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ABSTRACT

With the rapid development of drones in China, the use of multi-rotor drones for spraying chemical pesticide
against pests and weeds has recently become common in agriculture. However, the downwash generated
by drone rotors considerably influences the droplet deposition process by potentially causing the liquid to
drift. A test analysis method was presented and a rotor rotation test bench was designed to simulate the
different rotation speed of a six-rotor drone and thus study the characteristics and distribution law of the
downwash velocity. An anemometer was used to measure the downwash velocity generated at different
radial positions of the rotor. Results show that the downwash velocity generated by each radial position of
the rotor is evenly distributed on the rotating loop and the standard deviation of the circumferential
downwash velocity is less than 1 m/s. The downwash velocity along each position in the radial direction of
the rotor increase first and then decrease and the 1/2 radius position of rotor blade generate the maximum
downwash velocity of 10.8 m/s in the test. The downwash velocity does not considerably change with
longitude, but decreases at a distance of 10 cm from the ground due to the ground effect. Therefore, the
parameters of airfoil profile at each radial position on the rotors have a marked effect on the magnitude of the
downwash velocity. This study provides an effective measurement method for the investigation of the
downwash velocity distribution of drone rotors. The measurement results can provide a reference for the
nozzle distribution under the rotor and the study of droplet movement.
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INTRODUCTION

In recent years, drones have been widely utilized in many fields, including agriculture (Xiongkui H. et
al., 2017; Veroustraete. F, 2015) due to the popularity of civilian-grade drones.

Utilizing drones with pesticide spraying systems for crops such as rice, corn, cotton and tea, can
effectively avoid the limitation of special field conditions and the state of crop growth on the plant protection
machinery with large wheels (Xue X Y. et al., 2014), resulting in efficient, safe, and non-destructive plant
protection. Numerous advanced technologies such as automatic path planning, unmanned operation and
Real - time kinematic (RTK) high-accuracy positioning have been applied to multi-rotor drones (LU L, 2017;
Wang Y. et al.,, 2018; Xu B et al., 2015) to considerably improve their operational stability, efficiency,
accuracy and ease of operation. Consequently, multi-rotor drones have become the main models of plant
protection drones in China. The most important feature of utilizing multi-rotor drones for pesticide spraying is
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that it generates a powerful downwash during the flight due to its unique rotor structure and principle of
motion, promoting the disturbance to crops and increasing the penetration of liquid. Therefore, liquid also
has a good deposition effect on the lower part of crops (Yang Y S et al., 2013, Reed W H, 1953).

However, due to the wide variety of drones that can be used for pesticide spraying, the specifications,
numbers, and installation positions of various types of rotors differ. Therefore, large variations in downwash
flow field are generated by different rotors. Thus, solving the problem of accurately depicting the overall
spatial distribution characteristics of rotor downwash flow field and the distribution of downwash velocity at
various locations inside the rotor is urgent.

Therefore, this study designs a test bed that simulates the rotor downwash flow field and measures
and analyses the magnitude of the rotor downwash velocity and its distribution on the entire rotor through a
uniform distribution point measurement method. This approach provides a basis for studying the spray
performance of the nozzle in the downwash airflow field and the droplets settling. Moreover, improving the
application effect of the multi-rotor plant protection drones is of considerable importance.

Scholars all over the world have conducted numerous studies to improve the application effect of
agriculture drones. For example, Faical B.S. optimized the real-time flight path of the drone, which can
independently adjust the flight route according to the changes in meteorological conditions (Faical B.S. et al.,
2017). However, changing the drone’s flight route will also affect the deposition on the ground of droplets,
which is not conducive to uniform spraying. Kirk studied the effects of boom length and droplet size on
effective spray and spray drift, respectively (Kirk I.W. and Hoffmann W.C, 2002). Their results showed that
the effective spray width produced when the boom length is 75% of the rotor diameter is less than the length
of the boom equal to the diameter of the rotor. In addition, the droplet diameter of 400 microns has more drift
compared with 1000 microns diameter of droplets to explore the effect of spray parameters on the deposition
of wheat leaf in wheat disease prevention. However, the preceding studies did not reveal the influence of
rotor airflow on the nozzles on different boom lengths. Fritz (Fritz B.K. et al., 2006) conducted air spray tests
to determine the type of spray head, particle size of spray droplets, and spray flow at the best deposition
rate. However, environmental factors and the influence of the rotor airflow on the nozzle were not considered
during the test; thus, the optimal parameters obtained were not universal.

The study of rotor downwash starts with helicopters. Quackenbush numerically calculated the flow
field distribution of helicopter rotor/fuselage by applying the fuselage cell model and the free-wake method
(Quackenbush T.R. et al.,1994). Caradonna and Isom used a relatively simple potential flow equation to
calculate the rotor flow without lift in the hovering state, but the application of the proposed method was
limited for ignoring the lift (Caradonna F.X. and Isom M.P., 1972). Rajagopalan proposed a momentum
source method for the simulation of helicopter flow fields in 1993 (Rajagopalan R.G. et al., 1993). Wang Bo
employed the momentum source method to investigate the numerical simulation of helicopter rotor and
fuselage flow field and verified the effectiveness of the method (Wang B. et al., 2008). Ren L.F. studied the
influence of helicopter rotor field on the exhausted wake (Ren L.F. et al., 2015). Sun Peng examined the
influence of the outside wind on the helicopter rotor and the mixed airflow field on the deck (Sun P. et al.,
2015). Although these scholars mostly focused on aerodynamic characteristics of rotors and fuselage, the
numerical simulations and tests extensively applied multi-rotor plant protection drones to crop pesticide
spraying and achieved numerous research results (Xiongkui H. et al., 2017). The downwash airflow
generated by the multi-rotor plant protection drone was studied to investigate its effect on the nozzle
spraying characteristics and the deposition law of the droplets in the flow field. In response, Wang C.L.
proposed a space mass balance test method (Wang C.L. et al.,, 2016). The effects of 3WQF80-10
single-rotor plant protection drone on the mass balance distribution of the droplets in space and the
distribution of the downwash velocity under the different flight modes and flight parameters analysed by
outdoor experiments. Although the velocity of downwash generated by the rotors in different modes was
measured, analysis of the causes of differences in droplet deposition due to the generated airflow fields with
varying flight conditions is absent. Yang conducted a simulation experiment based on the XV-2 single-rotor
agriculture drone to study the influence of downwash on the spray amplitude. The results showed that rotor
downwash increased the spray amplitude (Yang Z.L. et al., 2018). Tang utilized the high-velocity particle
image velocity measurement method in the laboratory to obtain the movement of droplets under the rotor
downwash (Tang Q. et al., 2017). It was concluded that the downwash generated by rotors was the main
factor affecting the droplet volume and sedimentation velocity. Yang adopted the CFD method to simulate the
downwash air flow generated by the six-rotor drone and obtained the downwash velocity distribution rule of the
rotor downwash at different height levels through a series of outdoor experiments (Fengbo Y. et al., 2017).
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Based on the preceding research literature, the downwash is found to have a considerable influence
on the droplet sedimentation process and deposition effect. However, at present, scholars have studied the
distribution of the overall downwash flow field generated by all rotors of a multi-rotor drone near the ground
through different means. The differences in the downwash velocity distribution at varying positions inside the
downwash flow field generated by each rotor due to the differences in rotor airfoil structure are neglected.
This will directly affect the initial spray characteristics of the inner sprayer in the airflow field below the rotor.
Therefore, a rotor rotation test bench is designed to measure and analyse the velocity distribution at different
positions inside the downwash flow field generated during the rotation of any rotor.

The layout of this study is as follows. In Section 3, the structure and working principle of the rotor
rotation test bench are introduced. In Section 4, the specific method of the velocity measurement test of rotor
downwash airflow field is highlighted and the relative experimental results are analysed. In Section 5, the
conclusions of this study are presented based on the experimental results.

MATERIALS AND METHODS

Structure and Principle of Test Bench
The frame of test bench is designed according to the six-rotor drone, with a wheelbase of 130 cm. In

addition, the diameter of propeller is 56 cm. The frame is fixed on an aluminium profile support table that can
be either raised or lowered (0-4m). The power part consists of brushless motor and electronic speed
controller. The power source is the lithium battery (6s 18000mAH). The main structure is presented in fig.1.
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Fig.1l - The main structure of test bench

The control system and data acquisition system of test bench consist of computer, core controller and
sensors. The core controller communicates with the computer through USB to TLL port line. With the
use of the computer software, the rotation speed of rotor can be controlled remotely, and data, such as
rotor tension, rotation speed, system voltage, current, throttle volume and throttle pulse width
modulation (PWM) can be collected. The rotation speed measuring device is a photoelectric switch
(QS18VNG6D) produced by the Bonner Company. By attaching a black and white reflective paper on the
wall of the motor, the photoelectric switch directly faces the motor wall to acquire the motor rotation
speed signal, thereby obtaining the rotation speed of the rotor. The propeller pull can be measured by a
pressure sensor (HX711AD) produced by the Gaoling company and located at the end of the rotor
support. The downwash velocity of the rotor is measured by a wireless anemometer (410i) produced by
Testo of Germany and data transmission is performed via Bluetooth. The parameters of each sensor are

shown in table 1. And the control and data acquisition systems are presented in fig.2.
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Fig.2 - The System of Control and Data Acquisition
1. Host computer interface 2. Anemometer 3. Serial cable 4. Photoelectric switch 5. Pressure sensor 6. Main controller
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Table 1
Sensor Performance Parameters
Range of tension sensor Parameter value
IAccuracy of tension sensor 0-10kg
IAcquisition frequency of tensile sensor 1g
Range of velocity test 50hz
Frequency of velocity acquisition 0-10000r/min
Range of downwash velocity test 50hz
IAccuracy of downwash velocity test 0.4-30M/s
Range of tension sensor 0.001m/s

Downwash Velocity Measurement Test
Test Conditions

The test is carried out in an airtight laboratory, the average temperature is 23°C indoor, the average
humidity is 48%, the air density is 1.29 kg/m? and the air pressure is 1 standard atmosphere. To simulate the
hovering state of the six-rotor drone under a take-off weight of 10 kg, the rotation speed can be maintained at
2500 r/min during the test.

Measurement Point Arrangement

The purpose of this test is to investigate the distribution law of downwash velocity of rotors in the
horizontal cross-section and vertical cross-section of the downwash airflow. Thereby, the layout of the
downwash velocity measurement points is as below:

(1) Horizontal Test Point Arrangement

To measure the velocity of the downwash generated at different radial positions of rotor blades, six
measurement points (o, a, b, ¢, d, e) are set at the interval of 6 cm in the direction of the wing tip centring on
the rotor rotation axis, and the radial measurement range is 0-30 cm. In the direction of the rotation of the
blade, eight measuring points (N1-N8) are respectively arranged at the intervals of 45° on each
equal-diameter ring so that the radial and circumferential directions of the blades together constitute the
downwash-velocity measurement plane at the same height, for a total of 41 downwash velocity measurement
points, as they are indicated in fig. 3(a).

(2) Vertical Test Point Arrangement

To investigate velocity of the downwash at different heights while the rotor is rotating, the rotating
surface of the rotor is utilized as a reference plane, a total of 5 measurement planes (H1-H5) are set
downward at a height interval of 20 cm and the range of vertical height is 0-100 cm. The layout scheme for
each plane is the same as the horizontal layout scheme. The longitudinal distribution of the measurement
points in the two directions of the same line is presented in fig. 3(b).
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(a) Horizontal section test point layout (b) Vertical section test point layout

Fig. 3 - Below the rotor under the wash air velocity measurement point

RESULTS

Downwash Velocity Results
According to the layout scheme of fig. 3, the downwash velocity at each measurement point is measured.

After the downwash is stable, the measured value of velocity can be recorded. Fig. 4 presents the average of
the downwash velocity measurements at all the measurement points for each horizontal section height.
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Fig.4 - The measurement results of rotor downwash velocity

Standard Deviation Analysis of Downwash Velocity
The standard deviation of the data reflects the degree of dispersion of a set of data and the average value.
The deviation is calculated according to the following equation:

Jx B 05w
o = —Z(Xi—,u) (1)
N =

Where, O is standard deviation, [m/s], N is the number of samples, X;is the sample value, [m/s], uis
sample mean.

This study calculates the standard deviations of eight measurements of downwash air velocity data for
each radial position at each measurement height level, the results being presented in fig. 5.
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Fig. 5 - The Standard deviation of downwash velocity at each level below the rotor

The histogram in fig. 5 indicates the standard deviation of downwash velocity measurements in eight
directions (N1 to N8) while five positions (a to e) rotate in five different height planes (H1 to H5).

In fig. 5 it can be seen that there are certain differences in the standard deviation of downwash velocity
measurements at different positions in the same height and the differences in the rules are different at each
height. The standard deviation of downwash velocity measurement results of the same radius position within
the rotation circle is less than 1 m/s, which indicates that the downwash velocity generated at the same radius
position of the rotation circle has no significant difference.

The discounted graph in fig. 5 presents the standard deviation of the average downwash velocity over
the rotor radius at all the measurement locations as a function of the test height. It can be seen from the figure
that with the increase of the test height, the standard deviation gradually increases, which suggests that the
dispersion of the downwash velocity values at each measurement point increases. Nevertheless, the overall
standard deviation is less than 1 m/s.

Analysis of the Changing Law of Downwash Velocity
The variation of the average downwash velocity generated by the rotor at each radial position with the

radius is presented in fig. 6. The measured values of o~e in these six positions represent the downwash
velocity of the downwash airflow generated while the rotor rotates at its centre position with the radius of 6
cm, 12 cm, 18 cm, 24 cm and 30 cm. Fig. 7 shows that the downwash velocity generated from the rotor centre
position to the wingtip position suggests a changing trend of increasing first and decreasing later. The
downwash velocity generated at the position of the rotor with the radius of 12 cm and 18 cm (b, c¢) is shown
relatively close and is obviously higher than it was generated in other radial positions. The value of the
downwash velocity generated at the tip of the rotor is the smallest. In the range of 20 cm-80 cm below the
rotor, the variation of the downwash velocity produced by each radius position is basically the same and the
change of the rules is slightly different at the height of 100 cm below the rotor due to the ground effect.
Nevertheless, it conforms to the overall change trend.
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Fig. 6- Changes with the radial of downwash velocity Fig. 7 - Changes with the height of downwash velocity
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Fig. 7 presents the fact that downwash velocity varies with the height; it can be seen from the figure that
the value of the downwash velocity generated at the centre of the rotor and the wing tip in the height range of
20-80 cm below the rotor increases with the height. The value of the downwash velocity generated at the rotor
radius of 12 cm basically remains unchanged. The value of the downwash velocity generated at a rotor radius
of 18 cm reduces with the height. Nevertheless, the variation of downwash velocity at 100 cm below the rotor
is different from that of other positions since the position is closer to the ground and can be affected by the
ground effect of the downwash airflow.

As it is shown in fig. 7, the average downwash velocity at the position of ‘0’ shows a trend of increasing
first and decreasing later with the increasing height. This indicates that the downwash velocity generated by
the inner rotor section is first compressed by the outer downwash airflow, leading to an increase in both
airflow density and downwash velocity. Afterwards, due to the divergent lateral airflow, the density decreases,
resulting in a decrease in downwash velocity. The average downwash velocity values at the positions of ‘b’
and ‘c’ decrease gradually with the increase of height, indicating that the downwash airflow generated in the
middle of the rotor first compresses inward and then diverges outwards, resulting in a decrease in the vertical
airflow density at the position and leading to a decrease in downwash velocity. The downwash velocity
generated at the positions of ‘d’ and ‘e’ increases with height, which suggests that the airflow generated by
the rotor outer segment can be affected by the diffusion from the inside airflow, which strengthens the airflow
density at this position as well as increases the downwash velocity. It can be inferred that the overall trend of
the airflow field below the rotor is the convergence in the middle and the end diffusion, as presented in fig. 8.

—_—_—

Fig. 8 - Trend of airflow field below the rotor

Horizontal and Vertical Distribution of the Downwash Velocity
To investigate the distribution of downwash velocity in horizontal and vertical sections under the rotor,

the central position of the rotor is utilized as the origin of coordinates to establish the plane coordinate system
of downwash distribution at each height plane and the spatial coordinate system of downwash velocity
distribution below the rotor. Besides, the corresponding coordinates of the measurement point and the space
coordinates are calibrated. The distribution of the calibrated measurement points in the coordinates is
presented in fig. 9. Fig. 9(a) shows the distribution of 41 measuring points in the plane coordinate system. Fig.
9(b) indicates the distribution of a total of 205 measuring points in spatial coordinate system. According to the
data of the known measurement points, the downwash velocity distribution cloud diagram of the lower scrub
flow at each height level can be plotted by interpolation with the usage of the Matlab software, as presented in
fig. 10. It can be seen from fig. 10 that the downwash velocity generated by the lower scrubbing is higher than
the one produced by other positions in the middle section of the rotor (10-20 cm). With the increase of
altitude, the boundary of downwash velocity generated at each location is gradually blurred and the
distribution of downwash velocity at the section becomes more uniformed.

All the collection points in the space can form vertical downwash velocity distribution planes in four
directions of N1N5, N2N6, N3N7 and N4N8 according to fig.3. The interpolation method is utilized to
complement the downwash velocity outside the measurement plane in the measurement plane, and the
downwash velocity distribution cloud diagram is plotted with the usage of the Matlab software, as shown in
fig.11. According to the vertical cross-section downwash velocity distribution cloud diagram of the downwash
airflow field as shown in fig.11, the downwash airflow presents a diffusion trend from top to bottom, being
consistent with the predicted trend in fig. 8.

The downwash airflow generated in the middle of the rotor has the largest downwash velocity below the
rotor. At the near-ground end, the downwash velocity weakens due to the influence of the airflow field ground
effect. According to fig. 11, the overall trend of the airflow fields distribution within the cross section of each
value is the same, which also corresponds to the results of the standard deviation analysis of fig.5.
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CONCLUSIONS

To investigate the downwash velocity distribution of the downwash airflow generated by propellers of
multirotor plant protection drone in the rotor diameter, this study designed a test bed for measuring the
downwash velocity distribution of the rotor downwash airflow of the plant protection drone and adopted the
multi-layer annular uniform distribution method. The downwash velocity distribution in the space below the
rotor was measured and the results were analysed. Finally, the following conclusions were obtained:

(1) According to the standard deviation analysis of the airflow field data, at any height level below the
rotor, the magnitude of the downwash velocity generated at the same radial position of the rotor has slight
differences at each position on the rotation circle. The total standard deviation of data at each point of the
wake increases with height but is less than 1 m/s in the range of 1 m below the rotor.

(2) From the centre to the tip of the rotor wing, the downwash velocity generated by each position is
different. With the increase in radial distance, the downwash velocity increases first and decreases later.
The maximum downwash velocity of 10.8 m/s can be measured on the 80 cm plane below the rotor.

(3) As the height increases below the rotor, the airflow gradually spreads to the surroundings and the
area covered by the downwash gradually increases. Nevertheless, the magnitude of the downwash velocity
in the high-speed region does not considerably change with the height. In this experiment, the effect of
ground on the downwash velocity can be found at the height of 10 cm near the ground.

The results in this study can provide references for the arrangement of nozzles in the airflow field
below the rotor and establish a foundation for the spatial motion trend analysis of the droplets in the
rotor-downwash airflow field. Nonetheless, establishing an airflow field distribution model along the radial
direction of the rotor and the height variation with the change of the rotor’s own structural parameters is
also necessary to clearly understand the changing law of the airflow under the rotor.
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