD (um) SRW
1 -1 1 1 1 541.16 1.35
2 0 0 0 -1 95.6 0.99
3 0 0 0 -1 95.4 1.02
4 0 0 0 1 72.46 1.79
5 0 0 0 1 70.92 1.68
6 -1 -1 -1 -1 920.38 0.63
7 1 -1 1 1 89.46 0.99
8 0 0 0 1 70.96 1.62
9 -1 1 1 —1 574.59 1.59
10 -1 -1 1 -1 356.33 1.87
11 -1 1 -1 1 951.64 0.59
12 1 1 -1 1 128.71 0.8
13 -1 -1 -1 1 932.19 0.61
14 0 0 0 -1 93.61 0.98
15 1 1 -1 -1 128.36 0.78
16 1 -1 1 1 88.53 0.95
17 1 -1 -1 -1 116.89 0.73
18 1 1 1 -1 87.18 0.83

In order to analyze the significance of the effect of the test factors on test indicators,
the analysis module of the Design-Expert 11 software was used to analyze the variance of
the test results. The results of the significance analysis for each factor are shown in Table 7.
As can be seen from the table, the rotation speed (Xj), flow rate (X3) and tooth number
(X3) had a significant effect on VMD (p < 0.01), and tooth shape (X4) had no significant
effect on VMD (p > 0.05). The order of test factors affecting VMD was: rotation speed
(X1) > tooth number (X3) > flow rate (X») > tooth shape (X4); the rotation speed (X;) and
tooth number (X3) had a significant effect on SRW (p < 0.01), and flow rate (X,) and tooth
shape (X4) had no significant effect on SRW (p > 0.05). The order of the factors affecting
SRW was: tooth number (X3) > rotation speed (X;) > tooth shape (X4) > flow rate (X>).
Therefore, the factors of rotation speed (X;), flow rate (X3) and tooth number (X3) were
selected as the three factors for the Box-Behnken test, and the insignificant factor of tooth
shape was taken as square tooth shape.

Table 7. Significance analysis of Plackett—-Burman test results.

VMD (um) SRW
Factors
Degree of Sum of Degree of
Sum of Squares Freedom F-Value p-Value Squares Freedom F-Value p-Value
X3 0.0112 1 2341.72 <0.0001 0.2107 1 4.3 0.0623
X3 0.0104 1 8.26 0.0151 0.0007 1 0.0138 0.9086
X3 0.0000 1 146.04 <0.0001 1.07 1 21.94 0.0007
Xy 4.968 x 107° 1 1.12 0.3133 0.1027 1 2.10 0.1755

RZ

=0.9956; Adj R? = 0.9941;
C.V. % = 2.55%; Adeq Precision = 67.31

R? =0.7118; Adj R? = 0.6070;
C.V. % =20.12%; Adeq Precision = 8.9077

Note: p < 0.01 (highly significant); 0.01 < p < 0.05 (significant).
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4.1.3. Box-Behnken Test of Droplet Characteristics

The Box—Behnken test for droplet characteristics designed using Design-Expert 11
software had a total of 17 testing spots in the scheme, which included 12 analysis factors
and five zero-point estimation errors. The test design scheme and response values of VMD
and SRW are shown in Table 8.

Table 8. Scheme and results of droplet characteristics Box-Behnken test.

Test Serial Test Factors

Number X X, Xs VMD (um) SRW
1 0 0 0 73.39 0.86
2 -1 -1 0 301.66 2.08
3 0 -1 1 64.47 0.83
4 -1 0 -1 450.96 1.52
5 0 0 0 73.44 0.82
6 0 1 -1 82.23 0.92
7 1 1 0 55.34 0.6
8 0 0 0 73.06 0.82
9 1 -1 0 46.99 0.63
10 -1 0 1 295.18 2.07
11 1 0 1 52.69 0.59
12 0 0 0 74.42 0.78
13 0 0 0 73.32 0.8
14 0 -1 -1 66.48 1.13
15 -1 1 0 356.7 1.75
16 1 0 -1 56.68 0.71
17 0 1 1 78.64 0.89

1. Significance analysis and regression model

The quadratic regression models of VMD and SRW were obtained by analyzing
the Box—Behnken test results using Design-Expert 11 software. The ANOVA results of
the quadratic regression models are shown in Table 9. Here, p-values < 0.01 for the
VMD and SRW regression models indicated that the regression equations for VMD and
SRW were highly significant. The p-values for lack of fit were 0.0705 and 0.0878 (>0.05),
respectively, indicating that the actual fit and the regression equation had a small proportion
of abnormal errors and were well-fitted. The variation coefficients CV were 2.21% and
4.63%, respectively, indicating good test reliability. The determination coefficients, R?,
were 0.9976 and 0.9770, respectively, and the calibration determination coefficients, Adj R?,
were 0.9945 and 0.9474, respectively, indicating good reliability of the regression equation.
The Adeq precision results were 53.2 and 17.47, respectively, indicating good accuracy
of the regression model. Therefore, the developed models can be regarded as a reliable
representative of the experimental results. In addition, all primary terms, Xi, X, and X3,
and secondary terms, X% and X%, had a significant effect on VMD, and the other terms
had no significant effect on VMD. The primary term, X;, and secondary terms, X% and X%,
had a significant effect on SRW, and the remaining terms had no significant effect on SRW.
After fitting the regression to the experimental results, the regression equations of VMD
and SRW with rotation speed (X), flow rate (X») and tooth number (X3) as variables were
obtained as shown in Equations (2) and (3), respectively.

srvDan = 0-045988 +0.000031X; — 0.000046X +0.001153X3 — 1.04691E — 09X; X3 — 3.84255E — 08X X3 ?
+8.03871E — 08X, X3 — 2.19177E — 09X? + 1.89852E — 09X3 — 0.000021X3
1 —
sorrsrwy = —0-161108 +0.000143X; +0.00155X; + 0.02511X3 — 3.34486E — 08X X; + 1.24818E — 06X, X3 3

+9.45843E — 06X, X3 — 7.29405E — 09X? — 7.6503E — 07X3 — 0.000539X3
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Table 9. Significance analysis of droplet characteristics Box-Behnken test results.

VMD (um) SRW
Source
Sum of Degree of Sum of Degree of
Squares Freedom F-Value p-Value Squares Freedom F-Value p-Value
Model 0.0162 9 319.63 <0.0001 0.7153 9 33.05 <0.0001
X3 0.0138 1 2441.38 <0.0001 0.6297 1 261.81 <0.0001
X 0.0002 1 34.23 0.0006 0.0037 1 1.54 0.2545
X3 0.0001 1 9.17 0.0192 0.0016 1 0.6808 0.4365
X1Xp 2.18(())§6>< 1 0.4976 0.5033 0.0029 1 1.19 0.3113
X2 X3 8'17(??;( 1 1.54 0.2540 0.0092 1 3.82 0.0915
X1 X3 2'13 gf}x 1 0.0413 0.8448 0.0032 1 1.34 0.2851
X2 0.0021 1 376.16 <0.0001 0.0235 1 9.77 0.0167
X2 5'19 §§6>< 1 1.05 0.3393 0.0096 1 4.00 0.0855
X3 0.0000 1 7.08 0.0325 0.0254 1 10.55 0.0141
Residual 0.0000 7 0.0168 7
Lack of Fit 0.0000 3 5.30 0.0705 0.0130 3 4.58 0.0878
Pure Error 7"19 gix 4 0.0038 4
Cor Total 0.0163 16 0.7321 16
R? =0.9976; Adj R? = 0.9945; R? =0.9770; Adj R? = 0.9474;
C.V. % = 2.21%; Adeq Precision = 53.2 C.V. % = 4.63%; Adeq Precision = 17.47

Note: p < 0.01 (highly significant); 0.01 < p < 0.05 (significant).

2. Response surface analysis

The response surface plots of VMD and SRW and the corresponding contour plots
are shown in Figure 7. Each response surface plot represents the effect of two indepen-
dent variables with the values of the other variables kept at the 0 level; the shape of the
corresponding contour plot indicates whether the interaction between the independent
variables was significant. The interactions of rotation speed (X;) and flow rate (X3), rotation
speed (X7) and tooth number (X3), and flow rate (X3) and tooth number (X3) on VMD are
shown in Figure 7a—c, respectively; the interactions of rotation speed (X;) and flow rate
(X»), rotation speed (X1) and tooth number (X3), and flow rate (X) and tooth number (X3)
on SRW are shown in Figure 7d—f, respectively.

Combined with Figure 7a,d, from a transverse perspective, when X, was constant,
VMD and SRW decreased with increasing X;. The smaller X, was, the faster VMD and
SRW decreased during the increase in Xj. In addition, from the longitudinal perspective,
when X; was constant, the VMD gradually increased, while the SRW first decreased and
then increased with increasing X,.

Combined with Figure 7b,e, from the transverse perspective, when X3 was constant,
VMD and SRW decreased as X; increased. From the longitudinal perspective, when X
was constant, VMD and SRW first decreased and then increased as X3 increased.

Combined with Figure 7c,f, from the transverse perspective, when X3 was constant,
VMD increased and SRW first decreased and then increased as X, increased. From the
longitudinal perspective, when X, was constant, both VMD and SRW decreased and then
increased as X3 increased.

In general, as the atomizer’s rotation speed increases, the droplet size becomes smaller
and more uniform. As the flow rate increases, the droplet size becomes larger and less
uniform. The toothed-rotating-ring-assisted atomization can obviously make the droplet
size smaller and more uniform. However, when the tooth number is too large, the droplet
characteristics become worse; this may be because it is difficult for the liquid to pass
through the dense tooth gap, resulting in inadequate secondary atomization. Therefore,
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the selection of the right number of teeth is the key to optimizing the structure of the
dual-atomization centrifugal atomizer.
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Figure 7. Response surface plots of each factor on VMD (a—c) and SRW (d—f).

4.1.4. Structural Parameter Optimization of Atomizer

As can be seen from Figure 7b,c,e f, the tooth number (X3) that achieved the lowest
VMD and SRW was between 8 and 32 in the full rotation-speed (X;) and flow-rate (Xp)
range, but the optimal X3 was not unique for the combination of different X; and X,.
Therefore, the least-significant-difference method was used to compare the means of the
test results in Table 7 of Section 4.1.3. The VMD and SRW mean values of different X3 are
shown in Figure 8. The results show that the VMD values in ascending order were 8, 32
and 20, and the SRW values in ascending order were 32, 8 and 20; thus, the optimal X3 was
20. Finally, the optimal tooth number of the toothed rotating ring was 20 and the tooth
shape of the toothed rotating ring was square. The spray width of the centrifugal atomizer
was studied later based on this optimal structure.

4.2. Box—Behnken Test of Spray Width

There were 17 test points in the Box-Behnken test protocol for the spray-width test,
including 12 analysis factors and 5 zero-point estimation errors. The test design scheme
and response values of ESW are shown in Table 10.
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Figure 8. Graph of the VMD and SRW mean values comparison of each tooth number level.

Table 10. Scheme and results of spray width Box-Behnken test.

Effective Swath

T rial Test Factors
Number Width
X X5 Xs (ESW (cm))

1 1 -1 0 85.24
2 -1 1 0 48.18
3 0 0 0 76.5
4 -1 0 -1 45.84
5 0 0 0 74.08
6 1 1 0 87.75
7 0 0 0 75.03
8 0 1 -1 83.35
9 1 0 -1 107.76
10 0 -1 3 73.36
11 1 0 3 87.31
12 0 0 0 73.29
13 0 -1 -1 79.74
14 -1 -1 0 4341
15 -1 0 3 48.84
16 0 0 0 72.95
17 0 1 3 78.26

4.2.1. Significance Analysis and Regression Model

The quadratic regression model was obtained by analyzing the Box-Behnken test
results using Design-Expert software. Variance analysis results of the quadratic regression
model are shown in Table 11. The p-values < 0.01 for the ESW regression models, indicating
a very significant relationship between the ESW and regression equation. The p value of
lack-of-fit was 0.2409 (>0.05), indicating a small percentage of abnormal errors in the actual
fitting and the regression equation, and a good fitting. The variation coefficient CV = 2.14%,
indicating good test reliability. The determination coefficient R? = 0.9975 and the calibration
determination coefficient Adj R? = 0.9943, indicating good regression equation reliability.
Adeq Precision = 57.26, indicating a good precision of the regression model. In addition,
all the primary terms, X;, X, and Xs; interaction terms, X; X, X»X5; and secondary terms,
X? and X2 had a significant effect on ESW, and the remaining terms had no significant effects
on ESW. After fitting the regression to the experimental results, the regression equations
of ESW with rotation speed (X), flow rate (X;) and spray height (X5) as variables was
obtained, as shown in Equation (4):

ey = 0.026138 — 4.99145E — 06X — 6.82333E — 06X + 0.002902X3 + 6.07843E — 10X1 X, + 2.74496E @
—07X1 X3 — 3.1033E — 07X, X3 + 3.07543E — 10X? + 2.08516E — 09X7 — 0.000844X3
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Table 11. Significance analysis of spray width Box-Behnken test results.

Source Sum of Squares ]l)::f:sz;f F-Value p-Value
Model 0.0003 9 311.03 <0.0001 significant
X 0.0002 1 2278.16 <0.0001
X, 2.013 x 10~° 1 20.58 0.0027
Xs 9.143 x 1077 1 9.35 0.0184
X1X» 9.459 x 107 1 9.67 0.0171
X X5 3.086 x 107© 1 31.55 0.0008
X1X5 2408 x 1078 1 0.2462 0.6350
Xi 0.0000 1 426.94 <0.0001
X3 7.151 x 1078 1 0.7311 0.4208
X3 2,997 x 10° 1 30.64 0.0009
Residual 6.847 x 1077 7
Lack of Fit 42 x 1077 3 2.12 0.2409 not significant
Pure Error 2.646 x 1077 4
Cor Total 0.0003 16

R? = 0.9975; Adj R? = 0.9943; C.V. % = 2.14%; Adeq Precision = 57.26
Note: p < 0.01 (highly significant); 0.01 < p < 0.05 (significant).

4.2.2. Response Surface Analysis

Response surface plots of the corresponding models were generated using Design-
Expert 11 software, as shown in Figure 9, demonstrating the interaction between the
rotation speed, X;; flow rate, X,; and spray height, X5 on ESW.

T TTTT— 108.0
1017

95.48
89.22
82.96
76.70
70.44
64.18
57.92
51.66
45.40

Figure 9. Response surface plot of rotation speed and flow rate (a), flow rate and spray height (b),
rotation speed and spray height (c) on effective swath width (ESW).

Figure 9a—c show the interaction surfaces of rotation speed (X;) and flow rate (X»),
rotation speed (X1) and spray height (X5), and flow rate (X;) and spray height (X5) on ESW,
respectively. From Figure 9a, it can be seen that when X5 was constant, the ESW increased
first and then gradually became constant as X; increased. When X; was constant, the ESW
was positively correlated with X,. The reason for this may be that as the atomizer’s rotation
speed increases, the VMD becomes smaller, and the deposition time of small droplets is
longer and they are easier to drift, resulting in larger ESW. From Figure 9b, it can be seen
that when X, was constant, ESW increased first and then gradually became constant with
the increase in X;. When X; was low, the ESW was positively correlated with X5. When
X; was high, the ESW was negatively correlated with X5. This may be because when the
atomizer’s rotation speed is high, the VMD is small, and the drift becomes serious as spray
height becomes larger, which leads to the droplets becoming off-target, making the ESW
smaller. When the atomizer’s rotation speed is low, the VMD is larger and the droplets
move in the air for a longer time as spray height increases, resulting in larger ESW. As can
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be seen from Figure 9¢, when X; was constant, the ESW showed a trend of first decreasing
and then increasing with the increase in X5. When X5 was constant, ESW was positively
correlated with Xj. The reason for this may be that as the atomizer’s flow rate increases,
although the particle size becomes larger, the speed of the droplets leaving the atomizer
becomes faster, therefore resulting in a larger ESW.

When the ESW becomes larger, the UAV needs to fly at a wider row spacing to prevent
heavy spray; when the ESW becomes smaller, the UAV needs to fly at narrower row spacing
to prevent missed spray. In general, the rotation speed, flow rate and spray height have
certain effects on the ESW of the atomizer, and the predicted ESW of the above regression
model can provide a reference for the setting of row spacing in the UAV spraying process.

5. Conclusions

In this paper, the structural optimization of the dual-atomization centrifugal atomizer
and its atomization performance were studied. First, the ANOVA concluded that the
rotation speed, flow rate, and tooth number had a significant effect on the droplet VMD
and SRW. Although the tooth shape had no significant effect on the droplet VMD and
SRW, probably due to the variability in the recorded values, the square tooth shape had the
smallest droplet VMD and the narrowest droplet SRW; thus, the square tooth shape had the
best atomization effect among the three tooth shapes. By correctly combining tooth shape
and tooth number, a dual-atomization centrifugal atomizer with optimized structure can
be obtained. The optimized structure parameters were obtained as a square tooth shape
and tooth number of 20. Then, the regression models of the droplet VMD and SRW were
obtained using the response surface method, and the determination coefficients R? were
0.9976 and 0.9770, respectively; thus, these models can be used to accurately control the
precise spray effect of the optimized dual-atomization centrifugal atomizer.

In order to study the spray width of the dual-atomization centrifugal atomizer, the
effects of the rotation speed, flow rate and spray height on the ESW of the atomizer were
studied. The experimental results showed that the rotation speed, flow rate, and spray
height had a significant effect on the atomizer’s ESW. Therefore, the rotation speed, flow rate
and spray height need to be comprehensively considered during the UAV spraying. The
regression model of the atomizer’s ESW was obtained using the response surface method,
and the determination coefficient R? was 0.9975, which indicated that the regression model
is accurate; thus, the model can be used to predict and control the ESW of the atomizer
during the UAV spraying.

Zhou et al. optimized the structure of the rotating-cup atomizer with a fixed rotation
speed (3600 r/min) and flow rate (700 mL/min) [25]. Ru et al. optimized the rotation-speed
and flow-rate parameters of a centrifugal atomizer with 80mm rotating-disc diameter [43].
Yang et al. tested the volume median diameter and effective swath width of an aviation-
special centrifugal atomizer in an indoor windless environment, and established the mathe-
matical model of volume median diameter and effective swath width [38]. Compared with
previous research, this study proposed an aerial dual-atomization centrifugal-atomizer
structure, and further studied the atomization-performance modeling base on the structure
optimization of this atomizer. Moreover, the test results indicate that the atomization effect
of this atomizer structure is better than a slotted-rotary-disc atomizer.

The limitation of this work is that we tested the droplet characteristics and atomizer-
spray swath under windless conditions, and, therefore, did not consider the impact of
ambient wind and downwash airflow. The main reason is that ambient wind cannot be
precisely controlled and downwash airflow is affected by many factors and cannot be
accurately simulated. Although the downwash airflow affects the droplet deposition in
many cases, it has almost no effect on the droplet characteristics of atomizers. Furthermore,
the centrifugal atomizers could be used not only for UAVs but also for other vehicles such
as tractors, ATVs (all-terrain vehicles) or UTVs (utility terrain vehicles). Therefore, in future
research, this optimized atomizer will be equipped on a UAV to study the field spraying
performance.
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Overall, this work provided an optimized dual-atomization centrifugal atomizer for
efficient UAV aerial application, and the established regression model of atomization
performance can provide a reference for the control of precise aerial application.

Abbreviation

The following abbreviations are used in this manuscript:

UAV unmanned aerial vehicle

VMD volume median diameter

SRW spectral width

ESW effective swath width

FAO UN Food and Agriculture Organization

National Center for International Collaboration Research on Precision Agricultural

NPAAC Aviation Pesticide Spraying Technology
ATV all-terrain vehicle
UuTv utility terrain vehicle
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