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Abstract: Spray characteristics are the fundamental factors that affect droplet transportation downward, deposition, and drift.
The downwash airflow field of the Unmanned Aviation Vehicle (UAV) primarily influences droplet deposition and drift by
changing the spray characteristics. This study focused mainly on the effect of the downwash airflow field of the UAV and
nozzle position on the droplet spatial distribution and velocity distribution, which are two factors of spray characteristics. To
study the abovementioned characteristics, computational fluid dynamics based on the lattice Boltzmann method (LBM) was
used to simulate the downwash airflow field of the DJI T30 six-rotor plant protection UAV at different rotor rotational speeds
(1000-1800 r/min). A particle image velocimetry system (PIV) was utilized to record the spray field with the downwash airflow
field at different rotational speeds of rotors (0-1800 r/min) or different nozzle positions (0, 0.20 m, 0.35 m, and 0.50 m from the
motor). The simulation and experimental results showed that the rotor downwash airflow field exhibited the ‘dispersion-
shrinkage-redispersion’ development rule. In the initial dispersion stage of rotor airflow, there were obvious high-vorticity and
low-vorticity regions in the rotor downwash airflow field. Moreover, the low-vorticity region was primarily concentrated below
the motor, and the high-vorticity region was mainly focused in the middle area of the rotors. Additionally, the Y-direction
airflow velocity fluctuated at 0.4-1.2 m under the rotor. When the rotor airflow developed to 3.2 m below the rotor, the Y-
direction airflow velocity showed a slight decrease. Above 3.2 m from the rotor, the Y-direction airflow velocity started to
drastically decrease. Therefore, it is recommended that the DJI T30 plant protection UAV should not exceed 3.2 m in flight
height during field spraying operations. The rotor downwash airflow field caused the nozzle atomization angle, droplet
concentration, and spray field width to decrease while increasing the vortex scale in the spray field when the rotor system was
activated. Moreover, the increase in rotor rotational speed promoted the abovementioned trend. When the nozzle was installed
in various radial locations below the rotor, the droplet spatial distribution and velocity distribution were completely different.
When the nozzle was installed directly below the motor, the droplet spatial distribution and velocity distribution were relatively
symmetrical. When the nozzle was installed at 0.20 m and 0.35 m from the motor, the droplets clearly moved toward the right
under the induction of stronger rotor vortices. This resulted in a higher droplet concentration in the right-half spray field.
However, the droplet moved toward the left when the nozzle was installed in the rotor tip. For four nozzle positions, when the
nozzle was installed at 0 or 0.20 m from the motor, the droplet average velocity was much higher. However, the droplet average
velocity was slower when the nozzle was installed in the other two positions. Therefore, it is recommended that the nozzle is
installed at 0 or 0.20 m from the motor. The research results could increase the understanding of the downwash airflow field
distribution characteristics of the UAV and its influence on the droplet spatial distribution and velocity distribution
characteristics. Meanwhile, the research results could provide some theoretical guidance for the choice of nozzle position below
the rotor.
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1 Introduction

The past decade has seen a dramatic increase in the use of
Unmanned Aviation Vehicles (UAVs), especially in China!.
Compared to piloted aircraft, UAVs are more maneuverable, do not
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require a special landing airport, and can execute low-altitude
spraying operations™. Compared to ground-based plant protection
machinery, UAVs are more environmentally adaptable. UAVs are
ideally suited for use in critical spray scenarios such as small fields,
hilly terrain, and high-stem crops*’. According to the statistics of
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the National Agricultural Technology Promotion Center of the
Ministry of Agriculture and Rural Affairs, China, the number of
UAVs in China reached more than 50 000, and the annual operation
area reached more than 31 million hm? in 2019". After 5 years of
development, the number of UAVs in China has increased by
approximately 72 times, and the annual operation area has increased
by approximately 108 times. Plant protection UAV spraying
technology has developed into one of the primary spraying
technologies in China at this stage.

Compared with ground spray application techniques, the
deposition uniformity of droplets sprayed by a plant protection
UAYV in the crop canopy is relatively low”. One reason for that is
spray leakage caused by the unstable operation system of the plant
protection UAV™. Another possibility is that the rotor airflow field
of the plant protection UAV disturbs the uniform spatial distribution
of droplets, which in turn leads to uneven droplet deposition in the
crop canopy. With the development of the plant protection UAV
operation system, the route accuracy and stability of the plant
protection UAV have been greatly improved. So the situation with
regard to leakage spraying has been significantly improved.
Therefore, currently, the spatial distribution of droplets under the
action of the rotor airflow field is the main factor affecting the
uniformity of droplet deposition.

Current studies on the rotor airflow field of UAVs have mainly
focused on the distribution and development characteristics of the

a. T30 UAV

d. T30 UAV model
Figure 1

Table 1 Basic parameters of the T30 plant protection UAV

Parameter description Value

Number of rotors 6

Rotor diameter x rotor pitch/cm? 1158.24%609.60

Maximum wheelbase/mm’ 2858%2685%790
Cabinet volume/L 30
Standard nozzle XR11001VS/TXVK04
Nozzle number 16

b. Rotor scanning

rotor airflow field”", the effect of the flight parameters of UAV on
the rotor airflow field"*'®, and the influence of droplet size and the
horseshoe vortex on droplet drif'"”. However, there are relatively
few studies on the droplet spatial distribution characteristics under
the action of the rotor airflow field.

In order to study the spatial distribution and velocity
distribution characteristics of droplets under the action of the rotor
airflow field, this study simulated the rotor airflow field of plant
protection UAV based on LBM and analyzed the distribution
characteristics of the rotor airflow field. At the same time, the
particle image velocimetry (PIV) system was selected to capture
and analyze the spray field. The spatial distribution and velocity
distribution characteristics of droplets were analyzed, and the effect
of rotor rotation speed, nozzle position, and the distribution
characteristics of the rotor airflow field on the spatial distribution
and velocity distribution characteristics of droplets was revealed.

2 Materials and methods

2.1 Numerical simulation
2.1.1 UAV model

In this work, the DJI T30 six-rotor plant protection UAV (DJ-
Innovations, Shenzhen, China) was selected as the numerical
simulation model (Figure 1a), according to its popularity in China.
The basic parameters of the UAV are listed in Table 1.

c.Rotor model

Rotor2
Rotor] Rotor3
R
otor6 Rotor4
X
X y Z
Rotor5 :

e. rotation direction of six rotors

Modeling process of the T30 UAV

The rotor of the plant protection UAV is an extremely
important part because it is the part producing the downwash
airflow field, which directly influences droplet position and velocity
spatial distribution. To ensure the modeling accuracy of the rotors,
an automatic three-dimensional optical scanning system (EinScan
Pro 2X 2020, Xianlin 3D Tech Co., Ltd., China) was used to scan
the rotors with clockwise and anti-clockwise rotation. The scanning
process and results are shown in Figures 1b and lc. Then, the rotor
model was reconstructed by Geomagic Studio software (Geomagic
Inc., USA). The fuselage, pesticide cabinet, landing gear, and
nozzles of the UAV were built by Inventor software (AutoDesk,
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USA). The reconstructed three-dimensional model of the T30 UAV
is shown in Figure 1d.

The T30 plant protection UAV has six rotors, three of which
rotate clockwise (Rotors 1, 2, and 3), and the other three rotate
counterclockwise (Rotors 4, 5, and 6), as shown in Figure le. The
distribution of the UAV rotors could maintain the torque balance to
allow the UAYV to fly steadily.

2.1.2 Lattice Boltzmann method

The lattice Boltzmann method is based on a special
discretization of the continuous Boltzmann equation. Therefore, it is
a dynamic model that simulates the fluid phase at the mesoscopic
level™. In the lattice Boltzmann method, the computational domain
is divided into a uniform Cartesian lattice. Each Cartesian lattice has
a fixed number of distribution functions fi(x,f) that describe the
motion and properties of the fluid and represent the probability of
finding a particle at lattice position x at time # in the i-direction'*..

The morphology of the lattice is defined by D dimensions and
QO lattice velocity ¢;. There are many velocity-space discrete
schemes for 3D flow simulation, including D3Q15, D3Q19, and
D3Q27. D3Q15 represents a three-dimensional lattice that has 15
lattice velocities. D3Q19 represents a three-dimensional lattice that
has 19 lattice velocities. D3Q27 represents a three-dimensional
lattice that has 27 lattice velocities. Although more velocities of the
lattice will occupy more memory and require higher computing
requirements, considering the numerical stability and accuracy of
turbulent flow, the D3Q27 velocity space discrete scheme was used
in this study, as shown in Figure 2.

21 12 20
1 3
10
2 13
23
15 6 7
1
2
14 s 8
25
18 19
16
4 9
26 24

Note: The black lines represent the discrete velocity vectors from the lattice
center to the face centers of the lattice. The red lines represent the discrete
velocity vectors from the lattice center to the midpoints of the lattice edges. The
blue lines represent the discrete velocity vectors from the lattice center to the top
corners of the lattice. D3Q27 represents a three-dimensional lattice that has 27
lattice velocities.

Figure 2 Schematic diagram of the D3Q27 lattice

By discretizing the Boltzmann equation in velocity space,
physical space, and time, the lattice Boltzmann equation is given
as™,

fi(x+cAt, 1+ A = fi(x, D)+ Qi(x, 1) (1)

where, Af is the time step, s; ©;is the collision operator. This
operator models particle collisions by redistributing particles among
the populations f; at each site.

There are many different collision operators available. In this

work, the Bhatnagar-Gross-Krook (BGK) operator with a single
relaxation time was selected to discretize the lattice Boltzmann
method. The BGK operator is expressed by Equation (2)>*.

on=t"1n @)

where, 7 is the relaxation time, s. The lattice Boltzmann equation
discretized by the BGK operator is

filx+cAt, t+Af) = fi(x, 1) - %(ﬁ(x, = f(x, 1) 3)

where, f is the equilibrium distribution function, and the

i

expression is

u-c¢; (u-c) uu>
A(x. ) =w, 1 - - 4
Frn w,p( * c? * 2c* 2c2 )
where, w; is the weight constant, and is defined as,
8 .
ﬁ’ i=0
2
ﬁ, i: 1, coey 6
w={2 5)
—, i=7,8,..,1
52 ,8, ..., 18
1
—, 1=19,20,...,2
716" i=19,20,...,26

¢, is the sound velocity, m/s; p is the density of the fluid, kg/m’; u is
the velocity of the fluid, m/s. p and u are defined as™,

Pl 0= filx,1) (6)

pu(x, 1) = Z cifi(x, 1) (7

2.1.3 Turbulence model

In XFlow software, the large eddy simulation (LES) approach
coupled with the wall-adapting local eddy viscosity (WALE) model
was employed for the simulations. The equations of the WALE
model are as follows:

(GnﬁGnﬁ)3/2

turbulent — Az 8
Vurent = 8 S+ (GosGop) ®
A=C,Vol” 9)
5. = Bt (10)
1 L1
Gop = 5 (805 + 83) = 30085, (11)

where, Vipuien 1S the turbulent eddy viscosity, Pa's; A is the filter
scale; G,4 and S, are the strain rate tensors of the resolved scales;
C,, is a constant with a value of 0.2. Vol is the grid volume; g,4, g4,
and g,, are the strain rate tensor; J, is the Kronecker symbol.
2.1.4 Computational domain and spatial discretization

In this work, the downwash airflow of the DJI T30 plant
protection UAV in hover was simulated. To analyze the effect of
the rotors’ rotation speed on the downwash airflow distribution,
three rotation speeds are set in this study: 1000 r/min, 1500 r/min,
and 1800 r/min.

The virtual wind tunnel is selected as the computational domain
for simulation. The size of the virtual wind tunnel was 20 mx
6 mx20 m in the X, Y, and Z directions, respectively. The UAV was
placed in the center of the virtual wind tunnel. The height of the
UAV from the ground is 4 m. The detailed sizes are shown in
Figure 3. The simulation lasted 3 s with a time step of 0.005 s.
When the computation ran for 3 s, the downwash airflow was fully
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dispersed™.

h=4 m c=6m

b= )
20m a=20 m o

Note: a, b, and ¢ are the length, width, and height of the virtual wind tunnel,
respectively. 4 is the distance from the UAV to the ground.
Figure 3 Schematic diagram of the computational domain

The aim of the simulation is to obtain the downwash airflow
field of the UAV. The rotor generates the downwash airflow field.
Therefore, to guarantee that the downwash airflow develops
accurately and steadily, the discretization resolutions of the six
rotors and the wake were set to 0.025 m and 0.0125 m, respectively.
The fuselage and nozzle have little effect on the downwash airflow
field; thus, the fuselage, nozzle, and global spatial resolutions were
set to 0.1 m. In the limitation of the computer resource, this
discretization resolution combination can provide a more accurate
and steady downwash airflow field, as well as acceptable
computational efficiency. The simulation refinement is shown in
Figure 4.

y
z X
Figure 4 Lattice distribution using the adaptive wake
refinement strategy

a. Two-phase-flow visualization system and ultrasonic anemometer

2.2 Numerical simulation accuracy evaluation

The rotor airflow velocities of the numerical simulation and
actual UAV in hover were measured at a rotor rotational speed of
1000 r/min. The error range of the rotor airflow velocities obtained
by the two methods was compared to evaluate the accuracy of the
numerical simulation results.

2.2.1 Experimental setup

To obtain a safe and steady rotor downwash airflow field, the
rotor of DJI T30 was removed and mounted on the two-phase flow
visualization system. Then, the ultrasonic anemometer produced by
Jinzhou Tiannuo Huaneng Instrument Co., Ltd., China was selected
to measure the airflow velocity formed by the rotor mounted on the
two-phaseflowvisualizationsystem. Theairflow velocitymeasurement
range is 0-60 m/s. The measurement accuracy is +0.2 m/s, or 2% of
the reading, whichever is greater. The resolution is 0.1 m/s.

The abovementioned two-phase flow visualization system
mainly consists of the rotor system, spray system, control system,
and lifting and walking device. These systems can be used to form
the downwash airflow field of the UAV and the spray field with or
without the rotor downwash airflow field, as shown in Figure Sa.
The width of the two-phase flow visualization system is 4 m. The
initial height of the rotor system is 1.8 m from the ground, which
can be adjusted within 0-1 m by a remote control lifting device. The
rotor rotational speed can be adjusted within 600-2500 r/min. The
tilt angle of the UAV can be adjusted within the range of —30°-30°.
The spray system supports hydrodynamic and centrifugal
atomization. The spray pressure range is 0-1.2 MPa. The flow rate
range is 0-2 L/min. The spraying time is freely controlled by the
operator.

In this experiment, the rotor system was adjusted to its highest
position of 2.8 m above ground.

0.03m
0.09 m
0.4 m-1.5m
0.4 m-2m
0.05m
0.1m
1.5m-3.9m

b. Distribution diagram of sampling points

Figure 5 Two-phase-flow visualization system and airflow velocity measurement distribution map

2.2.2 Airflow velocity acquisition method

To collect the rotor airflow velocity at different positions in the
rotor downwash airflow field, 62 velocity sensor lines were set
below Rotor 2. The first line was set at 0.40 m below Rotor 2. The
last line was 3.90 m below Rotor 2. The interval between adjacent
velocity sensor lines was 0.03 m for 0.40-1.50 m below Rotor 2
where the spray field was obtained and 0.05 m for 1.50-3.90 m
below Rotor 2. The length of the velocity sensor line was equal to
the rotor diameter. Every velocity sensor line included 100 equally
spaced measurement points. The arrangement of the velocity sensor

lines below Rotor 2 is shown in Figure Sb.

To reduce the measurement risk and effort, the interval of the
vertical measurement point was set to 0.09 m within 0.40-1.50 m
below the rotor and to 0.10 m within 1.50-2.00 m below the rotor
when the ultrasonic anemometer was used to measure the airflow
velocity of the downwash airflow field. The interval of the radial
measurement point was 0.25 m. The detailed distribution of the
measurement points is shown in Figure 5b.

The average airflow velocity at different heights or radial
positions of the rotor was calculated by Equations (12) and (13).
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Z VHa—j
Jj=1
Vi= —¢5 (12)

100

Z Vi j—a
a=1

100

Vi = (13)

where, V3, is the average airflow velocity for rotor radial position
number a, m/s; Vy, ; is the airflow velocity at the radial position of
rotor i and height j, m/s; Vy;; is the average airflow velocity at height
Jj below the rotor, m/s; V,, is the airflow velocity below the rotor at
height j and radial number a, m/s.
2.3 PIV experiment
2.3.1 Experimental Program

There are two experimental variables, namely, the rotor
rotational speed with 4 values of 0, 1000 r/min, 1500 r/min, and
1800 r/min, and the nozzle position with 4 values of 0, 0.20 m, 0.35
m, and 0.50 m from the motor. The schematic layout of the nozzle
position is shown in Figure 6.

The rotor

Om
0.5m 0.35m 0.2m

Figure 6 Schematic layout of the four nozzle positions

To generate a safe and steady rotor downwash flow field and
spray field, a two-phase-flow visualization system was used to
simulate the rotor downwash airflow field and the spray field. To
guarantee that the two-phase-flow visualization system accurately
replicated the downwash airflow field of the T30 UAV in the hover
and spray fields, the original rotor and the standard nozzle with
TXVK-04 (Teelet Technologies (Tianjin) Co., Ltd.) of the T30
UAV were mounted on the two-phase flow visualization system to
form the rotor downwash flow field and spray field. Additionally,
the vertical distance between the nozzle and the rotor was 0.42 m.
2.3.2  Spray field acquisition method

To illuminate the spray field, a dual-cavity Nd:YAG laser
(shown in Figure 7) was used to continuously emit two laser pulses,
which were expanded into a two-dimensional laser sheet by a
cylindrical lens in the light-guiding arm. The light-guiding arm was
placed at 1 m from the nozzle. The angle of the light-guide arm was
adjusted until the two-dimensional laser sheet coincided with the

central sheet of the spray field.

Figure 7 Particle image velocimetry (PIV) system

A Charge Coupled Device (CCD) camera was placed at 1.12 m
in front of the nozzle, aligned at 90° to the laser sheet, and focused
on the central sheet of the spray field, as shown in Figure 7. A
42521 mmx425.21 mm view field was formed at this distance
between the camera and the nozzle. To guarantee that each droplet
in the spray field photographed by the camera has a clear outline
and an appropriate threshold value that could ensure that the post-
processing software can identify the droplet accurately, the laser
pulse energy was set to 285 mJ. The time between two laser pulses
was optimized and finally set to 50 us. The emission frequency of
the laser pulse was set to 7.5 Hz. Two hundred pairs of images were
continuously recorded for each experimental treatment.

In this work, the spray field within 1.2 m below the rotor
(within 0.8 m below the nozzle) needed to be captured. Due to the
limitation of the camera resolution, the maximum photograph area
of the camera is 500 mmx500 mm; thus, the 0.8 m spray field
needed to be captured twice. Completing the calibration of the PIV
system, the rotor and spray systems were turned on. When the
downwash airflow field of the UAV and the spray field were
stabilized, the PIV system was activated and used to record the
spray field. After the first section of the spray field was recorded,
the rotor and spray systems were turned off. The rotor system was
raised by 0.4 m. Then, the rotor and spray systems were turned on
again. After the rotor downwash airflow field and spray field were
stabilized, the PIV system was activated to record the second
section of the spray field.

2.3.3 Spray field post-processing method

The 200 pairs of spray field images were imported into the post-
processing software of the PIV system, namely, INSIGHT 4G
software. A new background was formed by calculating the average

The rotor

Nozzle
Cross correlation
¢ Peak search
t+dt dy
dx Velocity vector

for a singlc

. . correlation
Computer Interrogation window window
CCD camera

Note: “¢” is the time that was recorded for the first frame of the spray flow field. “#+ds” is the time that was recorded for the second frame of the spray flow field. dx and

dy are the displacements of the droplet in the x and y directions respectively, in the interrogation window.

Figure 8 Schematic diagram of spray field recording and analysis
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intensity of 200 pairs of images. Two hundred pairs of higher-
quality images were generated by subtracting the new background.
Then, the Nyquist grid processor with an interrogation window size
of 32x32 pixels or 48x48 pixels was used to divide the new 200
pairs of spray field images. The cross-correlation and adaptive cross-
correlation algorithms were applied to analyze the image pairs and
generate the vector fields of the spray field. Global and local vector
validation algorithms were selected to validate the vector field,
namely, to identify and remove the bad vectors and interpolate the
new vector from the valid neighbors.

The droplet velocity was low when the rotor system was not
activated. However, the droplet velocity was high when the rotor
system was activated. Therefore, droplet displacement at the same
time interval was extremely different with or without the rotor
downwash airflow field. Moreover, the droplet concentration was
lower when the rotor system was turned on. To ensure that there
was an appropriate droplet concentration and displacement in the
interrogation window, the interrogation window size was set to
32x32 pixels when the rotor was turned off and to 48x48 pixels
when the rotor system was turned on.

3 Results and discussion

3.1 Validation of results

To evaluate the accuracy of the simulation model in this work,
the rotor airflow velocities obtained by the two methods were
measured, and the results are shown in Figure 9. Figure 9 shows
that the errors of the rotor airflow velocities generated by the two
methods were basically within 10%. Only the errors of the airflow
velocities at the sample points of 1.9 m and 2.0 m below the rotor
were more than 10%, which occurred possibly because the airflow

a. 1000 r/min

b. 1500 r/min

velocities were affected by the ground effect of airflow. In total, the
accuracy of the numerical simulation results was high, and the
numerical simulation results can be used for further analysis of the
distribution and development characteristics of the downwash
airflow field.

8.0

75k 10% Error range
: —=— Numerical simulation
70+ = measurement

6.5
6.0 |
551
50
451
40
351
3.0
251
2.0

Airflow velocity/m-s™

04 06 08 10 12 14 16 1.8 20
Airflow position in Y-direction/m

Figure 9 Comparison of airflow velocity measured

by two methods

3.2 UAY rotor airflow field

After the airflow passed through the surface of the high-speed
rotating rotor, a circular vortex was formed, and the circular vortex
spread downward in accordance with the “dispersion-shrinkage-
redispersion” rules, as shown in Figure 10. The development and
distribution characteristics of the rotor downwash airflow field at
three rotational speeds were similar.

c. 1800 r/min

Figure 10  Average vorticity distribution at different rotor rotation speeds

In the initial dispersion stage of the rotor downwash airflow
field, there were clear high-vorticity and low-vorticity regions in the
rotor downwash airflow field (shown in Figure 10). The high-
vorticity airflow was mainly concentrated in the middle region of
the rotor. The average airflow vorticities of the high-vorticity
regions at rotor rotational speeds of 1000 r/min, 1500 r/min, and
1800 r/min were 85.47 s, 129.28 s, and 163.66 s, respectively.
The low-vorticity rotor airflow was mainly concentrated below the
motor (shown in Figure 10). At three different rotor rotational
speeds, the average airflow vorticities of the low-vorticity region
were 58.34, 100.49, and 107.76, respectively. These values were
significantly
abovementioned high-vorticity region. The different vorticity

lower than the average vorticities of the
airflow perturbs the spray field and disperses the droplets
differently. The non-uniform distribution of vorticity in the rotor
downwash airflow field will lead to a more nonuniform distribution

of droplets and droplet velocity below the rotor, which in turn

affects the uniformity of droplet deposition in the target area.

Figure 11la shows the variation curves of the Y-directional
airflow velocity with its dispersion distance in the Y-direction. The
Y-directional airflow velocity fluctuated without showing an
obvious trend of rising or falling before 1.20 m under the rotor.
When the rotor airflow developed to 3.20 m below the rotor, the Y-
directional airflow velocity showed a slight decrease. The Y-
directional airflow velocity at 3 rotor rotational speeds of 1000,
1500, and 1800 r/min decreased by 0.58, 1.10, and 1.03 m/s,
respectively. However, above 3.20 m from the rotor, the Y-
directional airflow velocity started to rapidly decrease (shown in
Figure 11a). Within the distance of 0.90 m, the Y-directional rotor
airflow velocity at 3 rotor rotational speeds decreased by 2.37, 2.09,
and 3.20 m/s.

The X-directional airflow velocity was also not steady before
1.2 m under the rotor. At 1.2-3.9 m under the rotor, the X-
directional airflow velocity gradually decreased as the Y-directional
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Figure 11V, V,, and V, variation curves with their dispersion
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distance increased, as shown in Figure 11b. In total, from 0.4 to 3.9
m below the rotor, the X-directional rotor airflow velocity decreased
by 63.86%, 62.67%, and 69.35% when the rotor rotational speed
was 1000 r/min, 1500 r/min, and 1800 r/min, respectively. The Z-
directional rotor airflow velocity fluctuated and did not show an
evident trend, as shown in Figure 11c.

In summary, according to the development characteristics of
the rotor airflow velocity in the X and Y directions with its diffusion
distance, this study recommended that the flight height of the T30

plant protection UAV should not exceed 3.2 m. On the one hand,
the UAV flight height increases, the droplet transportation distance
increases, and the risk of droplet drift increases. Moreover, the Y-
directional rotor airflow velocity started to rapidly decrease beyond
3.2 m, and the ability to assist droplets to transport downward
rapidly decreased, which also caused the risk of droplet drift to
increase. On the other hand, the rotor airflow velocity in both the Y-
and X- directions outside 3.2 m was relatively low, and the
disturbance ability to crop branches was relatively weak, especially
for sturdy branch crops such as maize. This will reduce the
penetration probability of droplets within the crop canopy.

The rotor airflow velocity distribution along the rotor radial
direction determines the nozzle installation position and affects the
distribution of the spray field. In this study, based on the velocity
sensor line described in Section 2.2, the rotor airflow velocity in the
X, Y, and Z directions was collected in the rotor downwash airflow
field. The distribution curves of the rotor airflow velocity along the
rotor radial direction in the three directions are shown in Figure 12.

As shown in Figure 12a, the distribution curves of the Y-
directional rotor airflow velocity along the rotor radial direction
resembled an inverted ‘W’. Namely, from the motor to the rotor tip,
the Y-directional rotor airflow velocity tended to increase first and
then decrease. In the left rotor downwash airflow field, the
maximum Y-directional rotor airflow velocity occurred between
—0.24 and —0.26 m from the motor for 3 rotor rotational speeds. In
the right rotor downwash airflow field, the maximum Y-directional
rotor airflow velocity occurred between 0.15 and 0.21 m from the
motor. The maximum average Y-directional airflow velocities at
rotor rotational speeds of 1000 r/min, 1500 r/min, and 1800 r/min
were 8.90 m/s, 12.01 m/s, and 15.64 m/s, respectively. Additionally,
the Y-directional rotor airflow velocity was lower for the region of
—0.11-0.04 m, and the average Y-directional rotor airflow velocity
in this region was 4.90 m/s, 7.60 m/s, and 9.24 m/s at 3 rotor
rotational speeds.

The distribution curves of the X-directional rotor airflow
velocity along the rotor radial direction were similar to those of the
Y-directional rotor airflow velocity, which were the inverted "W"
type, as shown in Figure 12b. When the rotor rotational speed was
1800 r/min, the X-directional airflow velocity in the left rotor
downwash airflow field basically reached the maximum value at
—0.19 m, and the maximum value covered a large area, which
generally ended at —0.45 m. The average X-direction airflow
velocity in the abovementioned range was 3.93 m/s. The maximum
X-directional airflow velocity in the right rotor downwash airflow
field was in the range of 0.15-0.33 m, with a maximum velocity
value of 4.15 m/s. When the rotor rotational speed was 1500 r/min,
the maximum X-directional airflow velocity in the left rotor
downwash airflow field was approximately —0.4 m from the motor,
with a maximum velocity value of 3.85 m/s. In the right rotor
downwash airflow field, the X-directional airflow velocity curve
had two peaks at distances of 0.13 and 0.32 m from the motor. The
maximum X-direction airflow velocities were 3.98 m/s and 4.30
m/s, respectively. When the rotor rotational velocity was 1000
r/min, the maximum X-direction airflow velocity on the left rotor
downwash airflow field was at the same position as that at 1500
r/min, and the maximum X-direction airflow velocity was 2.94 m/s.
In the right rotor downwash airflow field, the maximum X-direction
airflow velocity was between 0.12 and 0.42 m. The X-directional
airflow velocity in this range was relatively high, with an average of
2.28 m/s. The position of the maximum X-directional airflow
velocity described above basically coincides with the high vorticity
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region.

The distribution curves of the Z-directional rotor airflow
velocity along the rotor radial direction were also irregularly
inverted ‘W’. The Z-directional rotor airflow velocities were much
lower than those of the other two directions. The larger Z-
directional rotor airflow velocity was basically concentrated at 0.32-
0.40 m from the motor. The Z-directional rotor airflow velocity
within 0.2 m to the left and right of the motor was relatively lower,
as shown in Figure 12c.

3.3 Spray velocity field

Due to the sudden injection of high-speed liquid into the air, the
original dispersion state of the air was broken, which caused the air
pressure difference and produced self-induced vortices in the spray
field. The air self-induced vortex coupled with the spray field
generates multiple scales of local vortices in the spray field and
affects the spatial distribution of droplets, as shown in Figure 13a.

As shown in Figure 13a, many droplets were concentrated in
the middle region of the spray field, and the droplet size in this
region was small when the rotor system was not activated. The
droplet concentration was relatively low at the edge of the spray
field, and the droplet size was larger. This phenomenon occurs
mainly because small droplets follow airflow more easily; thus, the
induced vortices continued to transport the small droplets to the
central region of the spray field. Additionally, the induced vortices’
centrifugal force propelled large droplets to the edge of the spray
field. As a result, the droplet concentration decreased and the
droplet size increased as the distance from the central axis of the
spray flow field increased, as previously mentioned.

When the rotor system was activated, the rotor downwash the
airflow field coupled with the spray field, breaking the original
dispersion of the droplets and redistributing the droplets in space.
Figures 13b-13d and 14a depict the droplet spatial distribution and
the radial distribution curve of droplet concentration (the number of
droplets per square centimeter) when the nozzle was installed below
the motor. Comparing Figures 13a and 13d, it was found that the
rotor downwash airflow field caused the nozzle atomization angle,
droplet concentration, and spray field width to decrease, but the
vortex scale in the spray field increased. Moreover, as the rotor
rotational speed increased, the nozzle atomization angle, droplet
concentration, and spray field width decreased, while the vortex
scale in the spray field increased, as shown in Figure 13. Additionally,
the average droplet concentration fell by 36.93%, 54.43%, and
68.09% at rotor rotational speeds of 1000 r/min, 1500 r/min, and
1800 r/min, respectively, in comparison to no rotor downwash
airflow field. The droplet concentration was essentially symmetrically
distributed when the nozzle was mounted below the motor because
the rotor downwash airflow field coupled with the spray flow field
was symmetrical, as displayed in Figure 14a.

¢. 1500 r/min d. 1800 r/min

Figure 13 Droplet spatial distribution at different rotor rotation speeds
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When the nozzle was positioned at various positions below the
rotor, the radial distribution curves of the droplet concentration and
droplet spatial distribution are shown in Figures 14b and 15,
respectively. As previously noted, the rotor downwash airflow field
distribution was symmetrical. Therefore, the spray field was also
symmetrically distributed under the symmetrical rotor downwash
airflow field when the nozzle was installed below the motor, as
shown in Figure 13d. When the nozzle was installed at 0.2 m from
the motor, the rotor airflow coupling with the right-half spray field
was stronger, as shown in Figure 16. Therefore, the droplets
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Figure 16 Area vorticity distribution in radial direction

originally in the left-half spray field moved to the right-half spray
field, which resulted in a very low droplet concentration in the left-
half spray field. Because the rotor airflow velocity was close to the
maximum at 0.20 m from the motor, the maximum rotor airflow
velocity resulted in the strongest perturbation on the spray field, the
lowest droplet concentration, the narrowest spray field width, and
the most asymmetric droplet spatial distribution in which the droplet
concentration in the right-half spray field was greater than that in
the left-half spray field, as shown in Figure 15a.

c.0.50 m

Droplet spatial distribution at different nozzle positions

When the nozzle was installed at 0.35 m from the motor, the
vorticity of the rotor airflow coupling with the right-half spray field
was still higher than that with the left-half spray field, as shown in
Figure 16; thus, the rotor airflow coupling with the right-half spray
field had a stronger ability to induce the droplets to move to the
right, especially small droplets. Therefore, when the nozzle was
installed at 0.35 m from the motor, the droplet concentration in the
spray field was asymmetric, and the droplet concentration in the
right-half spray field was greater than that in the left-half spray
field. Additionally, the droplet concentration in the right-half spray
field slightly increased, and the boundary of the right spray field
was clearly expanded, as shown in Figure 15b.

Only the left-half spray field was situated near the edge of the
rotor downwash airflow field when the nozzle was installed at 0.50
m from the motor (the rotor wing tip). Many droplets were
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transferred to the left-half spray field due to the vortices at the edge
of the rotor downwash airflow field, which resulted in a non-
uniform droplet distribution in the spray field, as shown in Figure
15c. The droplet concentration in the left-half spray field was
significantly higher than that in the right-half spray field and
noticeably higher than the droplet concentration under the
circumstances of the other three nozzle positions, as shown in
Figure 14b.

Figure 17 shows the average velocity field at different rotor
rotational speeds when the rotor was installed below the motor.
When the rotor system was not activated, the droplet velocity field
was symmetrical along the nozzle center axis, as shown in Figures
17a. Additionally, the fluid was atomized into many small droplets
under the action of external force. The droplet was affected by air

resistance during the downward movement; thus, some droplet
velocities decayed faster. These low-velocity droplets easily
converged to form a larger droplet. Under the effect of the induced
vortices’ centrifugal force, these larger droplets were thrown to the
edge of the spray field. Therefore, the droplet velocity near the
spray field's center axis was higher, while the droplet velocity
toward the spray field's edge was lower.

When the rotor system was activated, the droplet velocity in the
spray field significantly increased, as shown in Figure 17. At 1.2 m
below the rotor, the average droplet velocities at 0, 1000 r/min,
1500 r/min, and 1800 r/min were 1.27, 6.64, 9.12, and 10.29 m/s,
respectively. The droplet velocity increased by 422.83%, 618.11%,
and 710.24% when the rotor rotation speed rose from 0 to 1000,
1500, and 1800 r/min, respectively.
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Figure 17 Average droplet velocity field at different rotor rotation speeds (0.4 MPa)

When the rotor was installed below the motor, the droplet
velocity radial distribution was also symmetrical under the effect of
the symmetrical airflow, as shown in Figures 17d. Moreover, the
airflow velocity coupled with the spray field increased as the radial
distance increased; thus, the droplet velocity increased from the
center axis to the boundary of the spray field.

The Y-direction rotor airflow velocity was the highest, and the
rotor airflow velocity coupled with the spray field decreased as the
radial distance of the nozzle increased at 0.20 m from the motor, as
shown in Figure 12a. However, within 0.10 m radially of the nozzle,
the rotor airflow velocity coupling with the left-half spray field
decreased by 1.5 m/s, while the rotor airflow velocity coupling with
the right-half spray field decreased by 4.6 m/s. As a result, when the
nozzle was installed 0.20 m from the motor, the droplet velocity
was not affected by the decrease in the rotor airflow velocity, and
the droplet velocity in the left spray field was basically the same.
The droplet velocity in the right spray field decreased with the
decrease in the rotor airflow velocity. For this reason, the droplet
velocity field shown in Figures 18a were asymmetric, and the
droplet velocity in the left-half spray field was faster than that in the
right-half spray field.

When the nozzle was installed at 0.35 m from the motor, the
rotor airflow velocity coupling with the left-half spray field
increased as the radial distance of the nozzle increased, while the
rotor airflow velocity coupling with the right-half spray field

decreased with the increase in the radial distance of the nozzle. This
resulted in an asymmetrical droplet velocity field where the droplet
velocity in the left-half spray field was significantly larger than the
droplet velocity in the right-half spray field, as shown in Figures
18b.

When the nozzle was installed at 0.50 m from the motor, the
spray field was essentially out of the rotor downwash airflow field.
Only the left-half spray field was affected by the rotor downwash
airflow field; thus, the droplet velocity in the left-half spray field
slightly increased. However, the overall droplet velocity was low,
only slightly higher than the droplet velocity when the rotor system
was closed, as shown in Figure 18c.

In summary, compared with the droplet velocity without the
rotor downwash airflow field, the droplet velocity significantly
increased when the rotor system was activated. The droplet velocity
increased as the rotor rotational speed increased. The droplet
velocity radial distribution was consistent with the rotor airflow
velocity radial distribution. Based on the radial distribution of rotor
airflow velocity and droplet velocity, it is recommended to install
the nozzle below the motor or at 0.20 m from the motor. The droplet
velocity under this nozzle position combination is the largest, and
the droplet spatial distribution and velocity distribution are
relatively uniform. This is conducive to droplets moving downward,
reducing drift, and increasing droplet deposition uniformity.
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Figure 18 Average droplet velocity field at different nozzle positions (1800 r/min and 0.4 MPa)

3.4 Regression model of droplet velocity and airflow velocity
or transportation distance of droplet
3.4.1 Regression model of droplet velocity and airflow velocity in
the Y-direction

Based on the analysis in Section 3.3, it is known that the rotor
downwash airflow field has an extremely significant effect on the
droplet velocity and is the dominant factor affecting the droplet
velocity. In actual research, the measurement cost of rotor airflow
velocity is relatively low, and the measurement cost of droplet
velocity is very high; thus, it is a more economical method to
establish the relationship model between droplet velocity and rotor

airflow velocity and predict the droplet velocity based on the model
and rotor airflow velocity. In this study, a conventional linear
regression model was established based on the rotor airflow velocity
obtained from the numerical simulation and the droplet velocity
measured by the experimental method, as shown in Figure 19. The
R of the regression model between the droplet velocity and the
rotor airflow velocity was 0.8250, 0.8335, and 0.7034 when the
rotor rotational speed was 1000 r/min, 1500 r/min, and 1800 r/min,
respectively. This indicates that the regression model between the
rotor airflow velocity and the droplet velocity established in this
study can be used for droplet velocity prediction.
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Figure 19 Regression model of droplet velocity and airflow velocity

3.4.2 Regression model of droplet velocity and transportation
distance of droplet

A conventional regression model of droplet velocity and its
moving distance in the Y direction was constructed based on the
droplet velocity data within 1.20 m below the rotor at 0, 1000, 1500,
and 1800 r/min, as shown in Figure 20. The R*> values of the
regression model at rotor rotational speeds of 0, 1000, 1500, and
1800 r/min are 0.9990, 0.9969, 0.9868, and 0.9668, respectively.
This indicates that these regression models can be used to predict
the droplet velocity of the T30 plant protection UAV at different
heights.

4 Conclusions

The computational fluid dynamics based on the LBM was used
to simulate the downwash airflow field of the DJI T30 six-rotor
plant protection UAV. The PIV system was selected to capture the
spray field with and without the rotor downwash airflow field.
Analyzing the distribution of the downwash airflow field of the
UAYV and spray field with and without the rotor downwash airflow
field, some conclusions are summarized below:

1) The rotor downwash airflow field exhibited the ‘dispersion-
shrinkage-dispersion’ development rule. In the initial dispersion
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Figure 20 Regression model of droplet velocity and its transportation distance

stage of rotor airflow, there were clear high-vorticity and low-
vorticity areas in the rotor downwash airflow field, with the low-
vorticity airflow primarily concentrated below the motor and the
high-vorticity airflow mainly focused in the central area of the
rotors.

2) In the initial dispersion stage of the rotor airflow, the Y-
directional airflow velocity fluctuated without indicating an obvious
trend of decreasing or increasing before 1.20 m under the rotor.
When the rotor airflow developed to 3.20 m below the rotor, the
rotor airflow velocity in the Y-direction showed a slight decrease.
After 3.20 m from the rotor, the airflow velocity in the Y-direction
started to slow drastically. Therefore, it is recommended that the
DIJI T30 plant protection UAV should not exceed 3.20 m in flight
height during field spraying operations.

3) The radial distributions of the X, Y, and Z-directional rotor
airflow velocities were relatively similar and exhibited inverted “W’-
type distributions. From the motor to the rotor tip, the airflow
velocity tended to initially increase and then decrease. The
maximum rotor airflow velocity in the Y-direction appeared at 0.15-
0.25 m from the motor, and the maximum Y-directional airflow
velocity was 15.64 m/s when the rotor rotational speed was
1800 r/min.

4) The rotor downwash airflow field caused the nozzle
atomization angle, droplet concentration, and spray field width to
decrease while the vortex scale in the spray field increased.
Additionally, as the rotor rotational speed increased, the vortex
scale expanded, and the nozzle atomization angle, spray field width,
and droplet concentration decreased. Compared to the droplet
concentration without a downwash airflow field, the average droplet
concentration decreased by 36.93%, 54.43%, and 68.09% at rotor

rotational speeds of 1000, 1500, and 1800 r/min, respectively.

5) When the nozzle was installed in various radial locations
below the rotor, the droplet spatial distribution and velocity
distribution were completely different. When the nozzle was
installed directly below the motor, the droplet spatial distribution
and velocity distribution in the spray field were relatively
symmetrical. From the spray field center axis to the spray field
edge, the droplet concentration gradually decreased, and the droplet
velocity increased. When the nozzle was installed at 0.20 m and
0.35 m from the motor, the droplets clearly moved toward the right
under the induction of stronger rotor vortices. This resulted in a
higher droplet concentration in the right-half spray field than in the
left-half spray field. However, the droplet moved toward the left
when the nozzle was installed in the rotor tip. For four nozzle
positions, when the nozzle was installed at 0 or 0.20 m from the
motor, the droplet average velocity was quite high. However, the
droplet average velocity was slower when the nozzle was installed
in the other two positions. Therefore, it is recommended that the
nozzle is installed at 0 or 0.20 m from the motor.
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