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A B S T R A C T

Background: The downwash airflow generated by agricultural UAV rotors significantly affects droplet dispersion, 
thereby influencing spray performance and increasing the risk of drift. However, the coupled dynamics between 
rotor-induced airflow and droplet motion remain insufficiently understood.
Results: In this study, a two-phase CFD model incorporating various rotor speeds was developed and validated 
through particle image velocimetry (PIV) experiments, achieving fully coupled modeling of the entire pesticide 
spraying process of agricultural UAV. A functional relationship was established between rotor speed and droplet 
velocity distribution. The effects of rotor speed on droplet motion—velocity, velocity attenuation rate (K), and 
spatial distribution—were quantitatively analyzed. Results showed that the maximum droplet velocity occurred 
near the nozzle, reaching up to 20 m/s. As rotor speed increased, both droplet velocity and concentration 
increased significantly, while the velocity attenuation rate (K) decreased markedly. Within 1 m below the nozzle, 
all K values remained below 50 %. PIV measurements agreed well with CFD simulation results, with a minimum 
relative error of 1 %.
Conclusion: The integration of CFD and PIV methods provides a reliable framework for studying the interaction 
between UAV rotor downwash and droplet dynamics. The findings offer theoretical support for optimizing UAV 
spraying parameters and improving pesticide application efficiency, contributing to enhanced precision in aerial 
plant protection operations.

Abbreviations
CCD Charge-coupled device
CFD Computational fluid dynamics
DPM Discrete phase model
DRW Discrete phase walk(model)
FVM Finite volume method
LES Large Eddy simulation
PDPA Phase doppler particle analyzer
PIV Particle image velocimetry
RANS Reynolds-averaged Navier-stokes
Re Reynolds number
RF transmitter Radio frequency transmitter
SIMPLE Semi-implicit method for pressure-linked equations

SPIV Stereoscopic particle image velocimetry
SST Shear stress transport
UAV Unmanned aerial vehicle
YAG Yttrium aluminum garnet

1. Introduction

With the development of Unmanned Aerial Vehicle (UAV) technol
ogy, UAV have seen rapid adoption in agriculture in recent years. Their 
application have expanded far beyond initial uses in aerial photography 
and surveying, gradually evolving into a key tool supporting precision 
agriculture and smart farming management [1]. Beyond plant protec
tion operations, UAV have been widely employed in farmland infor
mation sensing, such as monitoring crop growth, nutritional status, and 
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pest and disease distribution using multispectral and hyperspectral 
sensors [2–4]. They are also used for crop phenotyping, enabling 
high-throughput acquisition of growth parameters such as plant height 
and leaf area index [5], as well as assisting in tasks such as variable-rate 
fertilization, seeding, and pollination [6]. These applications fully 
demonstrate the technical advantages of UAV platforms, including their 
flexibility, efficiency, and compatibility with various sensors. However, 
among the many agricultural UAV applications, crop spraying for plant 
protection remains one of the most technically complex and critically 
linked to both operational effectiveness and environmental impact. 
Agricultural UAV have become one of the key technologies for 
modernizing field management due to their many outstanding advan
tages, such as low operating altitude, no need for special landing aeras, 
flexibility and portability, and strong environmental adaptability 
[7–10]. Because of these characteristics, agricultural UAV are widely 
used in plant protection operations. However, the downwash airflow 
generated by the rotor blades directly affects the spraying conditions 
and droplet breakup [11]. Unlike conventional sprayers, the movement 
and deposition of droplets are much higher than the drift of knapsack 
sprayers or ground sprayers. At the same time, the rotor airflow gener
ated by the UAV will make a large number of pesticide droplets attached 
to the fuselage, which not only leads to the external pollution of the UAV 
and damages the fuselage, but also requires more frequent cleaning and 
maintenance, reducing the operational efficiency [12,13]. However, 
there is still insufficient research on the effect of the mechanism of ac
tion between UAV spraying and downwash flow field on pesticide 
control efficiency.

When studying the flow characteristics of the downwash flow field, it 
is necessary to optimize the spraying system of agricultural UAV, so as to 
further improve the control efficiency of UAV spray and reduce the drift 
of spray droplets. During the flight of agricultural UAV, there are many 
factors that will affect the deposition distribution of droplets, such as 
wind speed, liquid characteristics, and relative positions of nozzles and 
crops. Wang et al. [37] conducted a study on the deposition distribution 
of droplets sprayed by UAV in a wind tunnel, and the results showed that 
wind speed, flight height, and droplet diameter were the most signifi
cant factors affecting the deposition distribution, while rotor airflow was 
the most significant factor affecting the deposition distribution, and the 
nozzle injection angle had no significant effect on the deposition dis
tribution [14]. Kharim et al. evaluated the best operating parameters of 
the standard agricultural UAV spraying system available in the market, 
carried out field spraying experiments of spraying organic liquid fertil
izer on the agricultural UAV, adopted water-sensitive paper to collect 
droplets, and conducted statistical analysis of the droplet deposition 
density. The test results showed that the droplet uniformity and depo
sition density are the highest when sprayed at 3L/min at 2m/s speed 
[15]. Some researchers improve the spraying efficiency by improving 
the corresponding control system. Meivel et al. improved the UAV 
sensor to improve the performance of the system. Arduino controller 
was used to effectively improve the efficient load of the UAV through 
lightweight materials and high-quality brushless motors. The 
micro-patch antenna was designed to control the payload of the RF 
transmitter, making it easy to carry out plant monitoring and pesticide 
spraying [16]. Yang et al. proposed an agriculture UAV control system 
based on the Pixhawk flight controller, realized the communication 
control of the flight controller and spray controller through a serial port, 
and realized the communication between the flight control system and 
spray system. A spray test was carried out on the self-built test platform 
of the UAV and spray system, and the effectiveness of the system was 
verified. In actual flight conditions, there are many unknown hazards, so 
more spray system testing is required [17]. In order to study the spraying 
condition of agricultural UAV in actual flight, Zhang et al. designed and 
developed an indoor spraying platform with X-Y direction movement 
and wind field to simulate the spraying condition of agricultural UAV 
[18].

At the same time, sprayers have a great impact on the coverage and 

efficiency of pesticide agriculture operations, but their atomization 
characteristics are also greatly affected by the downwash airflow. 
Therefore, Dorr et al. investigated the spray properties of nozzles by 
using particle image velocimetry (PIV) to measure the initial spray 
characteristics of a series of hydrodynamic nozzles and spray mixtures. 
The research results show that initial spray characteristics can vary 
depending on nozzle design, operating parameters, and spray formula
tion, and it was found that the initial droplet velocity was significantly 
correlated with droplet size (Dv0.5) and spray pressure [19]. In addition 
to conducting spray studies on nozzles, Nuyttens et al. developed a test 
platform and scheme for characterizing nozzles by using a Phase 
Doppler Particle Analyzer (PDPA) to investigate the effects of nozzle 
type, size, and pressure on spray droplet characteristics. A total of 32 
nozzle pressure combinations were tested. The experimental results 
clearly show the effect of nozzle type, size, and pressure on the size and 
velocity of the droplets [20]. Creech et al. studied multiple variables 
affecting the droplet spectrum of herbicide spray, collected the droplet 
spectrum data of 720 combinations of spray application variables, and 
used a laser diffractometer to study the droplet spectrum to determine 
the droplet spectral characteristics of each treatment combination [21]. 
In addition, some relevant scholars have tried to use wind tunnel facil
ities to simulate natural wind fields and carry out research on droplet 
drift [22,23]. With the development of computer technology, there are 
also relevant researchers who apply machine learning technology to the 
research of agricultural UAV spray. Guo et al. quantitatively evaluated 
the nozzles of agricultural UAV by using four machine learning methods 
to study the XR110015VS nozzles, which proved the accuracy and ef
ficiency of the application of machine learning methods in the evalua
tion of UAV nozzles and also proved the feasibility of using machine 
learning models to predict the size of droplets in the overlapping area of 
dual nozzles [24].

On the other hand, on the basis of experimental research, many 
scholars have also carried out a lot of simulation research on the aero
dynamic characteristics of the downwash flow of the UAV. Fabrizio et al. 
studied the hydrodynamic interaction between the rotor and the 
downwash wake generated by the horizontal or vertical rod nozzles and 
used Computational Fluid Dynamics (CFD) to conduct numerical simu
lation on two multi-rotor UAV with different configurations (X6 and Y6). 
The optimization of the position of the arm of the UAV flight speed and 
the correct setting of the drug discharge rate are proposed [25]. By 
combining the compressible Reynolds-Averaged Navier-Stokes (RANS) 
equation, Shear Stress Transport (SST) k-ω equation, slip grid technol
ogy, and Semi-Implicit Method for Pressure-Linked Equations (SIMPLE) 
algorithm, Guo et al. established a CFD model of the downwash airflow 
during hovering of a quadrotor agriculture UAV and discussed the dis
tribution of the downwash airflow in space-time dimension [26]. In 
order to study the general characteristics of the downwash flow distri
bution, Zheng et al. simulated the static wind field under the hovering 
state of a multi-rotor UAV and studied the space proportion occupied by 
ground effects and turbulence [27]. However, due to the complexity of 
the downwash flow structure of agricultural UAV, the research on the 
aerial spraying process is still very little. Many scholars have used the 
Lattice Boltzmann Method (LBM) to simulate the downwash flow field 
and droplet movement of full-size agricultural agriculture machines in 
order to accurately capture the development process of rotor tip 
vortices. The simulated instantaneous flow structure is consistent with 
the actual test results, which effectively verifies the reliability of the 
simulation method [22,28]. In order to study the relationship between 
the downwash flow in the agricultural UAV and the droplets, Yang et al. 
used ultraviolet light and ultraviolet–visible tracers to capture the dis
tribution of droplets, including various cross sections, turbulent position 
and ground effect analysis [29]. Tang et al. studied the distribution of 
downwash airflow of multi-rotor UAV. Taking common eight-rotor 
agriculture UAV as the research object, they studied various wind 
vortices such as wake vortices, ground diffusion airflow, vortex ring, and 
"negative velocity channel" [30]. The downwash airflow generated by 
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the rotors of agricultural UAV can significantly improve the penetration 
of droplets, which indicates that the downwash airflow can effectively 
help the droplets to settle inside the tree crown or on the lower surface of 
the leaves. By using the CFD method, Zhang et al. established a pre
diction model of downwash airflow in a tree canopy defined as a porous 
medium and adopted a wireless simulation parameter measurement 
system to provide data verification for the numerical simulation. The 
results show that the airflow velocity in tree canopy is comprehensively 
affected by 5 factors (Load, Operation height, Canopy diameter, Tree 
height, Canopy density) [31]. Chang et al. conducted indoor experi
mental validation using a plant protection UAV two-phase flow platform 
to investigate the characteristics of the rotor downwash airflow field of 
agricultural UAVs under two different numerical calculation method
s—the Finite Volume Method (FVM) and the Lattice Boltzmann Method 
(LBM). They analyzed airflow field characteristics under different tur
bulence models and selected the numerical method that most accurately 
reflects the features of the UAV rotor downwash airflow field [32].

Although there has been much research on the spray control system 
and nozzle of agricultural UAV in China and internationally, the 
coupling relationship between the downwash field and spray behavior 
of agricultural UAV has been gradually reported recently. The down
wash field of agricultural UAV will not only change the deposition area 
of droplets but also affect the distribution of droplets. The increase of 
downwash speed will increase the uniformity of droplet deposition. 
Chang et al. studied the coupling effect of the rotor speed of agricultural 
UAV on the downwash wind field and droplet field. The LBM was used to 
conduct numerical simulation of the quadrotor agricultural UAV, and 
PIV was used to obtain the motion state of the droplet field below the 
rotor. The results showed that with the increase of rotor speed, droplet 
speed increased significantly. LBM and PIV can effectively reveal the 
motion relationship between the rotor wind field and the droplet field 
[33]. At the same time, the installation position of the nozzle on the 
agricultural UAV will also affect the drift and deposition effect of 
droplets. When the transverse distance between the nozzle and the rotor 
increases, the relative deposition amount of droplets carried by the 
downwash airflow generated by the rotor will also increase [34,35]. 
Tang et al. conducted a large eddy simulation of an agricultural un
manned helicopter and its resulting spray motion. Meanwhile, in order 
to evaluate the accuracy of the numerical simulation, an ultrasonic 
anemometer array was used to measure the downwash airflow velocity 
under the actual hover test and forward flight conditions. The test results 
were comparable with the simulated instantaneous flow structure, 
which proved the reliability of the simulation method [28]. Shukla et al. 
studied the aerodynamic interaction between rotors and used Stereo
scopic Particle Image Velocimetry (SPIV) to conduct aerodynamic 
studies on a group of side-by-side rotors during rotor separation and 
hovering in the Reynolds number range, identifying and discussing the 
basic components of multi-rotor wake and velocity profile in a plane 
[36]. In recent years, a number of scholars have used the model transfer 
method to measure the downwash airflow of UAV under the reduced 
model with PIV and obtained the velocity distribution under the rotor, 
the motion trajectory, and attenuation of the eddy current with high 
accuracy, which can provide certain references for the subsequent 
simulation research [17,28].

In summary, although many scholars have used wireless sensor 
networks, ultrasonic velocimeters, and tensiometers to measure the 
wind field characteristics of agricultural UAV, the test results are sus
ceptible to ambient environmental conditions——such as wind speed, 
wind direction, atmospheric turbulence, temperature, and humid
ity——which often lead to uncertain test data. Therefore, some re
searchers use wind tunnel equipment to generate stable wind field 
conditions, hoping to maintain a stable external wind field through a 
wind tunnel to observe changes in the rotor wind field and combine laser 
particle size analyzer, phase doppler particle analyzer, and other optical 
equipment to measure changes in rotor wind field flow field [37–39], 
but the accuracy of the test equipment is not enough. It is not sufficient 

for accurate measurement of droplet motion.
In summary, although the aforementioned studies have provided a 

theoretical foundation for understanding the flow mechanisms of rotor 
downwash fields, there remains a lack of systematic research on the 
coupling mechanisms between downwash airflow and droplet motion. 
In particular, the velocity evolution, attenuation characteristics, and 
spatial distribution of droplets under airflow influence are still not well 
understood. Existing studies have primarily focused on the visualization 
of airflow structures, with limited exploration of droplet dynamics under 
gas–liquid two-phase interaction.

In view of this, the objective of this study is to reveal the coupling 
mechanisms between the rotor-induced airflow field and the droplet 
field of agricultural UAV, and to quantitatively analyze droplet velocity 
variation and spatial distribution under different rotor speed conditions. 
A combined CFD–PIV approach is employed, in which a two-phase 
coupling model is developed to simulate the interaction between rotor 
downwash and droplet transport, allowing for an in-depth investigation 
into how airflow disturbances affect droplet velocity attenuation and 
drift behavior.

Compared with existing research, the innovations of this study are 
mainly reflected in the following three aspects:

(1) A gas–liquid two-phase coupling analysis framework is proposed 
by integrating CFD simulation and PIV measurement, enabling a sys
tematic analysis of the effects of rotor airflow on droplet behavior;

(2) A functional relationship is quantitatively established between 
rotor speed and droplet velocity distribution, and the evolution of the 
velocity attenuation rate (K) is revealed;

(3) Numerical simulation results are validated using PIV experi
mental data, achieving high-accuracy reconstruction of droplet motion 
states and providing support for the optimization of UAV spray opera
tion parameters.

This research provides theoretical support for further understanding 
the spatial dynamics of droplets in UAV-based aerial spraying, and offers 
scientific guidance for practical engineering applications such as spray 
system parameter optimization, nozzle layout strategies, and rotor 
structure design.

2. Materials and methods

2.1. CFD numerical simulation

Since the rotor blade is the most important component of the rotor 
flow field of the UAV, it is very important to establish the prepared 
three-dimensional model. Therefore, the rotor model on the DJI T30 
agricultural UAV is taken as the research object in this paper. The rotor 
is scanned by the hand-held 3D scanner N700 (CREAFORMINC.) in 
order to obtain accurate point cloud data on each scanning surface of the 
rotor. Geomagic Studio software (Geomagic INC.) was used to post- 
process the point cloud data of each scanning surface and reconstruct 
the three-dimensional surface model of the rotor. The resulting UAV 
rotor model is shown in Fig. 1a.

According to the size of the rotor blade, a suitable calculation domain 
is constructed in ANSYS, set to a cylinder with a diameter of 3.4 m and a 
height of 3.5 m. It consists of a stationary domain and a cylindrical 
rotating domain containing a rotor. According to the results of the 
previous paper [33], the downwash airflow of agricultural UAV is 
mainly concentrated directly below the rotor blade. Therefore, this 
paper increased the mesh density of the area below the rotor blade, 
determined the mesh parameter with reference to previous research 
results [24,40], and gradually increased the mesh size along the rotor 
blade area. The two-layer full Y+ option is used to provide suitable wall 
treatment and good numerical simulation results are obtained. At the 
same time, in order to ensure the meshing quality, through the ANSYS 
(ver. 2022 R1, ANSYS, Canons burg, PA, USA) for grid processing, with 
rotor origin for the whole set up field containing the cylinders on the 
surface of the rotor, its geometric center is located in the center of the 

K. Chang et al.                                                                                                                                                                                                                                  Smart Agricultural Technology 13 (2026) 101737 

3 



static domain online, as shown in Fig. 1b. The geometry of the rotor 
brackets and nozzles is ignored because they do not significantly change 
the overall flow under the rotor, but add considerable computational 
time to the simulation. Considering that the rotor wind field is mainly 
around and below the blade, the BIO area is set up to further refine part 
of the grid area of the stationary domain in order to simulate the region 
of interest in the fluid domain in more detail. The number of grids in the 
stationary domain is 4417,891, the number of grids in the rotating 
domain is 115,85,060, the total number of grids in the calculation 
domain is 16,002,951, and the maximum skewness rate is 0.73, as 
shown in Fig. 2a.

Since the downwash wind field of agricultural UAV is generated by 
the high-speed rotation of the rotor, the SST k-ω turbulence model is 
selected, combined with the Lagrange tracking method of spray, and the 
coupling relationship between the airflow phase and the droplet phase 
in the region is calculated by RANS method, which is a widely used 
general model. The integral form of the governing equation is as follows: 

∂
∂t

∫ ∫ ∫

WdV +

∫ ∫

∂V

F⋅ndS=
1
Re

∫ ∫

∂V

Fv⋅ndS 

Where V is the control body; W is a conservation variable; F is the 
convective flux, which describes the transport of the conserved quantity 
due to the macroscopic motion of the fluid; S is the boundary of the 
control body; n is the normal vector outside the boundary element of the 
control body; Re is the calculated Reynolds number.

The viscous effect of the flow field is simulated by the SST k-ω tur
bulence model. This turbulence model combines the advantages of k-ε 
and k-ω turbulence models to calculate the inner and outer boundary 
layer, and takes into account the orthogonal divergence term, which can 
accurately predict the separation characteristics of the flow field, and is 
suitable for turbulence with a large pressure gradient and large rotation 
effect [41,42]. The relevant equation is as follows:

K equation: 

Dρk
Dt

=
∂

∂xi

[

(μ+ σkμk)
∂k
∂xj

]

+ τij
∂ui

∂xj
− β∗ρω 

ω equation: 

Dρω
Dt

=
∂

∂xj

[

(μ+ σkμk)
∂ω
∂xj

]

+
γ
vt

τij
∂ui

∂xj
− βρω2 + 2(1 − F1)ρσω2

1
ω

∂k
∂xj

∂ω
∂xj 

Where, τij = − ρuʹ
iu

ʹ
j is the eddy viscosity coefficient; vt = a1k

max(a1ω;ΩF2)
, 

Ω represents vorticity, and the role of the mixed function in the model is 
to complete the transition from the k-ω model near the wall to the k-ε 
model away from the wall. The rest are the default parameter values of 
the equation, corresponding to the k-ω model for Wilcox and the stan
dard k-ε model, respectively.

For the boundary conditions of turbulence, the upper surface of the 
computational domain cylinder is set as Velocity Inlet, the lower surface 
as Wall, the type as a trap, the cylindrical surface as Pressure Outlet, the 

Fig. 1. a. Reverse creation of blade model; b. Rotation domain of the rotor grid.

Fig. 2. a. Grid profile distribution; b. Fluid computing domain.
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defined X and Y axes are perpendicular to each other, and parallel to the 
ground, and the Z axis is perpendicular to the ground. The acceleration 
of gravity along the negative Z axis is g = 9.81m/s2, as shown in Fig. 2b. 
The air is set to an ideal gas (ignoring the viscosity and temperature 
changes of the air) and the effect of the fuselage on the wind field is 
ignored. This method can effectively minimize the influence of the wall 
on the airflow, which can greatly improve the accuracy of the numerical 
simulation [40].

Furthermore, the Discrete Phase Model (DPM) based on the Lagrange 
tracking method was used to model the spray, which was used to 
describe the fluid motion state at different speeds 
(0,1500,1600,1700,1800,1900 rpm). By adding the discrete phase of the 
droplets into the continuous phase model of the downwash flow, the 
discrete phase model of the movement of the droplets is established, so 
as to simulate the coupling relationship between the airflow field and 
the droplet field. The Lagrange discrete phase model combines three 
factors that affect the movement of droplets (the force of the downwash 
flow on the droplets, the resistance in the air, and its inertia) to predict 
the trajectory and deposition of the droplets in the downwash flow. The 
motion equation of the droplet is as follows:

The definition of acceleration of droplets in the flow field: 

dup

dt
=

u − up

τp
+

g
(
ρp − ρ

)

ρp 

Droplet release definition: 

τp =
ρpd2

p

18μ
24

CdRe 

Where u represents the airflow velocity (m/s); uprepresents the up
ward droplet velocity (m/s); τp represents droplet release time (s); ρ 
indicates air density (998.2Kg/m2); dp denotes the diameter of the 
droplet; Cd represents the drag coefficient of the droplet, defined by the 
dynamic drag model; The relative Reynolds number Re is defined by the 
Discrete Random Walk(DRW) model.

Therefore, a virtual nozzle is used in a Discrete Phase Model (DPM) 
to simulate the effects of gravity and aerodynamic drag on droplet 
particles. The nozzle type was simulated by the flat-fan-atomizer model. 
A method of ‘parcels’ is used in which many parcels are released, each 
representing the same particle. To ensure good statistical accuracy, a 
sufficient number of Parcel must be used, so the Parcel has a Number of 
Streams of 200, the nozzle model is located 0.35 m directly below the 
center of the rotor, and the liquid particle type is inert. The nozzle pa
rameters are determined according to the data corresponding to the 
nozzle used by the UAV used in the test. The steady-state and pressure- 
based solvers in ANSYS 2022 are used, and the discrete-phase solvers are 
set as unsteady solutions. The SIMPLE algorithm and the second-order 
upwind difference scheme were used for the discrete setting, and the 
number of iteration steps was 1000.

2.2. Simulation verification

The numerical simulation verification platform is mainly composed 
of a two-phase flow platform of agriculture UAV and PIV system and is 
located in the indoor environment to reduce the interference of external 
natural wind. The above devices and equipment were used to measure 
and analyze the nozzle droplet velocity under the action of the wind field 
of the rotor of an agricultural UAV, so as to verify the accuracy of the 
numerical simulation. The test site was located in the wind tunnel lab
oratory of the National center for International Collaboration Research 
on Precision Agricultural Aviation Pesticide Spraying Technology, South 
China Agricultural University (23◦09′35.9″N113◦22′19.7″ E). The 
average indoor ambient temperature and average relative humidity on 
the test day were 27 ◦C and 65.1 %.

2.2.1. Two-phase flow platform of agriculture UAV
The main body of the two-phase flow platform of the agriculture 

UAV is composed of aluminum alloy profiles, suspended under the 
gantry frame, and can support the use of various gestures of a variety of 
UAV such as quadrotor, six-rotor, and eight-rotor during testing. As 
shown in Fig. 3a, the quadrotor structure was adopted in this experi
ment, and the UAV rotor used in the experiment was fixed on the two- 
phase flow platform at a height of about 2 m from the ground. The pa
rameters of the two-phase flow platform of the agriculture UAV are 
shown in Table 1:

The spray system of the platform is installed next to the gantry frame 
and is composed of a booster pump, water tank, pressure gauge, 
pressure-reducing valve, safety valve, relay, nozzle, and spray pipe. The 
spray pressure is adjusted by the pressure-reducing valve to achieve real- 
time nozzle spray. The nozzle used in this test is XRTEEJET11001VS, 
which has the same aperture as SX11001VS, the standard nozzle of T30 
agriculture UAV, and is used to generate droplets with an average vol
ume diameter of 120 µm and spray pressure of 0.4 MPa. As shown in 
Fig. 3b, the nozzle is installed 0.35 m below the rotor.

2.2.2. PIV system
Because the rotor vortex generated by the rotor downwash of agri

cultural UAV is non-periodic, the PIV system is selected as the velocity 
measurement device to measure the fluid domain below the rotor. PIV 
technology is a transient, multi-point, non-contact fluid mechanics 
measurement method, which can record the velocity distribution in
formation of particles at spatial points at the same time, provide rich 
spatial structure and flow characteristics of the flow field, and have very 
high measurement accuracy. The PIV system adopted in this experiment 
is composed of a CCD camera (2048×2048,32fps; TSI Incorporated, 
USA), pulsed laser (380mJ/pulse, wavelength=532 nm; TSI Incorpo
rated, USA), synchronizer, etc. By combining the laser generated by the 
laser through the optical system composed of the cylindrical mirror and 
the spherical mirror, the sheet light source with a beam waist thickness 
of about 1 mm can be produced. Adjust the frame rate according to the 
actual situation. The experimental arrangement of the PIV system is 
shown in Fig. 3a.

A 50 mm lens is used to generate a field of view large enough to 
capture the motion of particles in the flow field, that is, the evolution of 
droplets sprayed from the nozzle and scattered into the air. The Mask is 
set to capture the movement of droplets under different rotor speeds in 
the wind field. In this experiment, the pulse width of the Yttrium 
Aluminum Garnet (YAG) laser pulser is 3~5 ns, the time interval of the 
two laser beams is 50us, the time series between the two frames of 
photos is 0.025 s, and the maximum distance of particle movement is 
less than 1 mm. Therefore, the query window is set to 36×36 pixels (a 
4.6 × 4.6 mm square) to ensure that the particle move distance is less 
than a quarter of the length of the query window, and the overlap rate is 
set to 50×50 mm.

The experimental results captured by PIV are obtained from the 
average value of the flow field data obtained from multiple consecutive 
double-frame images. Based on its high sampling frequency, the turbu
lent kinematics energy is calculated according to the two position 
components of its velocity fluctuation, as follows: 

k =
1
2
(
u 2́ + v́ 2)

Where u’ is the horizontal component and v’ is the vertical 
component.

The Insight4G software can continuously obtain AB frames of the 
spray image of droplets in the instantaneous state, analyze the flow field 
in the image, and average the flow field image to generate original data. 
Tecplot software is used to obtain the original data and generate the 
velocity vector graph. The resolution of each frame is 2048 by 2048 
pixels. The nozzle is located at (150,0) in the coordinate system, and the 
rotor is located directly above the nozzle.

K. Chang et al.                                                                                                                                                                                                                                  Smart Agricultural Technology 13 (2026) 101737 

5 



In order to verify the accuracy of CFD simulation results, this paper 
designed a droplet measurement test under the coupling of the airflow 
field and droplet field under the rotor. As shown in Fig. 3, the droplet 
field directly below the nozzle is selected as the measuring range on the 
platform in the figure, and the corresponding rotor speed 
(0,1500,1600,1700,1800,1900 rpm) is selected to conduct the test. Each 
test is repeated three times, and the average value of the data is taken for 
result analysis, and the motion state of the droplet field at the nozzle 
below the rotor is observed during the test. The average flow charac
teristics and velocity distribution characteristics of droplets under the 
action of the wind field are analyzed.

3. Results

3.1. CFD simulation results

3.1.1. Droplet velocity distribution at different rotor speeds
As shown in Fig. 4, it is the speed distribution of the droplet field and 

the coupling state of the airflow field under the rotor speed of 0, 1500, 
1600, 1700, 1800, and 1900 rpm respectively. Fig. 4a is the droplet field 
under the action of no rotor wind field, Fig. 4b is the distribution flow 
diagram of the droplet field under the rotor speed of 1500 rpm, and 
Fig. 4c is the coupling flow diagram and cloud picture of the droplet field 
and airflow field under the rotor speed of 1600 rpm. Fig. 4d is the flow 
diagram and vector diagram of the coupling of the droplet field and 
airflow field at 1700 rpm, Fig. 4e is the top view of the droplet field at 
1800 rpm, and Fig. 4f is the volume rendering of the coupling of the 
droplet field and airflow field at 1900 rpm. It can be seen from Fig. 4 that 
the droplets sprayed from the nozzle model conform to the fan distri
bution state, and the velocity distribution field of the droplets under the 
action of the airflow field without the rotor is obviously different from 
that under the action of the airflow field with the rotor. It can be seen 
from Fig. 4a and b that the fan distribution range of the droplet velocity 
on the plane under the action of the airflow field without a rotor is larger 
than that under the action of the airflow field with the rotor. At the same 

time, it can be seen that under the action of the rotor flow field, the 
droplet velocity flow line has the phenomenon of inward contraction 
near the ground. As can be seen from Fig. 4c, this is due to the ground 
effect caused by the contact between the wind field and the ground. 
Under the coupling action, droplets also shrink inward due to the 
movement of the wind field air. By comparing the flow line of droplets 
under the action of the rotor flow field, it can be seen that with the in
crease of rotor speed, the degree of inward contraction of the droplet 
velocity field is greater. This shows that with the increase of rotor speed, 
the ground effect between the rotor flow field and the ground becomes 
more intense. As can be seen from Fig. 4d and e, since the simulation 
model is a single rotor blade of CW type, the airflow field also rotates 
clockwise. In addition, the droplet field is affected by the airflow, and 
also produces the situation of clockwise rotation. As can be seen from 
Fig. 4f, in the fluid domain, an obvious columnar distribution of airflow 
field appears below the rotor, generating an independent vortex wake. 
Then the diameter of the column of the lower flow field is obviously 
enlarged, and the turbulent wake appears. For the airflow near the 
ground, the ground effect leads to the diffusion of the airflow, resulting 
in the ground diffusion airflow, and the airflow law is similar to that in 
[30].

The droplet velocity field under the action of rotor flow field is 
further analyzed. Fig. 5 shows the scatter diagram of the coupling 
relationship between the droplet velocity and rotor wind speed. It can be 
seen from Fig. 5 that the maximum velocity of the droplet is close to 20 
m/s. By comparing the velocity diagram of the droplet under the action 
of the rotor flow field, it can be seen that the maximum velocity of the 
droplet is generated by the nozzle. In combination with Fig. 5, it can be 
seen that the droplet velocity within 0.5 m near the nozzle is above 15 
m/s. At the same time, it can be found that with the increase of rotor 
speed, the number of droplets with region A speed exceeding 13 m/s also 
presents a rising trend, and the number of droplets in region B signifi
cantly increases, while the number of droplets in region A significantly 
decreases. It shows that with the increase of rotor speed, the larger the 
downwash wind field, the movement speed of droplets also increases. By 
observing the distribution of droplets in region C, it can be seen that 
although the maximum velocity of droplets does not change basically, 
with the increase of rotor speed, the number of maximum velocity of 
droplets also moves to the right side for a lot. It shows that with the 
increase of rotor speed, the airflow field under the rotor is gradually 
enhanced, and the movement speed of the droplets is also gradually 
increased.

Fig. 3. a. PIV system test layout; b. Two-phase flow platform of agriculture UAV.

Table 1 
Dynamic system parameters of two-phase flow platform.

Parametric Technical Indicators

Rotor Diameter/m 1.4
Rotor Speed/rpm 0–3000
Operation Duration/min 10–15
Operating Height/m 1–3
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3.1.2. Droplet velocity attenuation at different rotor speeds
As shown in Fig. 6, it is the scatter diagram of the velocity distri

bution of the droplet velocity field at different heights of the Z-axis 
under the conditions of rotor speed of 0, 1500, 1600, 1700, 1800, and 
1900 rpm respectively. As can be seen from Fig. 6a, under the action of a 
no rotor wind field, as the distance from the nozzle increases, the ve
locity of the droplets also decreases. The velocity distribution of droplets 
is mostly concentrated in region D. From Fig. 6b to f, it can be seen that 
the number of droplets in zone E gradually increases, while that in zone 
F gradually decreases. It shows that the overall droplet velocity increases 
with the increase in rotor speed.

In this paper, droplet velocities located 0.4, 0.45, 0.5, 0.55, 0.6, 0.65, 
0.8, 1.0, 1.2, 1.4 m away from the origin in the vertical Z direction of the 
sprinkler head are selected, and their attenuation curves are calculated 
by averaging, as shown in Fig. 7a. It can be seen that the velocity 
attenuation of droplets increases with the distance from the sprinkler 
head. The closer the droplets are to the tip of the nozzle, the faster they 
move, far exceeding the maximum wind speed. This is because the 
droplets obtain the largest initial kinetic energy at the nozzle, so the 
droplet speed at the nozzle is the largest, and there is almost no air 
resistance effect. Under the action of the rotor less flow field, the ve
locity of the droplet decreases rapidly. When it exceeds the origin point 

Fig. 4. Coupling diagram of flow field at different rotor speeds.

K. Chang et al.                                                                                                                                                                                                                                  Smart Agricultural Technology 13 (2026) 101737 

7 



by 0.6 m, the velocity of the droplet drops below 10 m/s. After 1 m from 
the origin, the velocity of the droplets drops below 5 m/s. Under the 
action of the rotor flow field, it can be seen that the velocity of the 
droplets does not decrease significantly. The velocity of the droplets in 
the origin 0.5 m is above 15 m/s, and the velocity of the droplets in the 
origin 1 m is above 12 m/s. It shows that the rotor downwash flow field 
has an obvious effect on the droplets in the droplet field, and effectively 
increases the velocity of the droplets. At the same time, from the change 
curve of the droplet velocity in the airflow field with the rotor, the 
droplet velocity curve experiences the change of regular-disordering- 
regular-disordering. This is because the initial kinetic energy of the 
droplets is very large after the droplets just come out of the nozzle, and 
the influence of the wind field is little. However, with the decrease of the 
kinetic energy of the droplets, the effect of the wind field on the droplets 
begins to gradually increase, and the attenuation of the droplets be
comes irregular. However, when the rotor flow field exceeds 0.8 m, the 
influence of each rotor on the droplet speed is relatively regular. Then, 
when it exceeds the origin 1.2 m, the velocity attenuation of some 
droplets becomes irregular, which is because the wind field produces a 
ground effect after touching the ground so that the airflow near the 
ground then affects the droplets and disturbs the movement state of the 
droplets.

According to the droplet velocities at various points along the ver
tical Z direction from the origin, curve fitting was performed on the data 
using Matlab. The model of nozzle droplet velocity variation with dis
tance in the Z direction established in this study is expressed as follows: 

z = − 12.98 − 247.9x + 0.07798y − 714.4x2 + 0.03528xy − 909.3x3

+0.03908x2y − 576.3x4 − 0.01894x3y − 149.x5 − 0.0238x4y#

In this equation, z represents the droplet velocity, m/s; x represents 
the distance along the vertical Z direction from the nozzle, m; y repre
sents the rotor speed, rpm.

Then, considering that the movement velocity of droplets will 
gradually decrease with the sedimentation distance and time, and the 
droplets with small particle size are particularly susceptible to the in
fluence of external environment and drift during the sedimentation 
process, this paper selects the droplet movement velocity attenuation 
rate K as one of the indicators to measure the movement characteristics 
of droplets, and its calculation formula is as follows: 

K =
|Vm − Vn|

Vn
× 100% 

Where, Vmis the movement velocity of the droplet at the distance m 
from the sprinkler head, in m/s; Vn is the movement velocity of the 
droplet at the distance n from the nozzle, expressed in m/s.

The study combines the above analyses to statistically assess the 
attenuation rates of droplet velocities at selected positions. Here, n 
represents the droplet velocity at the nozzle (0 m), while m refers to the 
droplet velocities at distances of 0.4, 0.45, 0.5, 0.55, 0.6, 0.65, 0.8, 1.0, 
1.2, and 1.4 m from the origin. The attenuation trend curve was ob
tained through calculation and is shown in the Fig. 7b. It can be seen 
from the figure that with the distance from the origin, the velocity 
attenuation rate of the droplet increases. The velocity attenuation rate K 
value under the action of the no rotor flow field is more than 50 % after 
exceeding the origin point of 0.6 m. However, under the action of the 
rotor flow field, the K value within 1 m of the origin is less than 40 %, 
and the attenuation rate changes very slowly. Further analysis of the 
change in velocity attenuation rate shows that the attenuation rate curve 

Fig. 5. Scatter diagram of droplet velocity and downwash wind speed at different rotor speeds.
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undergoes a pattern similar to that of the velocity curve, characterized 
by an alternating sequence of ordered and disordered phases. At the 
same time, it can be found from Figure b that as the rotor speed in
creases, the kinetic energy generated by the rotor flow field on droplets 
increases, and the droplet attenuation rate decreases.

3.1.3. Distribution of droplets quantity at different rotor speeds
As shown in Fig. 8, it is the distribution of the number of droplets 

velocity under the rotor speed of 0, 1500, 1600, 1700, 1800, and 1900 
rpm respectively. As can be seen from Fig. 8a, under the action of no 

rotor wind field, the velocity of droplets is relatively concentrated in the 
interval less than 2 m/s, and the number of droplets in the interval less 
than 1 m/s is the highest, reaching 6600. In the velocity interval of 19 
m/s ~ 20 m/s, the number of droplets reached 1400. In the interval of 
velocity less than 19 m/s, the number of droplets gradually increases 
with a certain law. When there is a rotor flow, the number distribution of 
droplets changes obviously, and the number of droplets is concentrated 
in the low-speed region to the medium-speed region. As can be seen from 
Fig. 8b, the number of droplets decreases significantly in the range with 
a speed less than 10m/s, while the number of droplets increases 

Fig. 6. Scatter diagram of droplet velocity distribution under different rotor speed and different height of Z axis.

Fig. 7. a. Variation curve of droplet velocity attenuation at different altitudes and rotor speeds; b. Change curve of droplet attenuation rate at different altitudes and 
rotor speeds.

K. Chang et al.                                                                                                                                                                                                                                  Smart Agricultural Technology 13 (2026) 101737 

9 



significantly in the range with a speed greater than 10m/s. In addition, it 
can be seen from Fig. 8b,c,d,e, and f that with the increase of rotor speed, 
the number of droplets increases more in the high-speed range.

According to Fig. 8b,c,d,e,f, it can be seen that under the airflow field 
of each rotor, the velocity ranges with the most concentrated number of 
droplets are 12 m/s ~ 13 m/s, 13 m/s ~ 14 m/s, 13 m/s ~ 14 m/s, 14 
m/s ~ 15 m/s, and 15 m/s ~ 16 m/s respectively. The increasing 
number of droplets in each section shows that with the increase of rotor 
speed, the maximum number of droplets in the flow field is also shifting 
to the higher speed section. As shown in Fig. 8, within the speed range of 
19 m/s ~ 20 m/s, the generation of the rotor airflow field has a certain 
degree of influence on the number of droplets in this area. However, 
with the increase of rotor speed, the enhanced airflow field has no 
obvious influence on the number of droplets in this area, and the number 
is basically kept at about 2000. Therefore, it is inferred that the rotor 
airflow field has no obvious effect on the velocity of droplets near the 
nozzle, but when the droplets leave the nozzle and are far away from the 
nozzle, the motion state is greatly affected by the rotor airflow field.

3.2. Verification result

3.2.1. Droplet velocity distribution at different rotor speeds
As shown in Fig. 9, it is the droplet velocity field under the rotor 

speed of 0, 1500, 1600, 1700, 1800, and 1900 rpm respectively. It can be 
seen from the figure that the spray state of droplets is mainly fan dis
tribution, and the velocity distribution field of droplets under the action 
of the wind field without the rotor is obviously different from that under 
the action of the wind field with the rotor. In order to facilitate 
description, partitions are marked in the figure, and each partition 
represents a different speed range. The numbers are marked from 1 to 5, 
indicating a gradual increase in speed. The velocity of partition 1 ranges 

from 0 m/s to 5 m/s, partition 2 ranges from 5 m/s to 10 m/s, partition 3 
ranges from 10 m/s to 15 m/s, partition 4 ranges from 15 m/s to 20 m/s, 
and partition 5 ranges from greater than 20 m/s. As can be seen from 
Fig. 9a, partition 3 is mainly concentrated in the Y direction (− 100, 0), 
partition 2 is mainly concentrated in the Y direction (− 160, 0), and 
partition 1 is mainly concentrated in the Y direction (− 100, − 150). 
However, under the action of the rotor wind field, different degrees of 
change occurred in each region, and the velocity value of droplets 
increased significantly. In the case of the rotor wind field, partitions 1,2 
nearly disappear, and partitions 4,5 increase.

Therefore, the area of each partition is further studied. By calculating 
the area pixel values in each partition, the data is drawn as shown in 
Fig. 10. Fig. 10a represents the percentage diagram of each partition at 
different rotor speeds relative to the entire partition (less than 1 % is not 
labeled), and Fig. 10b represents the distribution diagram of the number 
of pixels in each partition at different rotor speeds. As can be seen from 
Fig. 10a, when there is no rotor speed, the droplet field in velocity 
partition 1 occupies the largest proportion, reaching 75.05 %, followed 
by velocity partition 2, accounting for 21.12 %, and velocity partition 3, 
accounting for 3.83 %, accounting for a relatively small proportion. 
Under the action of the rotor wind field, each velocity partition of the 
droplet velocity field changes as follows: the velocity partition 3 has the 
highest proportion, reaching more than 83 %, followed by the velocity 
partition 4, reaching more than 10 %, followed by the velocity partition 
2, both above 1 %. Thus, it can be seen that the droplet velocity increases 
the kinetic energy of the droplet under the action of the rotor wind field, 
and the droplet velocity not only increases but also the proportion of the 
velocity range raised by the action of the wind field expands. As can be 
seen from Fig. 10b, the exact pixel values of each partition can be 
concretely seen. In the absence of a rotor wind field, the number of 
pixels in partition 1 reaches 294,132, that in partition 2 reaches 82,759, 

Fig. 8. Distribution of droplets velocity and quantity at different rotor speeds.
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and that in partition 3 only reaches 15,014. However, under the action 
of the rotor wind field, the number of partition 1 and partition 2 is quite 
low, and neither reaches 4000. In the speed partition 3, it exceeds 
32,000, and in the speed partition 4, it exceeds 41,000. This shows that 
the downwash wind field of the rotor causes a huge increase in the 
droplet speed, especially in partition 3, where the number of pixels in
creases by 20 times.

The maximum droplet velocity at each rotor speed is further studied. 
As shown in Fig. 11a, the maximum velocity of droplets under the action 
of a no rotor wind field is 14.03 m/s, while that under 1500, 1600, 1700, 
1800, and 1900 rpm rotor speeds is 23.61, 23.76, 27.40, 27.61 and 

24.84 m/s respectively. The maximum velocity of droplets in the rotor 
wind field increased by 68.28 %, 69.35 %, 95.30 %, 96.79 %, and 77.05 
%, respectively, compared with that without the rotor wind field. It can 
be seen that when the rotor speed is 1800 rpm, the maximum speed of 
the droplets increases the most. In the figure, Vy− represents the velocity 
component of droplets in the vertical direction. It can be seen that under 
the effect of the rotor wind field, the variation trend of droplets in the 
vertical direction is basically consistent with the variation trend of the 
total velocity value. The two velocity components Ux− and 
Ux+representing the velocity of the droplet in the horizontal direction in 
the figure. It can be seen that the velocity component in the vertical 

Fig. 9. Distribution of droplet velocity field at different rotor speeds.
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direction is significantly larger than the velocity components in the 
horizontal direction. Comparison of the rotor wind field with the no 
rotor wind field shows that the rotor wind has a significant effect on the 
velocity in the vertical direction.

In order to further analyze the relationship between the velocity 
component of the droplet and the total velocity, the horizontal and 
vertical velocity components are further analyzed. The variation of the 
velocity component is expressed according to the following formula. 

cos(θ) =
Vy

V 

tan(θ) =
Vy

Vx 

cos(θ) represents the relationship between the vertical component of the 
velocity and the total velocity; tan(θ) represents the relationship be
tween the vertical and horizontal components of the velocity; θ repre
sents the angle between the velocity vector and the horizontal direction; 
V indicates the maximum total speed; Vy represents the maximum ver
tical component of velocity; Vx represents the maximum average value 
of the horizontal component of the velocity.

Fig. 11b can be obtained through calculation, from which it can be 
seen that under the action of the rotor wind field, the cos(θ) value in
creases. When the rotor speed is 1500 rpm, the cos(θ) is the maximum, 
close to 1. However, with the increase of rotor speed, cos(θ) begins to 
decrease gradually and gradually approaches the cos(θ) value in the 
wind field without the rotor. The change trend of tan(θ) value and cos(θ)

value is not completely consistent, showing that the first increase and 
then decrease, and the situation is reduced after the increase. It shows 
that the rotor wind field has an obvious effect on the droplet velocity, 
but with the increase of the rotor speed, the effect of the velocity 
component in the vertical direction is gradually weakened.

3.2.2. Droplet velocity attenuation at different rotor speeds
In order to describe the change of droplet velocity under different 

rotor speeds more quantitatively, origin software is used to draw the 
velocity value at the center position of the nozzle based on velocity 
vector data. Fig. 12a shows the change of droplet velocity attenuation at 
X = 160, from which it can be seen that the greater the distance from the 
nozzle, the greater the droplet velocity attenuation. The droplet closer to 
the nozzle end has the largest initial kinetic energy from the nozzle, so 
the droplet velocity at the nozzle is also the largest, and it is almost 
unaffected by air resistance. However, with the distance from the 
sprinkler head (greater than 150 mm), the velocity attenuation of the 
droplets is significantly weakened, which may be due to the fragmen
tation of the droplets generated by the sprinkler head, forming a smaller 
particle size of the droplets, and the air resistance also has a greater 
impact on it, so the attenuation effect is not obvious.

At the same time, in combination with the calculation method of 
velocity attenuation in CFD simulation results, the velocities at 0, 50, 
100, 150, 200, 250, and 300 mm away from the sprinkler head are 
selected to measure the size of the attenuation rate, where n is the ve
locity of droplets at 0 of the sprinkler head, and m is 50, 100 and 300 mm 
away from the sprinkler head, respectively. Droplet velocity at 150, 200, 

Fig. 10. a. Percentage diagram of each section relative to the whole section under different rotor speeds; b. Distribution map of the number of pixels in each interval 
under different rotor speeds.

Fig. 11. a. Curve of maximum speed and velocity component at different rotor speeds; b. Velocity component change curve under different rotor speed.
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250, 300 mm. The attenuation change curve is shown in Fig. 12b after 
solving and calculating. As can be seen from Fig. 12b, the greater the 
distance from the sprinkler, the greater the attenuation rate of the 
droplet motion velocity. The speed attenuation rate K value under the 
action of the no rotor wind field has been attenuated by 20 % at 50 mm 
away from the nozzle, by more than 50 % at 150 mm away from the 
nozzle, and by more than 80 % at 300 mm away from the nozzle. It can 
be seen that the droplet speed attenuation very fast. Moreover, the 
attenuation rate K value under the action of no rotor wind field is 
obviously greater than that under the action of a rotor wind field. At the 
distance of 150 mm from the nozzle, the droplet velocity attenuation 
rate K value under the action of no rotor wind field is greater than 50 %, 
while the K value under the action of the rotor wind field is less than 50 
% within the range of 300 mm. Further analysis of the droplet velocity 
attenuation rate under the action of the rotor wind field shows that, on 
the whole, the variation trend of the velocity attenuation rate is 
consistent, and the K value of the attenuation rate at different rotor 
speeds is relatively close, indicating that the rotor speed interval of 100 
rpm has little influence on the droplet velocity attenuation rate. How
ever, it can be seen from the figure that with the increase of rotor speed, 
the value of velocity attenuation rate K also increases correspondingly, 
and the value of velocity attenuation rate K at adjacent rotational speeds 
is usually less than 5 %, indicating that the rotor wind field still has a 
certain influence on the attenuation of droplet velocity.

3.2.3. Distribution of droplets quantity at different rotor speeds
As shown in Fig. 13, it is the distribution of droplet velocity quantity 

under the conditions of rotor speed of 0, 1500, 1600, 1700, 1800, and 
1900 rpm respectively. As can be seen from Fig. 13a, under the action of 
no rotor wind field, the velocity of droplets is relatively concentrated in 
the range of less than 5 m/s, and the number of droplets reaches the 
maximum in the range of 2 m/s ~ 3 m/s. The number of droplets is more 
than 1000, the speed range is mainly in the range of 1 m/s ~ 3.5 m/s. 
When there is a rotor wind field, the distribution of droplets changes 
obviously, and the concentration of droplets shifts from a low-speed area 
to a medium-speed area. It can be seen from Fig. 13b that when the rotor 
speed is 1500 rpm, the peak value of the number of droplets is within the 
range of 13 m/s ~ 13.5 m/s, which exceeds 4000.

By comparing the distribution of more than 1000 droplets in a rotor 
wind field, the speed ranges are 12.1 m/s to 14 m/s, 11.1 m/s to 14.2 m/ 
s, 11.2 m/s to 13.5 m/s, 11.2 m/s to 13.6 m/s, and 10.2 m/s to 13.1 m/s. 
Compared with Fig. 13a, the velocity interval has changed significantly 
and is more concentrated in quantity. Further observation of Fig. 13c,d, 
e,f shows that with the increase of rotor speed, although the number of 
droplets is concentrated in the medium-speed region, the concentration 
of droplets speed begins to become relatively dispersed. In Fig. 13c and f, 
the number of droplets does not exceed 3000, and in Fig. 13d and e, the 

number of droplets does not exceed 3500. Therefore, it shows that with 
the increase of rotor speed, the downwash airflow field is gradually 
strengthened, and the movement speed of droplets is gradually 
increased and evenly distributed under its action, which also plays a 
certain role in accelerating the settlement of droplets.

4. Discussion

The downwash airflow generated by the rotor rotation of agricultural 
UAV will cause a change in the space flow field. This phenomenon af
fects the distribution and drift of the pharmaceutical solution in the 
process of agriculture operation of agricultural UAV. However, the 
current research lacks more accurate and in-depth research on the rotor 
downwash airflow field, which leads to more accurate and in-depth 
research on the spatial droplet field. This study focuses on using high- 
precision particle detection equipment to investigate the coupling 
relationship between the rotor downwash airflow field and the droplet 
field. By examining the flow of droplets, the study aims to explore their 
spatial atomization patterns, providing a basis for subsequent re
searchers to further study droplets and reduce pesticide waste during 
agricultural drone operations.

In order to verify the simulation results, the corresponding data 
points were compared and verified in this paper, as shown in Fig. 14.

Compare the simulated and measured values of the speed of each 
measurement point, and define the relative error range of the two as 
follows [30]: 

e =
|qt − qs|

qs 

Where, qt is the droplet velocity value actually measured by PIV (m/ 
s); qs is the Fluent simulation speed value (m/s).

According to the above formula, Fig. 15 below shows the change 
curve and relative error of the average speed of the simulated and 
measured test at each point. It can be seen from Fig. 15 that the 
measured value of droplet velocity is basically smaller than the simu
lated value. The relative error of droplet velocity under the action of a 
wind field without a rotor is large. Under the action of the rotor wind 
field, the relative error of droplet velocity at the position of Z = 50 mm is 
very low, within 5 %. When the rotor speed is 1500 rpm, the relative 
error of the droplet speed is in the range of 1 % ~ 15 %. However, as the 
rotor speed increases, the relative error of droplet velocity becomes 
larger, and the maximum relative error is close to 32 %. It shows that 
with the increase of rotor speed, the coupling effect between the droplet 
field and the airflow field becomes stronger, resulting in a more complex 
multiphase flow phenomenon, resulting in an increasing relative error 
between the two. In addition, the error may also be caused by the 
following reasons: the parameters of the DPM model are not completely 

Fig. 12. a. Droplet velocity attenuation curve at X = 160 at different rotor speeds; b. Change curve of droplet attenuation rate at different rotor speeds.
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consistent with the actual parameters of the sprinkler head, and the 
error is further amplified during the simulation calculation, resulting in 
a large simulation data value; Although the indoor test can isolate most 
of the external influences, there will still be some wind speed interfer
ence, resulting in the actual measured value is small, affecting the 
measurement results.

Many of the results obtained in this paper are similar to those of 
previous studies. Specifically, previous studies have focused on 
exploring the effect of eddy current generated by downwash airflow on 
droplets and the variation of eddy current field with height. However, 
little attention has been paid to the variation characteristics of droplet 
velocity under the coupling relationship between the airflow field and 
droplet field. The change of droplet velocity will not only affect the 
deposition effect and distribution uniformity of droplet [22,28,40]. In 

addition, it will also cause changes in the particle size of the droplets and 
drift during the spraying operation [19]. However, there is research on 
the coupling of the airflow field and droplet field on droplet velocity 
[18]. In the past, the influence of eddy current changes on droplets was 
studied by numerical simulation for rotor airflow [22], while the 
multi-phase flow changes of droplets under the coupling of rotor airflow 
field (gas phase) and drop field (liquid phase) were ignored, which led to 
the difference in the change of spraying solution droplets. Through 
numerical simulation, this study explored the atomization effect of 
two-phase coupling of the airflow field and droplet field and proposed a 
reasonable pesticide spraying method considering the particle size re
quirements of the spray droplet. By changing the relationship between 
rotor speed and droplet size, different spraying requirements can be met. 
For example, small droplets are more likely to be absorbed by the leaf 

Fig. 13. Distribution of droplets velocity quantity at different rotor speeds under PIV test.
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surface of crops, or better able to penetrate the canopy of plants and kill 
insects (such as aphids and larvae) inside the canopy [11]. Larger 
droplets are more suitable for spraying herbicides for weed control over 
a wider area [43]. At the same time, it is also necessary to pay attention 
to the droplet drift in the process of agriculture, increase the downwash 
airflow, and control the droplet drift [9,23]. Although this study did not 
directly conduct drift tests, the above analysis, combined with our CFD 
simulations and PIV experiments, has revealed several drift-related flow 
phenomena—such as the outward dispersion of high-speed droplets and 
recirculation caused by ground effects—which are particularly pro
nounced under high rotor speed conditions. In future work, we plan to 
develop a multi-rotor coordinated wind field model to account for drift 
phenomena induced by complex airflow interactions during actual UAV 
spraying operations.

Specifically, the innovative findings derived from the above research 
and discussion offer practical guidance for the engineering application 
of agricultural UAV spraying systems in the following aspects:

(1) Optimization of rotor control strategies. Based on the observed 
droplet velocity attenuation patterns, a high-rotor-speed mode is rec
ommended for dense crop canopies to enhance droplet penetration and 
reduce pesticide drift losses. The optimal rotor speed can be selected 
according to different crop types and canopy densities to effectively 
control droplet velocity.

(2) Nozzle co-design and configuration. Considering the vortex dis
tribution characteristics of the airflow field, the installation position of 
the nozzle relative to the rotor center can be optimized to fully leverage 
the entrainment effect of the downwash airflow and avoid premature 
droplet dispersion. Future work may incorporate real-time meteoro
logical data and UAV attitude to develop an autonomous spray control 
system.

(3) Decision support for precision pesticide application. By estab
lishing a relational database linking rotor speed, droplet size, and ve
locity attenuation, operators can dynamically adjust spraying 
parameters based on pest type and crop growth stage. In addition, 
airflow field distribution data can support the prediction of droplet 
deposition areas and the optimization of nozzle layout.

However, this study still has several limitations. The research pri
marily focuses on the spatial flow characteristics and velocity distribu
tion patterns of droplets under the coupling effects of the airflow field 
(gas phase) and droplet field (liquid phase). The main limitations are as 
follows:

(1) In the PIV experiments, local velocity deviations existed due to 
limitations in the field of view, laser intensity attenuation, and the 
tracking accuracy of droplet particles. Expanding the PIV measurement 
range to capture droplet atomization behavior in a larger spatial domain 
would enhance the applicability of the results to UAV-based pesticide 
spraying in precision agriculture.

(2) In the CFD simulations, a steady-state RANS model was used, and 

simplifications were made, such as neglecting secondary disturbances 
from the UAV fuselage and simplifying the nozzle geometry. While these 
choices reduced computational cost, they also resulted in a loss of flow 
field details. Future work will incorporate Large Eddy Simulation (LES) 
models or multiphase simulation approaches to improve prediction 
accuracy.

(3) Although the flow structure of a single rotor differs significantly 
from that of multi-rotor systems, this study did not consider rotor–rotor 
interactions or unsteady flow features. Future research will explore the 
turbulent characteristics of multi-rotor droplet fields and tip vortex 
breakdown. Additionally, the current study does not account for the 
interactions between droplets and crop canopies. Introducing realistic 
crop models would allow for the investigation of fluid–structure 
coupling and more accurate assessment of deposition behavior.

Although this study has revealed the interaction mechanisms be
tween the single rotor downwash flow field and the droplet field through 
the coupled CFD-PIV approach, and provided a theoretical basis for 
optimizing the spraying parameters of agricultural UAV, several topics 
in this field remain worthy of in-depth exploration. Based on the finding 
and limitations of this study, future research could be developed in the 
following aspects:

(1) Complex flow field of multi-rotor systems and multiphase 
coupling simulation. This study focuses on a single rotor model, 
simplifying the complex aerodynamic interactions between rotors in 
actual multi-rotor UAV (such as quadrotors and hexarotors). Future 
research should establish full-scale multi-rotor UAV CFD models to 
systematically investigate the effects of interactions, merging, and 
dissipation processes of inter-rotor tip vortices on the overall downwash 
flow field structure. Special attention should be paid to the influence of 
rotor spacing and layout configurations on the uniformity and stability 
of the underlying flow field. Furthermore, more advanced transient 
multiphase flow simulation methods (such as combining LES with 
Lagrangian particle tracking) should be developed to accurately capture 
the effects of turbulent fluctuations on microscopic behaviors such as 
droplet trajectories, collisions, coalescence, and secondary 
atomizations.

(2) Droplet deposition research under dynamic flight conditions and 
real environments. This study was primarily conducted under hovering 
and steady-state conditions. Actual spraying operations involve dynamic 
maneuvers such as forward speed, climbing/descent, and turning. 
Future experiments and simulations should incorporate these dynamic 
factors to explore the coupling effects between the relative wind speed 
generated by UAV motion and the downwash flow field, as well as the 
quantitative impact on droplet deposition distribution and drift trajec
tories. At the same time, verification tests should be conducted in open 
field environments to assess the influence of environmental variables 
such as natural wind, temperature, humidity, and atmospheric turbu
lence on the “flow field-droplet-canopy” system, thereby establishing 

Fig. 14. Schematic diagram of droplet velocity data points.
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more generalizable predictive models.
(3) Modeling of crop canopy and droplet-canopy interactions. The 

ultimate destination of droplets is the crop canopy. The current study 
has not considered the interactions between droplets and the canopy 
(leaves, stems). Future work should integrate realistic crop canopy 
structures (e.g., obtained through 3D scanning) as porous media or 
detailed geometric models into CFD simulations. This would involve 
studying the penetration and attenuation patterns of downwash airflow 
within the canopy, as well as the processes of droplet impact, adhesion, 
bounce, and runoff on leaf surface. This will provide critical theoretical 
support for optimizing flight altitude, speed, and spraying direction 
according to the canopy structural characteristics of different crops (e.g., 
rice, fruit trees, cotton), thereby achieving “canopy-adaptive spraying”.

5. Conclusions

In order to clarify the relationship between the velocity variation of 
pesticide droplets under the coupling of airflow field and droplet field 
during the aerial spraying operation of agricultural UAV, a CFD model 
was established in this paper to study the spatial atomization charac
teristics under the coupling of downwash air droplet spraying. The ac
curacy of the numerical simulation is verified by capturing the droplet 
movement at different rotor speeds with PIV system. The main findings 
are as follows:

(1) The coupling relationship between droplet field and airflow field 
under macroscopic and local conditions is studied. The CFD model 
simulates the change of the droplet field under the action of the airflow 
field in detail under the macro conditions, and the actual test effectively 

Fig. 15. Variation curve and relative error of average speed of simulated and measured test at each point.
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captures the change of the droplet field under the action of the airflow 
field under the local conditions. The coupling relationship between the 
two is effectively reflected from two aspects, and the velocity size, ve
locity attenuation, and quantity distribution of droplets under the action 
of the rotor downwash airflow field are summarized. A CFD–PIV coupled 
validation system for the downwash airflow and droplet field of agri
cultural UAV was established for the first time, enabling fully coupled 
modeling of the entire spraying process—from rotor airflow generation 
and droplet release to downwash influence and droplet response.

(2) The influence of rotor speed on droplet velocity, velocity decay 
rate (K), and spatial distribution was proposed and quantitatively 
analyzed, revealing the nonlinear coupling characteristics between the 
gas and liquid phases. The droplet descent velocity is highly correlated 
with the downwash airflow generated by the rotor speed. This study 
investigated the droplet velocity attenuation in the vertical direction of 
the nozzle and established a model describing the variation of droplet 
velocity with distance. The higher the rotor speed of the agricultural 
drone, the stronger the downwash airflow, leading to a greater droplet 
descent velocity. The maximum droplet velocity occurs near the nozzle, 
where the influence of the downwash airflow is relatively small. How
ever, beyond a distance of 0.05 m from the nozzle, the droplets are 
significantly affected by the airflow field.

(3) The measured results can effectively verify the accuracy of CFD. 
The droplet velocity distribution trend is the same under the interaction 
between the airflow field and the droplet field, and the relative error is 
less than 32 %. Although the relative error of DPM model has a large 
value, the minimum error of simulation results can reach 1 %, which 
indicates that the model has a certain accuracy.
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