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Abstract: The aerial spraying of pesticides by plant protection unmanned aerial vehicles (UAV) is
a process in which the spray droplet deposition on target sites occurs under the influence of the
downwash wind field. The downwash wind field is the most important factor affecting droplet
deposition distribution characteristics in an aerial spray. To understand the mechanism of the
downwash wind field, spray tests were conducted at different flight heights by using a DJI UAV, and
the downwash wind field in the three-dimensional direction (X-directional wind, Y-crosswind, and
Z-vertical wind) was measured by using a wind speed measurement system for UAV. Combined with
the droplet deposition of aerial spray, the distribution characteristics of the downwash wind field and
the influence of the downwash wind field on droplet deposition were studied. The results showed
that it had obvious differences in the distribution of the downwash wind field for UAV at different
flight heights. As the flight height increases, the downwash wind field in X-direction and Z-direction
showed a strong to weak trend, while the downwash wind field in Y-direction showed an opposite
trend. In addition, it was found that the downwash wind field in Y-direction and Z-direction both
have a significant influence on droplet deposition. With the increase of flight height, the change of
the downwash wind field led to a gradual decrease in droplet deposition in the effective spray area,
and droplets deposited more uniformly. For the DJI T16 plant protection UAV in this test, the optimal
flight height was 2.0 m, and the downwash wind field had a better improvement effect on droplet
deposition. Therefore, in order to make full use of the downwash wind field of UAV, the appropriate
flight height should be selected to improve droplet deposition of liquid pesticide and achieve a better
control effect for crop disease and pests when UAV is used for aerial spray operations in the field.
This study revealed the influence mechanism of the downwash wind field on droplet deposition
of aerial spray, and proposed appropriate operation parameters from the perspective of practical
operation. It was expected to provide data support for improving the operation quality of aerial
spraying and the formulation of field operation specifications.
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1. Introduction
Chemical application is an important agricultural production method of controlling
plant diseases, insect pests, and weeds. However, the extensive spray of pesticides that
is currently common in China not only leads to low effective utilization of pesticides,
but also forms a large number of residues of pesticides, which seriously pollutes the
ecological environment and threatens food and life safety [1]. According to statistics, the
use of pesticides per unit area in China is 2.5 times the world average, and the area of
contaminated arable land reaches 1 × 107 hm2 , which accounts for about 1/10 of the arable
area [2]. In the current crop production process, traditional manual and semi-mechanical
operations are still the main methods of plant protection in China, which not only have
low efficiency and high labor intensity, but also cause low utilization of pesticides [3,4].
Therefore, although the use of pesticides improves the yield of crops, it also pollutes the
food and environment, leading to a global food and environmental crisis.
In recent years, China’s agricultural aviation industry has developed rapidly; especially, the rapid development and application of plant protection UAV, which is one of
the important components of the agricultural aviation industry, has attracted widespread
attention [5,6]. As a new type of plant protection operation in China, the aerial spray
technology of plant protection UAV has improved the shortcomings of traditional plant
protection operations. Due to its high spraying efficiency, better atomization effect, and
pesticide utilization, and solving the problem that ground machinery is difficult to use in
the field during crop growth, plant protection UAV is gradually becoming the preferred
method of plant protection operations [7–9]. The use of plant protection UAV to spray
pesticides for the prevention and control of crop disease and pests has become a new
feature in the development of plant protection machinery.
With the widespread application of plant protection UAV, research on its low-altitude
and low-volume aerial pesticide application technology has gradually become a research
hotspot, and a series of explorations have been performed by researchers on the quality of
its operation and the effect of droplet deposition distribution [10–13]. Qiu et al. [14] studied
the relationship between the spray deposition concentration, deposition uniformity of the
CD-10 single-rotor UAV, and the flight altitude, flight speed, and the interaction between
the two factors by using the two-factor and three-level test method, and established the
corresponding relational model. Qin et al. [15] studied the effect of spraying parameters on
the droplet deposition distribution in maize canopy by changing the operation height and
spraying width of the N-3 single-rotor UAV. Chen et al. [16] studied the effect of different
spray parameters on the droplet deposition distribution in rice canopy by using different
flight parameters of an HY-B-10L single-rotor electric unmanned helicopter.
It can be seen that the studies on the aerial spraying technology of plant protection
UAV were mainly focused on the influence of aerial spraying operation parameters on
droplet deposition distribution, while the importance of the influence of the downwash
wind field on droplet deposition distribution is ignored. In fact, the main factor that
affects droplet deposition distribution of aerial spraying is the downwash wind field
below the UAV rotor, which is made up of the wind field generated by the rotating
rotor and the wind field of the external environment [17]. Some researchers have used
computational fluid dynamics (CFD) to simulate the wind field below the UAV rotor to
analyze the droplet deposition distribution [18–21]. However, due to the interference of the
external environment, the wind field distribution under the simulated condition is quite
different from that under the actual field condition. Researchers have paid attention to the
downwash wind field since the early days from the application of rice-assisted pollination
technology by using agricultural UAV. Zhou and Li et al. [22–24] collected the downwash
wind field of a single-rotor helicopter and multi-rotor UAV in rice pollination operations,
and selected the best operating parameters based on the pollen distribution, respectively.
However, there are no relevant reports on the research and application of the downwash
wind field of plant protection UAV in aerial spraying technology. It is necessary to consider
the influence of the downwash wind field fundamentally in the study of the characteristics
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2. Materials and Methods
2. Materials and Methods
2.1. Materials and Equipment
2.1. Materials and Equipment
The UAV used in this spray test was a DJI T16 six-rotor electric UAV for plant proThe UAV used in this spray test was a DJI T16 six-rotor electric UAV for plant protection (Shenzhen DJI Technology Co., Ltd., Shenzhen, China), as shown in Figure 1. The
tection (Shenzhen DJI Technology Co., Ltd., Shenzhen, China), as shown in Figure 1. The
spraying system of the UAV is composed of hydraulic nozzles, pressure pump, tank, etc.
spraying system of the UAV is composed of hydraulic nozzles, pressure pump, tank, etc.
The number of nozzles is eight, and two nozzles are used as a group to be symmetrically
The number of nozzles is eight, and two nozzles are used as a group to be symmetrically
distributed under the rotors on both sides of the fuselage. The UAV model has the funcdistributed under the rotors on both sides of the fuselage. The UAV model has the functions
tions of route planning and autonomous obstacle avoidance, which can complete aerial
of route planning and autonomous obstacle avoidance, which can complete aerial spraying
spraying operation autonomously, and its main performance indicators are shown in Taoperation autonomously, and its main performance indicators are shown in Table 1. The
ble 1. The nozzle type selected in this test is Teejet XR11001VS. When the UAV is spraying,
nozzle type selected in this test is Teejet XR11001VS. When the UAV is spraying, the four
the four nozzles behind the fuselage are turned on for spraying. The maximum flow rate
nozzles behind the fuselage are turned on for spraying. The maximum flow rate of the
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protection UAV.
UAV.
Figure 1. DJI T16 six-rotor electric plant protection
Table 1. Main performance index of UAV.
Table 1. Main performance index of UAV.
Main Parameter

Norms and Numerical Value
Main Parameter
Norms and Numerical Value
Type
DJI
T16
Type
DJI
T16
Unfold fuselage size/mm × mm × mm
2520 × 2212 × 720
Unfold fuselage size/mm × mm × mm
2520 × 2212 × 720
Maximum load/L
16
−
1
Maximum
load/L
16
0~4.8
Total spray flow/(L·min )
−1) −1
Total
spray
flow/(L·min
0~4.8
7
Maximum operating flight speed/(m·s )
Effective
spray width/m
4~7.57
Maximum
operating
flight speed/(m·s−1)
Effective spray width/m
4~7.5
As shown in Figure 2, the wireless wind speed sensor network measurement system
As shown
Figure
2, the wireless
wind
speed sensor
system
(WWSSNMS)
forinUAV
(Guangzhou
Fumin
measurement
andnetwork
Control measurement
Technology Co.,
Ltd.,
(WWSSNMS)China)
for UAV
Fumin
measurement
andimpeller-type
Control Technology
Co.,
Guangzhou,
was(Guangzhou
used in this spray
test,
which includes
wind speed
sensors (Figure 3) and wind speed sensor wireless measurement nodes. The impeller wind
speed sensors measure the three-dimensional wind speed generated by the UAV flying.
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more than 120 × 30 m was selected, and the test site was covered with vegetation to simu
late the actual field operation, where the height of vegetation was about 0.4 m (Figure 4)
In addition, a surrounding wall with a height of 3 m was built around the site to block th
external wind and eliminate the influence of external crosswind on the test.
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to the three-dimensional three-way linear gust wind field measurement method proposed
by Hu et al. [25]. Each measurement node was equipped with three wind speed sensors
to measure the direction parallel to the route (X-direction), horizontal and perpendicular
to the route direction (Y-direction), and the wind speed perpendicular to the ground (Zdirection).
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2.3. Data Processing

Nearly 30 s after spraying, the sampling cards were collected and placed in properly
labeled bags. The cards were scanned one by one by a scanner, and Deposit Scan software
(US USDA) was used to obtain the coverage density, deposition, and droplet size at different locations after scanning [26]. The average value of droplet coverage density at each
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by Hu et al. [25]. Each measurement node was equipped with three wind speed sensors
to measure the direction parallel to the route (X-direction), horizontal and perpendicular to the route direction (Y-direction), and the wind speed perpendicular to the ground
(Z-direction).
2.2.3. Test Plan Design
In this test, pure water was used to replace the chemical liquid for spraying. In order
to eliminate the influence of wind field distribution caused by different load parameters on
the test results, the volume of solution in the tank was the same before each test, which was
10 L. Four UAV flight altitudes of 1, 1.5, 2, and 2.5 m were set during the experiments. At
least three valid repeat tests should be performed for each group. To ensure the authenticity
and validity of test results, a normal flight speed of 5 m/s and a fully autonomous operation
mode of plant protection UAV were selected for this spray test. During the test, the UAV
was controlled to take off autonomously from 30 m outside the sampling area. After
passing through the buffer area, the UAV was accelerated to the set speed and passed over
the sampling line at a constant speed. The wind speed value started to be collected when
the UAV was 5 m away from the wind field sampling line. The sampling duration was 5 s,
and the acquisition frequency was 20 Hz.
2.3. Data Processing
Nearly 30 s after spraying, the sampling cards were collected and placed in properly
labeled bags. The cards were scanned one by one by a scanner, and Deposit Scan software
(US USDA) was used to obtain the coverage density, deposition, and droplet size at
different locations after scanning [26]. The average value of droplet coverage density at
each sampling location was used to represent the amounts of droplets per unit area, and
the average value of droplet deposition at each sampling location was used to represent the
deposition rate per unit area. In order to characterize the uniformity of droplet deposition
between these sampling points, the coefficient of variation (CV) value was used to measure
the uniformity of droplet deposition. The smaller the CV value, the better the uniformity
of droplet deposition.
The downwash wind field data of plant protection UAV collected by the WWSSNMS
at four different flight heights were imported into Origin 2018 software (Origin Lab., USA),
and the wind speed distribution map was drawn. To further demonstrate the influence
of the downwash wind field on the droplet deposition characteristics of aerial spray, the
significant differences for the results of droplet deposition were conducted using analysis
of variance (one-way ANOVA) by Duncan’s test at a significance level of 95% with SPSS
v22.0 (SPSS Inc, an IBM Company, Chicago, IL, USA). More precisely, data are expressed as
the mean ± standard deviation (SD).
3. Results and Discussion
3.1. Downwash Wind Field Distribution
The wind speed distribution map is shown in Figure 6, and can directly reflect the
downwash wind field distribution at different flight heights. As shown in Figure 6a, the
downwash wind field in Z-direction had two airflow centers at the acquisition position
of ±0.7 m, which were symmetrically distributed along the center route when the flight
height was 1.0 m. The distance between the centers of two airflows was about 1.5 m, which
roughly corresponds to the distance between the centers of rotors on both sides of the UAV.
The peak value of wind speed in the airflow center can reach 8.1 m/s, and the wind speed
directly below the fuselage center was significantly lower than that on both sides. It also
showed that the downwash wind field below the fuselage was concentrated in the coverage
range (–1.5~1.0 m) directly below the rotor. The main downwash wind field in Y-direction
was concentrated below the fuselage, and it was mainly distributed at the lower right of
the fuselage with the peak wind speed of 4.2 m/s. This may be mainly due to the low flight
height of UAV, resulting in insufficient space for the downwash wind field on both sides
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of the rotor to spread out fully. Different from the downwash wind field in Z-direction
8 of 13
Y-direction, the distribution of the downwash wind field in X-direction was relatively
scattered, and did not form a large continuous airflow central area, but it covered a wider
area. Moreover, there were some concentrated area of wind speed in X-direction at the
collection positions of −2.0, −0.6, and 2.0 m, and the wind speed value was 3.8 m/s.
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From the above visual analysis of the wind field, it can be seen that the downwash
wind field distribution of the UAV was obviously different at different flight heights. The
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As shown in Figure 6b, the downwash wind field distribution in Y-direction and
Z-direction at a flight height of 1.5 m had no significant change compared with that of a
flight height of 1.0 m. When the flight height was 1.0 m, the coverage of the wind field
in X-direction became larger, and a large continuous airflow area was formed. As shown
in Figure 6c, when the flight height reached 2.0 m, the airflow center of the wind field
in Z-direction on both sides of the fuselage had disappeared and connected to form an
airflow field with a wider central area. This phenomenon is mainly due to the gradual
integration of the wind field in Z-direction on both sides of the fuselage into an air flow
field under mutual disturbance with the increase of flight height. The distribution range
of the wind field in Y-direction became larger, mainly −1.5~3.6 m, and two strong airflow
areas gradually formed at −1 and 2 m on both sides of the central route with a peak wind
speed of 5.0 m/s. As shown in Figure 6d, when the flight height was 2.5 m, the downwash
wind field in X-direction and Z-direction was similar to the wind field distribution at a
flight height of 2.0 m. However, as the flight height increased, the vertical downward flow
field in Z-direction weakened with the peak wind speed of 5.8 m/s. The wind field in
Y-direction spread to both sides of the fuselage, and obviously formed a distribution law
of weak in the middle and strong on both sides, with the peak wind speed of 7.9 m/s. In
plant protection operations, the distribution law of the wind field in Y-direction will make
the sprayed droplets spread to both sides of the fuselage, which can increase the effective
spray width of plant protection UAV to a certain extent, but it will also force the droplets to
spread out of the target area, causing the droplets to drift horizontally.
From the above visual analysis of the wind field, it can be seen that the downwash
wind field distribution of the UAV was obviously different at different flight heights.
The downwash wind field in X-direction and Z-direction generally showed a trend of
wind speed from strong to weak and a distribution range from large to small, while
the downwash wind field in Y-direction showed an opposite trend. The wind field in
X-direction was derived from the winding airflow generated by the interaction between
the downwash airflow at different horizontal positions and the external ambient wind,
which may increase the risk of droplet drift at the edge of the farmland plot for the spray
operation on small-scale plots. Similarly, the wind field in Y-direction was the result of
the downwash airflow spreading to both sides of the fuselage. The action direction of
the wind field in Y-direction on droplets makes it move towards both sides of the route,
which makes it easy to further aggravate the horizontal drift of droplets under crosswind
conditions. In contrast, the wind field in Z-direction was the vertical downward component
of the downwash airflow, which was generally considered to have a promoting effect on
droplets’ deposition. Therefore, for spraying operations by using plant protection UAV, it
is necessary to avoid the strong wind field in the horizontal direction while making full
use of the wind field in the downward direction to improve the deposition rate of droplets
and reduce the drift risk of pesticides.
3.2. Droplet Deposition Distribution Characteristics
Figure 7 shows the droplet deposition distribution in the spraying test of the plant
protection UAV. According to previous studies [27], the flight height of the plant protection
UAV would affect the effective spray width of droplet deposition. Therefore, in order to
ensure the effectiveness of comparison and analysis on droplet deposition results, it is necessary to evaluate the effective spray width of the plant protection UAV in different spray
tests [27]. According to the evaluation method of effective spray width with droplet density,
the average effective spray width was 6.0, 6.9, 7.2, and 7.8 m at different flight heights.
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Table 2. Distribution of the downwash wind field and droplet deposition.
Flight
Height/m

Peak Wind Speed in
X-Direction/m·s−1

Peak Wind Speed in
Y-Direction/m·s−1

Peak Wind Speed in
Z-Direction/m·s−1

Average
Deposition/(µL·cm−2 )

CV of
Deposition/%

1.0
1.5
2.0
2.5

3.8 ± 0.4
3.2 ± 0.8
2.6 ± 0.9
2.3 ± 1.1

4.6 ± 1.1
4.8 ± 0.7
4.9 ± 0.6
7.7 ± 0.4

8.1 ± 0.7
8.0 ± 0.4
6.6 ± 0.9
5.8 ± 0.6

0.482 ± 0.167
0.436 ± 0.049
0.295 ± 0.077
0.189 ± 0.072

58.3 ± 5.5
62.0 ± 3.4
48.6 ± 6.0
42.5 ± 4.4

Note: The deposition values are presented as means ± SD.

Similarly, it can be seen that the CV of droplet deposition in the effective spray area
were 58.3%, 62.0%, 48.6%, and 42.5% at altitudes of 1, 1.5, 2, and 2.5 m. The higher the flight
height, the better the uniformity of droplet deposition. Combined with the analysis of the
downwash wind field of UAV, it was mainly caused by the influence of the downwash
wind field in Y-direction and Z-direction on droplet deposition distribution. When the
flight height was low (1.0 and 1.5 m), the downwash wind field in Y-direction was weak,
and the downwash wind field in Z-direction was strong and had two strong airflow central
areas below the fuselage. The distribution of the downwash wind field was not conducive
to the diffusion of droplets to both sides, so the droplet deposition under the airflow central
area was significantly higher than that in other places, resulting in poor uniformity of
droplet deposition. When the flight height of the UAV became higher (2.0 and 2.5 m), the
downwash wind field in Y-direction was enhanced, while the downwash wind field in
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Z-direction was connected to form a whole airflow field. In this case, the distribution of the
downwash wind field was more uniform, so the droplets were deposited more uniformly
under the action of the wind field.
3.3. Analysis and Discussion
In order to further reveal the influence mechanism of the downwash wind field on
droplet deposition distribution in the effective spray area, the peak wind speed in X, Y,
and Z directions in each test was taken as the downwash wind field intensity to study the
relationship between the downwash wind field and droplet deposition distribution. The
peak values of wind speed in X, Y, and Z directions and droplet deposition distribution
were analyzed by variance analysis and regression analysis respectively, and the analysis
results are shown in Table 3.
Table 3. Analysis of droplet deposition characteristics.
Index Item

Factor

Deposition

Wind speed in
Y-direction
Wind speed in
Z-direction

Deposition
uniformity

Wind speed in
Z-direction

Regression
Coefficients

Standard
Error

p

Significance

−0.06

0.026

0.041

*

0.117

0.018

0.001

**

0.058

0.042

0.036

*

Note: p represents the significance level value of the factor’s influence on the result. “**” in the table represent
factors have very significant impact on test result, “*” represent factors have significant impact on test result.

It can be seen that the p-values of the wind field in Y-direction and Z-direction on
droplet deposition in the effective spray area were 0.041 and 0.001 respectively, which
indicated that the wind field in Y-direction and Z-direction had a significant and an
extremely significant influence on the droplet deposition, respectively. Moreover, according
to the regression coefficient, the wind field in Y-direction and Z-direction had a negative
and positive correlation with droplet deposition in the effective spray area respectively,
indicating that the stronger the wind field in Z-direction and the weaker the wind field in
Y-direction, the more droplet deposition in the effective spray area. For the uniformity of
droplet deposition, the p-value of the wind field in Z-direction on the uniformity of droplet
deposition in the effective spray area was 0.036, which indicated that the wind field in
Z-direction had a significant influence on the uniformity of droplet deposition. Similarly,
the wind field in Z-direction was positively correlated with the deposition uniformity.
The stronger the wind field in Z-direction, the worse the uniformity of droplet deposition,
which was consistent with the above results [17].
According to the analysis of the test results, the appropriate flight height should be set
when UAV was used for aerial spraying in the field, not too high or too low. When the flight
height is too high, the downwash wind field above the crop canopy will be weakened. The
weakened wind field in the vertical direction would cause a sharp decrease in the amounts
of droplets deposited on the crop canopy, and the increase of the horizontal wind field will
aggravate droplet drift to the non-target area. When the flight height is too low, the strong
downwash wind field in the vertical direction above the crop canopy will result in poor
uniformity of droplet deposition, which cannot achieve the ideal control effect, such as the
re-spray and missed spray [16,28]. Therefore, the downwash wind field in the vertical (Z)
direction is regarded as the most important analysis factor affecting droplet deposition. It
can be seen from the regression model that the regression coefficient of the model increased
with the increase of flight height, indicating that the promoting effect of the wind field
in Z-direction on droplet deposition is also increasing with the increase of flight height.
However, when the flight height increased to 2.5 m, the regression coefficient of the model
decreased sharply (Figure 8), which indicated that the promotion effect of the wind field in
Z-direction on droplet deposition was also weakened. At the same time, when the flight
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4. Conclusions
In this study, the DJI T16 plant protection UAV was used as the research object
to conduct aerial spraying tests under four different flight height parameters, and the
downwash wind field was measured by using a wireless wind speed sensor network
measurement system for UAV. Combined with the droplet deposition of aerial spray, the
distribution characteristics of the downwash wind field and the influence of the downwash
wind field on droplet deposition were studied. The conclusions are shown as follows:
(1) There were obvious differences in the distribution of the downwash wind field
for the plant protection UAV at different flight heights. As the flight height increased, the
downwash wind field in X-direction and Z-direction showed a strong to weak trend, and
the distribution ranged from large to small, while the downwash wind field in Y-direction
showed an opposite trend.
(2) It was found that the downwash wind field in Y-direction and Z-direction both
had a significant influence on the characteristics of droplet deposition. With the increase
of flight height, the intensity of the downwash wind field in Y-direction and Z-direction
gradually increased and decreased respectively, and the change of the downwash wind
field led to the gradual decrease of droplet deposition and more uniformity in the effective
spray area.
(3) In order to make full use of the downwash wind field, the appropriate flight height
should be selected when UAV is used for aerial spray operations in the field. For the
DJI T16 plant protection UAV in this test, the optimal flight height was 2.0 m, and the
downwash wind field had a better promotion effect on droplet deposition.
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