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ABSTRACT

With the development of agricultural aviation technologies and their application in agricultural production,
unmanned aerial vehicles (UAV) have been widely used to control pests and diseases of crops. The high-speed rotation
of the rotor in the UAV produces a powerful downwash, affecting the distribution of pesticide droplets on the ground.
Understanding the spatial distribution of these droplets on the ground is important to evaluate the application quality of
the pesticides and plays an important role in improving the spray system in the UAV and optimizing its operating
parameters. Current methods for measuring the droplet deposition distributions use a number of collectors placed
regularly on the ground to receive the droplets and measure their sizes; it is difficult for them to effectively obtain the
deposition of all droplets due to the downwash of the UAV. This paper presents a new method to resolve this problem by
improving the accuracy and spatial continuity of pesticide droplet measurement applied by an unmanned helicopter. The
flying parameters of a 3WQF-80-10 unmanned helicopter used to spray pesticides were obtained from the high-precision
Beidou navigation system, and the RQT-C-3 fluorescent whitening tracer with a mass fraction of 1.0% was used as the
proxy for the pesticides. Two droplet collection methods—one using continuous strip paper and the other using individual
water-sensitive paper—were used to measure the droplet deposition distribution. We divided the experimental field into
three areas, with Areas 1 and 2 spaced 3 m apart and Areas 2 and 3 spaced 1m apart. A metal bracket 8 m long and 0.5 m
away from the ground was placed in each area. Prior to the experiment, a piece of paper tape was fixed to the surface of
the bracket, and the water-sensitive paper cards were placed evenly in the area 0.5 m away from the paper tape. There
was one piece of paper tape and 15 water-sensitive papers in each area, and a total of six spray tests were performed based
on the pro-designed flight parameters. The combinations of flight speed and flight height were: 2 m/s and 3 m, 2 m/s and
6 m, 2 m/s and 9 m, 3 m/s and 3 m, 3 m/s and 6 m, and 4 m/s and 9 m. The paper tape was detected by fluorescence
spectroscopy analysis, and the water-sensitive papers were scanned using image processing software to obtain droplet
deposition coverage rates. The results showed that the distribution curves of the coverage rate obtained by the paper tape

method coupled with the fluorescence spectrum tracer were consistent with those obtained from the images of the water-
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sensitive paper method, with the R2 being 0.88-0.96. Because not all fine droplets fell on the water-sensitive papers due
to the effect of the high-speed rotating rotor, the coverage rate curve measured by the continuous fluorescence method
had multiple peaks, and the value of its coverage rate was higher than that measured by the water-sensitive paper method.
When the unmanned helicopter flew at a speed of 2 m/s and a height of 3 m, the coverage ratio obtained from the
continuous fluorescence method was up 16.92% compared to that sampled from the individual water-sensitive paper
method, while when the flight speed was 4 m/s at a height of 9 m, the coverage ratio in the latter was 97.77% higher than
in the former. In terms of the impacts of unmanned helicopter operating conditions on coverage rate, when the helicopter
flew at 2 m/s and a height of 3 m, the coverage rate of the droplets obtained from the two methods was the highest, being
8.34% for the continuous fluorescence method and 7.14% for the individual paper method. As the flight height and speed
increased, the spatial coverage rate of the droplets decreased. In summary, the high-speed rotor of the UAV generates a
downwash, making the droplets of pesticides move in different directions and resulting in a large spatial difference in
their deposition on the ground. Therefore, the continuous sampling method is more adequate to evaluate the spatial
distribution of the droplets. This study has implications for the study of detecting the deposition of pesticides and other
agrochemicals applied by UAVs.
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1. Introduction

With the continuous application and development of agricultural aviation technology, plant protection
drones have been widely used in the field of agricultural plant protection due to their high operational
efficiency and flexibility flexibility!' . In the process of spraying pesticides with drones, the drift of droplets
will cause chemical waste and environmental pollution problems. Research on the operation quality and droplet
deposition effects of drones is gradually increasing!®>”!. The main factors include spray system parameters
(nozzle type, spray pressure, nozzle installation angle), meteorological parameters, flight parameters, rotor
wind field, etc.®'51. Comprehensive analysis of factors affecting droplet deposition, optimization of spray
systems, and flight parameters is the current research focus. In terms of the effect of spray droplet deposition,
wind tunnel tests!'*'®] simulations!'*2?! and field tests are mainly used. Among them, field tests can directly
obtain deposition data through actual spraying, so they are of great importance. For practical significance,
many scholars have carried out related research. Qiu et al.”*! studied the influence of CD-10 UAV flying height
and speed on the uniformity of wheat deposition and the interaction relationship between the two factors and
constructed a corresponding relationship model. Qin et al.**! explored the deposition and distribution of N-3
UAV spray droplets in the corn canopy in the middle and late stages of growth and screened out the spraying
parameters suitable for high-stalk crop spraying. Chen et al.l>! measured the three-dimensional wind speed of
the UAV rotor downwash wind field using a wireless wind speed sensor measurement system and concluded
the deposition and distribution of spray droplets on the rice canopy in the UAV downwash wind field. Wang
et al.l?) used the droplet deposition variation coefficient and root mean square error as indicators to compare
the deposition distribution of four typical domestic plant protection UAV spray droplets in the wheat canopy.
In terms of spray deposition effect detection, there are mainly tracer methods, water-sensitive paper methods,
sensor detection methods, and so on. The tracer method can accurately measure the deposition amount using
a fluorescence/ultraviolet-visible spectrophotometer?”, and is often used to quantify and compare the
deposition or drift effects of droplets under different application methods or application parameters; the water-
sensitive paper method can be used by scanning equipment and Image analysis software obtains droplet
deposition density and coverage in real time and can also be used to estimate droplet spectral parameters!?®;
With the development of electronic information and sensing technology, photoelectric-based detection
methods emerge as the times require. Kesterson et al.??! developed a droplet collection system based on a
resistive sensing array that can accurately measure droplet deposition amount and droplet size. Most of the
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above methods use discrete sampling methods, and adjacent sampling points are separated by a certain
distance®®l. However, during the flight of the plant protection UAV, the rotor rotates at a high speed, the vortex
line of the downwash airflow and the fuselage are distorted, the movement trajectory of the droplets is complex
and changeable, and the continuous distribution of liquid deposition is difficult to grasp.

In this paper, the 3WQF-80-10 plant protection drone is used as the test model, and it is equipped with a
high-precision Beidou navigation system to carry out field spray experiments. Using water-sensitive paper and
the detection system for the deposition characteristics of aerial spraying droplets based on the spectral tracer
methodP'*, the deposition results of spray droplets under different flight parameters were obtained
simultaneously, and the 3WQF-80-10 type plant protection was analyzed. Droplet deposition distribution
characteristics of UAV spraying. By comparing continuous and discrete sampling methods, the detection effect
and applicability of the aerial spraying droplet deposition characteristics detection system for droplet
deposition are evaluated in order to provide the system for the application of the system in plant protection
UAV spraying. The application of quality inspection provides a theoretical basis.

2. Analysis of the movement and deposition law of spray droplets in aerial
spraying

Aerial pesticide application uses aerial operations. During the operation, the interaction between the
aircraft body and the ambient wind will produce a flow field vortex structure. Among them, the wake vortex
of a fixed-wing aircraft is larger in scale and has a quasi-two-dimensional shape. The paired parallel wake
vortices generated by the wing can be maintained for a long time. The complexity of the flow structure is low,
and the spray droplets can be deposited smoothly on the ground. distributed; the UAV rotor rotates relatively
fast. When the wingtip vortex forms and moves downward, its overall shape is destroyed by the other rotor
after half a cycle. At the same time, the wingtip vortex structure is also affected by the airflow of the fuselage
and tail rotor, eventually forming a complex unsteady flow!**], and the deposition distribution of spray droplets
varies greatly within the space affected by the air flow field.

During the drone application process, the trajectory of mist droplets in unsteady flow is mainly analyzed
through CFD simulation. The particle force differential equation (BBO equation) in the Lagrangian coordinate
system is used to solve the force process of fog droplets in the air*¥. Solving the BBO equation is
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in the formula, —Vpﬁ is the pressure gradient term; is the additional mass force term;

3 2 tul_up . X . . .
Edp,/rtypl- fo = s the Basset force term; 3mud,f (u; — up) is the acrodynamic resistance term of the
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discrete phase particles; the resistance correction coefficient f= 245 £ where Cj, is the resistance coefficient,
14

dimensionless; u; is the continuous phase speed, m/s; u,, is the velocity of discrete phase particles, m/s; i, is
the acceleration of the continuous phase, m/s*; u,, is the acceleration of the discrete phase particles, m/s*; y is
the dynamic viscosity of the fluid, Pa's; p; is the density s of the fluid continuous phase, kg/m’; p,, is the
density of discrete phase particles, kg/m’; d,, is the particle size of the particles, um; m,, is the particle mass,
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mg; g is the gravity acceleration, m/s* Re,= is the relative Reynolds number of the particles.

The analysis shows that in the complex flow field of the downwash of the rotor, the particle velocity at
different spatial positions at the same time and at different times at the same spatial position is randomly
pulsating, which is determined by the nature of turbulent flow, and the fluid velocity varies with the amount
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of change that occurs in time and space, which is called space-time pulsation. It can be seen from the BBO
equation that the additional mass force term, basset force term, and aerodynamic resistance term will directly
affect the discrete phase particle motion velocity u,, and the particle motion velocity is not only affected by its
own characteristic parameters such as mass, density, diameter, etc., but also the airflow. Pulsation can also
cause changes in droplet velocity.

Further use the fog drip particle power balance equation to gradually integrate the motion trajectory of
the fog drip on the discrete time step and calculate and analyze the movement speed of the fog drip on the
sporty trajectory.

dx
dt

The above equation shows that the change in particle motion velocity u,, in the discrete phase will cause

Up 2

the particle motion trajectory to change. The particle motion speed is not only affected by the characteristics
of the droplet itself but also by the airflow pulsation. The particle velocity and the particle motion trajectory
are combined to solve the equation, and further It can be seen from the derivation that in a complex flow field,
the velocity u,, of discrete phase particles has a large amount of space-time pulsation, which in turn affects the
velocity pulsation term of the discrete phase droplet in the equation and the motion trajectory obtained by its
integral, and finally directly determines the droplet’s settlement area and position. The downwash flow of the
plant protection drone is an unsteady rotating flow field, and the airflow pulsation is complex and changeable,
which makes it difficult to predict the droplet deposition area. The traditional discrete sampling droplet
deposition measurement method (the droplet receiving device is arranged at intervals) is used. It is difficult to
accurately present the complete information of the droplet deposition distribution on the ground. Especially in
the study of the influence of the rotor downwash on the droplet deposition distribution, the key information
about the effect of the air flow on the droplets at a specific location may be missed, which may interfere with
the research results. In order to solve the above problems, this study adopted detection system for the deposition
characteristics of aerial spraying droplets based on spectral tracer technology®!*?! to capture the continuous
deposition distribution curve of droplets in the spraying area to obtain the spraying process of the drone. More
abundant deposition distribution information is expected to guide the optimization of the plant protection UAV
spray system and aerodynamic layout and improve the quality of droplet deposition.

3. Materials and methods

3.1. Test equipment and methods
3.1.1. Instrument and equipment

The flight platform adopts 3WQF-80-10 suspended smart plant protection drone Anyang Quanfeng
Aviation Plant Protection Technology Co., Ltd., Henan). The main performance parameters are shown in Table
1. The speed and height of the test operation are adjusted according to the test group test requirements and
record.

Table 1. Performance parameters of plant protection unmanned aerial vehicle.

Parameters Value
Airframe length/m 2.92
Airframe width/m 0.6
Airframe height/m 0.75
Rotor diameter/m 1.8
Maximum load/kg 10
UAV weight/kg 35
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Airborne spray system by the cabinet, pump, rod, pipe infusion, and two centrifugal sprinklers, spray rod
1.1 m wide, centrifugal nozzle perpendicular to the axis plane spacing installed on both ends of the spray rod,
such as nozzle direction down the vertical analysis shows that in the complex rotor downwash flow field,
particle velocity at the same time the different space position, and at different moments in the same space
location, random pulsation occurs, which is determined by the nature of turbulence. The variation of fluid
velocity with time and space is called space-time pulsation. It can be seen from the BBO equation that the
additional mass force term, basset force term, and aerodynamic drag term all directly affect the motion velocity
of discrete phase particles. The particles are on the ground, and the maximum flow rate of a single nozzle is
1.5 L/min. In order to accurately control the flight parameters, the BDST-R300-BG Beidou navigation and
positioning system was used to obtain high-precision positioning data in real time, and the flight controller
adjusted the flight attitude in real time through the positioning data so as to ensure that the plant protection
UAV could spray in strict accordance with the design parameters of the experimental group. The positioning
system consists of two parts: a reference station and a mobile station. The reference station is used to receive
satellite signals to determine geographical location information and receive differential data, and the
differential signals are transmitted to the mobile station using a high-power radio station. The mobile station
is installed on the upper part of the fuselage of the UAV to be tested to record operating route trajectory, flight
height, and flight speed operating condition parameters. The horizontal static difference accuracy of the system
is £ (2.5 + 1 x 10°D) mm, and the vertical static difference accuracy is + (5 + 1 x 10°D) mm. D refers to the
radius diameter (mm) centered at the reference station. The horizontal positioning accuracy of real-time
Kinematic (RTK) was = (10 + 1 x 10°D) mm, and the vertical positioning accuracy of dual-frequency RTK
was £ (20 + 1 x 10°D) mm. The meteorological monitoring system monitors and records the ambient wind
speed, wind direction, temperature, and humidity parameters in real time during the test.

3.1.2. Experimental design

The experiment was conducted at the National Precision Agriculture Research Demonstration Base in
Changping District, Beijing, on 12, 2018. The deposition distribution of droplets was obtained by the
fluorescence tracer method and the water-sensitive paper method, respectively. The fluorescence tracer method
used a continuous cloth pattern of fluorescent paper tape, and the water-sensitive paper method used a
dispersive pattern. The droplet-collecting device is composed of an aluminum bracket, fluorescent paper tape,
and water-sensitive paper. Test sample point arrangement is shown in Figure 1. On behalf of the eppo
unmanned aerial vehicle (UAV) flight direction arrow direction, in a single experiment, a vertical line direction
set up 3 droplets collection areas, numbers of 1, 2, and 3, respectively (sampling zone 1 and zone 2 at 3.0 m
intervals, sampling zone 2 and zone 3 at 1.0 m intervals), collected in a horizontal layout with 1 set of aluminum
brackets. The support is 8 m long and 0.5 m high from the ground. Before the test, the fluorescent paper tape
(7 m long, 19.3 mm wide) was horizontally spread on the surface of the support and fixed with dovetail clips
to prevent the paper tape from turning over during the test. Water-sensitive paper cards (76 mm x 26 mm,
Syngenta, Switzerland) near the paper tape were evenly arranged with an equal spacing of 0.5 m, and 15 cards
were arranged in each collection area. There were a total of 45 water-sensitive paper sample collection points
in the experimental area. In order to facilitate the identification of samples, the water-sensitive paper and paper
tape were marked by the method of test group plus collection area. For example, in test group 1, the water-
sensitive paper and paper tape obtained in collection area 1 were represented as W1-1 and P1-1, respectively,
and so on.
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Figure 1. Schematic diagram of sampling arrangement in the test.
Note: 1, 2, and 3 represent collection area 1, collection area 2, and collection area 3, respectively.

The aqueous solution of fluorescent whitening agent RQT-C-3 (Ritter Company, Henan) with a mass
fraction of 1.0% was used as the spray solution. In the test, the water-sensitive paper card and fluorescent paper
tape were arranged to obtain the deposition distribution, coverage rate, and other key information about spray
droplets. After the single spray test, the fog droplets on the surface of water-sensitive paper cards and paper
tape were completely dried. Collect them according to the serial number, put them into the corresponding
sealed bag one by one, and bring them back to the laboratory for testing.

3.1.3. Setting of flight operation parameters

Flight operation parameters are an important factor affecting the deposition and distribution of fog
droplets. Previous studies have shown that different types of plant protection UAVs have different fuselage
structures and different requirements on operation height, operation speed, and other parameters. In addition,
there are specific requirements on operation parameters for the prevention and control of diseases and pests
for different crops®!. Many scholars have conducted test studies on droplet deposition distribution by flight
parametersi>*=38], The flight altitude ranges from 1 to 9 m, and the flight speed ranges from 1 to 5 m/s. However,
due to differences in application types, operating environments, application objects, and other factors, the
optimal operating parameters vary. Through the survey, it was found that the current eppo UAV routine
operation parameters for a speed of <8 m/s are apart from the crop canopy relative altitude of 1.5-5 mP,
Related studies have shown that unmanned aerial vehicles (UAV) under the condition of low-speed operation
have good droplet coverage, especially the backspin air rotors, where the droplets are deposited directly on the
positive and negative plant leaves*’). However, the flight speed is too low, and the operation efficiency is
difficult to guarantee. When the relative flight height is below 1 m, the operation safety of the UAV may be
threatened. In consideration, combined with the unmanned aircraft manufacturers recommended job
parameters, setting spray operation parameters, setting the speed to 3 levels (2 m/s for the low speed range, 3
m/s for the medium speed range, and more than 4 m/s for the high speed range), setting the setting the ground
absolute altitude to 3, 6, 9 m, and 9 m height, The main consideration in this paper is that the design of the
fluorescence tracer detection method for a kind of new detection method is still in the experimental stage.
Conventional operation under the condition of detection effect is ideal, but the less the spray conditions or
droplet deposition, the system can effectively detect, is unknown. For this design height 9 m homework,
exploration under the condition of droplet deposition is less the applicability of the system. The combination
of flight height and flight speed was used for six spraying tests (Table 2). Three samples of fluorescent paper
tape and three groups of water-sensitive paper samples were obtained in each test. The flow rate of the single
nozzle of the UAV spray system was set to 1.0 L/min.
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Table 2. Flight and environmental parameters in the test.

Test No. Mean flight Mean flight Mean wind Wind direction  Mean Mean relative
speed /(m—s1) height/m velocity/(m-s) temperature/°C  humidity/%
1 2 3 0.5 The northwest 25.8 74.9
2 2 1.5 The northwest 255 76.3
3 2 9 1.0 The northwest 25.7 75.7
4 3 3 0.8 The northwest 259 73.3
5 3 6 1.0 The northwest 26.6 73.0
6 4 9 0.5 The northwest 264 73.0

3.2. Data acquisition and processing
3.2.1. Meteorological and flight operation parameters

During the test, an agricultural weather station (IWS-M400, Yujia Technology Co., Ltd..) was set up at a
vertical distance of 2 m from the ground in the air. The changes in ambient wind speed, wind direction,
temperature, and humidity during the test were monitored and recorded in real time through the meteorological
monitoring system, and the average values of ambient wind speed, temperature, and humidity in each
experimental group were obtained according to the statistical data. Table 2 shows the UAV spraying operation
parameters (average flying altitude and flying speed) obtained by the airborne Beidou positioning system and
the corresponding meteorological parameters of each experimental group.

3.2.2. Fog drop deposition detection-water sensitive paper method

A TSN450 hand-held scanner (Tiencai Electronics (Shenzhen) Co., Ltd.., resolution: 1200 x 1200) was
used to scan the water-sensitive paper samples one by one. The droplet deposition parameters on the surface
of water-sensitive paper were obtained by image processing software ideas!*!, and the droplet deposition
coverage rate (%) of water-sensitive paper samples with different flight parameters was calculated and
analyzed. The coverage rate of fog drops is the ratio of the dip-dyeing area of fog drops to the sampling area
of water-sensitive test paper. The uniformity of droplet deposition among each collection point in the
experiment was evaluated by the coefficient of variation (CV), which was calculated using the following
formula:

CV=2x100% 3)
X
n Y2

5= [Bthi? @)

In the formula, S is the standard deviation of the coverage rate of each group of collected samples, %; X
is the average coverage rate, %; JX; is the droplet coverage rate of each collected sample, %; n is the number of
collected samples. The smaller the CV value, the more uniform the droplet deposition distribution.

3.2.3. Droplet deposition detection—Fluorescence tracer method

The paper tape sample was scanned and processed by the airborne spray droplet deposition detection
system], and the continuous distribution characteristic curve of the fluorescence medium spectrum on the
surface of the whole paper tape was obtained. The system consists of a miniature spectrometer, stepper motor,
ultraviolet light source, and photoelectric limiter. The fluorescence tracer RQT-C-3 on the surface of the paper
tape generates molecular fluorescence under the excitation of an ultraviolet light source at 365 nm wavelength.
The fluorescence light intensity information is converted into a digital signal through the light probe of the
microspectrometer and finally transmitted and stored in the computer through a USB serial port. During the
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acquisition process, the stepper motor drives the whole paper tape so that it is completely scanned. When the
single piece of paper tape is collected, the photoelectric limiter responds back to the system and sends the
instruction to stop the spectral data collection, and the stepper motor stops. The system acquisition time interval
is set at 0.5 s, and the stepper motor speed is 120 r/min.

In 6 groups of experiments, a total of 18 paper tapes were obtained, and the number of sample points
obtained by each paper tape was basically the same, and the number of spectral points of the paper tape was

102 or 103 groups. Equations (3) and (4) were used to calculate the coefficient of variation of droplet coverage
in each experimental group.

4. Results and analysis

Figure 2 for the experimental group within the acquisition area 2 fluorescent tracer method and water
sensitive paper method of droplets deposition rate distribution, the results show that the droplets are the main
sedimentary in 1-5 m fabric sample interval, from the picture, we find that job parameters can affect the
droplets deposition distribution, cause the droplets deposition distribution situation of the curve is different,
when the speed of 2 m/s, When the working height is 3 m (Figure 2A), the waveform of the deposition curve
changes significantly. With the increase in height (the working height is 6 m and 9 m, corresponding to tests
2 and 3, Figure 2B and Figure 2C), the distribution curve shows a gradual trend. The main reason is that the
distance between the nozzle and the target increases with the increase in height. The fog droplets released from
the nozzle disperse in the upper space of the target under the action of the downwash airflow field, resulting

in relatively uniform deposition of the fog droplets settling on the target, but the coverage rate of the fog
droplets is low.
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Figure 2. Deposition results of the tests in No.2 collecting area.

Note: s is flight speed, m's™!; 4 is flight height, m. The circle indicates the fluctuation of coverage rate obtained by the fluorescent
tracer method.

For further analysis of the actual application performance of the fluorescence tracer method, the
sedimentary curve is the most obvious change test 1 (Figure 2A) as the analysis object, and the water
sensitivity paper method. Comparing the results of the droplet deposition distribution curves of the
fluorescence tracer method and the water sensitive paper method, the droplet deposition distribution curve
obtained overall uniformity, but the former coverage curve wave was higher than the latter. The highest
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coverage rate was 31.92%, and the sample location was 2.25 m. The highest point of the coverage curve
obtained by the water-sensitive paper method was 23.85% at 2.00 m. At the same time, compared with the
dispersion sample method of the water-sensitive paper method, the coverage rate obtained by the fluorescence
tracer method using the continuous measurement method showed multiple fluctuation peaks at different
acquisition positions (marked by the solid circle in Figure 2), indicating that the effect of the downwash wind
field of the unmanned helicopter resulted in large differences in the deposition space of fog droplets at each
position in the vertical flight direction. In test 6 (Figure 2F), the flight speed and flight height were higher
than those of the other five groups, the droplet coverage rate was low, the distribution curve obtained by the
water-sensitive paper method was stable, and the droplet coverage curve detected by the fluorescence tracer
method showed multiple obvious peak segments in the span direction. To further process the data from two
methods, take the corresponding water-sensitive fluorescent tape, paper, and cloth sample location coverage
data. With the water sensitivity of the paper measured, result fitting analysis, a single factor variance test (o =
0.05), the goodness of fit (R2), and the significance level as shown in Table 3, the analysis shows that the two
methods for testing the droplet coverage results are in good correlation. The average goodness of fit of the six
groups was 0.95, 0.92, 0.88, 0.92, 0.96, and 0.94, respectively. Under the conditions of experiments 1 to 5,
there was no significant difference in droplet coverage obtained by the two methods (all P higher than 0.05).
Only test 6 (flight speed of 4 m/s, flight altitude of 9 m) (P = 0.02) indicates that the detection method based
on the fluorescence tracer can characterize the droplet deposition coverage parameters under conventional
operation conditions of plant protection UAVs.

Table 3. Analysis of droplet coverage rate obtained by water sensitive paper method and fluorescent tracer method.

Item Test 1 Test 2 Test 3 Test 4 Test 5 Test 6

-1 12 1-3 21 22 23 31 32 33 41 42 43 51 52 53 61 62 6-3

R? 098 092 09 094 092 091 091 089 0.84 0.89 092 096 094 095 098 097 096 0.89
P 091 0.75 074 060 056 092 027 0.73 0.79 056 041 024 024 0.77 097 0.12 0.08 0.02
RMSE 199 249 222 0.89 1.02 069 052 047 024 0.68 081 1.60 039 032 047 037 027 048

Table 4 shows two kinds of test methods for the droplet deposition and distribution of measured results.
As can be seen from the table, the fluorescence tracer method to calculate the average droplet cover was higher
than the water-sensitive paper method. The main reason is that the water-sensitive paper method uses the
sample from the spreading way, plant protection, an unmanned aerial vehicle (UAV) rotor vortex causes
droplets disorderly movement, and settlement of droplets are parts of the downwash flow under the action of
concentrated water-sensitive paper location, not cloth. The peak shown in Figure 2 appears. When the flying
speed and flying altitude of the UAV are 3 m/s and 3 m, respectively, the change rate of the fluorescence tracer
method is the lowest compared with the water-sensitive paper method, which is 8.71%. When the flight speed
is 2 m/s, the average coverage change of the UAV is 47.58% at the flight height of 9 m, which is significantly
higher than that at the flight heights of 3 and 6 m. When the flight height was constant (test groups 2 and 5,
test groups 3 and 6), the change rate of droplet coverage was positively correlated with the flight speed. The
higher the flight speed, the higher the change in droplet coverage. When the flight speed was 4 m/s and the
altitude was 9 m, the change rate of the fluorescence tracer method relative to the water-sensitive paper method
could reach 97.77%. In conclusion, the increasing eppo unmanned aerial vehicle (UAV) flight velocity and
altitude, the water sensitive paper method, and the deposition of discrete sampling methods with the
fluorescence tracer method of continuous sampling result in deviation. The more likely reason is that the
increase in speed and altitude can contain high-tiny droplets of wingtip vortex movement down stress
orientation deposit, and the and the settlement of droplets to the location of water sensitive paper to collect
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leads to a deviation increase. At present, plant protection under the under the unmanned aerial vehicle (UAV)
with low volume or low volume spray technology, tiny droplets in the rotor downwash under the action of the
wind field, the ground of droplets deposition space difference is big; therefore, in the plant protection under
the unmanned aerial vehicle (UAV) wash the wind field distribution on the droplet’s deposition impact study,
continuous sampling should be done in order to get more space to droplet deposition distribution in detail. In
terms of the variation coefficient within the sampling interval, the average variation rate of fluorescent paper
tape relative to water-sensitive paper ranges from 1.67% to 29.71%. Because the fluorescence tracer method
adopts continuous sampling, the coverage distribution curve has obvious multiple peaks in the non-water-
sensitive paper cloth sample position, so the coverage range of fog drops in the sampling range is higher than
the test results of the water-sensitive paper method.

Table 4. Droplet deposition measured by water sensitive paper method and fluorescent tracer method.

Test Collectio Droplet coverage rate/% Coefficient of variation of Range of coverage rate/%
No. n area sampling/%
Fluorescence Water Rate of Fluorescence Water Rate of Fluorescence Water Difference
tracer sensitiv change tracer sensitiv change tracer sensitive
method e paper method e paper method paper
method method method
1 1 10.13 8.77 15.51 119.16 120.48 1.09 45.62 29.98 15.64
2 7.02 6.10 15.08  104.57 104.38  0.18 31.62 23.63 8.01
3 7.86 6.54 20.18  101.56 105.51 3.74 38.45 21.67 16.78
Average 8.34 7.14 1692  108.43 110.12  1.67 38.56 25.09 13.48
2 1 2.63 2.43 8.23 92.62 8472 932 9.65 6.16 3.49
2 241 2.35 2.55 118.03 89.98  31.17 15.10 6.64 8.46
3 2.34 1.83 27.87  101.97 90.68 1245 10.86 5.35 5.51
Average 2.46 2.20 12.88  104.21 88.46  17.65 11.87 6.05 5.82
3 1 1.27 0.86 47.67  87.25 68.93  26.58  5.99 2.08 3.91
2 1.07 0.94 13.83  92.20 75.64 21.89 521 2.59 2.62
3 1.16 0.64 81.25 97.46 69.28  40.67  8.07 1.56 6.51
Average 1.17 0.81 47.58  92.30 7128 2971 642 2.08 435
4 1 2.06 1.90 8.42 71.11 7192  1.12 6.35 5.12 1.23
2 2.06 1.82 13.19  78.95 82.16 391 7.44 6.03 1.41
3 232 2.43 4.53 86.42 105.57 18.14  9.57 9.24 0.33
Average 2.15 2.05 8.71 78.83 86.55  7.72 7.79 6.80 0.99
5 1 1.42 0.92 5434  70.55 78.18  9.76 5.57 2.49 3.08
2 1.14 0.63 80.95 7836 9537 1784 522 2.20 3.02
3 1.29 0.82 5732 8835 148.94 40.68  7.07 4.82 2.25
Average 1.28 0.79 6420  79.09 107.50 22.76  5.95 3.17 2.78
6 1 1.17 0.65 80.00  69.50 86.10  19.28  4.64 1.99 2.65
2 1.07 0.58 84.48  69.23 68.41 1.20 4.00 1.43 2.57
3 1.19 0.52 128.84 66.40 78.00 14.87  3.80 1.25 2.55
Average 1.14 0.58 97.77  68.38 7750 1178  4.15 1.56 2.59

Note: Rate of change represents the absolute value changed rate relative to water sensitive paper method.

Figure 3 shows the droplet deposition coverage rate of the plant protection UAV under different working
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conditions. The results show that the droplet deposition coverage rate is the highest under the working
conditions of flying speed of 2 m/s and flying altitude of 3 m, and the results obtained by the fluorescence
tracer method and the water-sensitive paper method are 8.34% and 7.14%, respectively. With the increase in
flying altitude, the coverage rate of droplet deposition gradually decreases. When the flying speed is 2 m/s, the
coverage rate of 6 m flying altitude decreases by 52.4% and 63.18% compared with 3 m flying altitude under
two measurement methods. When the flight altitude is 6 m, the droplet coverage rate at 3 m/s is 47.97% and
64.10% lower than that at 2 m/s, respectively, which indicates that increasing the flight speed will reduce the
number of droplets effectively deposited on the target surface. As the fog drops under the plant protection UAV
are greatly influenced by the turbulent wind field caused by the wing and the external wind field, with the
increase of the aircraft’s operating speed and flying altitude, the flow field of the rotor’s downspin airflow in
the direction perpendicular to the ground decreases, and the energy content of the wing tip vortex increases,
which drives the fog drops to curl up, resulting in an increase in fog drop drift and a corresponding decrease
in fog drop deposition in the target area. In addition, increasing the flying height correspondingly increases the
movement distance of droplets in the air, and it is easy to sink to the non-target application area under the
action of environmental wind. For high-stalk crops such as sugarcane and corn, the job safety and droplet
deposition quality should be considered comprehensively, and the height of the UAV relative to the crop canopy
should not be too low.

12r B4 Fluorescence tracer method

B Water sensitive paper method
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Figure 3. Droplet coverage rates under different working conditions.

5. Conclusion

In this paper, the flight parameters of the plant protection UAV are obtained by a high-precision Beidou
navigation system, and the spray test of the 3WQF-80-10 plant protection UAV under different flight
parameters is carried out by using a 1.0% RQT-C-3 fluorescent whitening agent water solution instead of
pesticide. Two droplet collection methods, namely continuous cloth sampling with long paper tape and
scattered sampling with water-sensitive paper, are adopted, and the droplet deposition coverage is obtained by
the fluorescence tracing method and image processing with water-sensitive paper. The droplet deposition
distribution characteristics of the two sampling methods are compared and analyzed. The following
conclusions are drawn:

e  The distribution curves of droplet deposition coverage obtained by the fluorescence tracing method and
the water-sensitive paper method tend to be consistent, with a root mean square error of 0.24%—2.49%.
The results of droplet coverage obtained by the two detection methods have a good correlation, and the
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goodness of fit (R?) ranges from 0.88 to 0.96. Only under the condition of experimental group 6 (flying
speed 4 m/s, flying height 9 m), the results of droplet coverage obtained by the two methods are as follows.

Compared with the water-sensitive paper sample separation method, the coverage curve obtained by
continuous sample distribution based on fluorescence tracing has several peaks, and the average coverage
of droplets in the latter is higher than that in the former. When the flying speed of the plant protection
UAYV is 4 m/s and the relative target height is 9 m, the coverage obtained by the fluorescence tracing
method is increased by 97.77% compared with that of the water-sensitive paper sample separation
method, and the deposition results obtained by the sample separation method are difficult to effectively
characterize the overall droplet deposition distribution in the spraying spray, mainly because the wingtip
vortex generated by the plant protection UAV flight drives the droplets to be non-existent.

Under the experimental conditions in this paper, droplet deposition is affected by the flying speed and
relative target altitude. When the flying speed is 2 m/s, the coverage rate at 6 m flying relative altitude is
52.40% lower than that at 3 m; when the relative altitude is 6 m, the droplet coverage rate at 3 m/s is
47.97% lower than that at 2 m/s.

To sum up, the UAV for plant protection works in the air, and the downwash airflow generated by the

high-speed rotating rotor drives the droplets to deposit non-directionally, which leads to the sharp fluctuation

of droplet deposition density in small-scale space. Therefore, when the UAV for plant protection detects the

ground deposition quality or studies the influence of the downwash wind field on droplet deposition

distribution, continuous sample distribution should be adopted so as to evaluate the overall droplet deposition

distribution more concretely and comprehensively.
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