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Abstract: Downwash airflow of spray UAVs in agriculture has been gradually focused on and a few studies have already been 
involved in it.  Thus, this paper firstly reviewed the current research of downwash airflow of UAVs for agricultural spray.  It is 
found that Chinese scholars have published the majority of the studies in this area.  Furthermore, two aspects of this kind of 
research, one, the work related to the caused results of UAV downwash acting on spray, the other, that regarding downwash itself 
for investigation, were analysed.  It is illustrated that the present research usually uses water-sensitive paper, electronic devices, 
like wind-speed arrays and PIV, and CFD simulation.  However, the existed electronic devices have some limitations, such as 
lacking of the ability of showing and demonstration of downwash in big enough areas in detail during recording. Moreover, the 
studies directly related to downwash have been just launched around the world and the examination for multi-rotor UAVs is even 
seriously not enough.  Therefore, in terms of research trends, it is significant to develop specialised sensors for downwash 
measurement.  The general and reliable CFD models of a class of UAVs are also needed.  In addition, the combination of UAV 
downwash with real applications and actual production is important for the clarification of the details in different situations. 
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1  Introduction  

At present, the approach of control of both pests and disease in 
agriculture is pesticide spraying.  With the development of 
technology, unmanned aerial vehicles (UAVs), including 
fixed-wing airplanes and rotor aircraft, have been gradually utilised 
for spray due to their high effectiveness and great efficiency[1-6].  
During spraying, the downwash airflow passing by aircraft or 
through rotors can form a strong flow field to plants, able to further 
atomise droplets for better deposition onto crop surface.  In 
addition, this kind of airflow can restrict and then deliver droplets 
into canopies to ensure a significant penetration effect.  Therefore, 
the spray airflow has positive relations on spray swath, deposition 
and drift, determining the effect of operations[7].  It is necessary to 
investigate and clarify the distribution law of downwash. 

This paper firstly reviewed the existed research of the 
downwash of agricultural UAVs and then proposed research trends 
based on the current limitations of these studies. 

2  Research progress of downwash airflow of the 
UAVs for spray 

2.1  Overview of current research 
Figure 1 shows the proportions of current papers focusing on 

different topics about downwash airflow of agricultural spray 
UAVs. 53 academic published papers could be searched.  
According to Figure 1a, most of the studies regarding UAVs were 
completed by Chinese.  Only several international scholars have 
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paid attention to either spraying or downwash of UAVs, in terms of 
agricultural spray drones.  

Besides, operation factors, such as flight height, flight speed 
and UAV type, could affect downwash, and then the downwash is 
able to impact the distribution or penetration of droplets based on 
these variations due to the strongly positive relations between wind 
velocity and droplets[8].  Thus, the relation between operation 
factors and droplet distributions is the caused result of downwash 
acting on spray, belonging to an indirect characterization of 
downwash.  Generally, water-sensitive paper was used in these 
studies, but the main purpose was for the collection of droplets to 
evaluate the change of spray factors rather than the analysis of the 
relation between downwash and spray.  Thus, these studies were 
not counted into the examination methods of downwash.  
According to Figure 1b, about half of these studies concentrated on 
this indirect relation, while more than a half research focused on 
the downwash itself and its examination methods. 

In terms of examination methods, from Figure 1c, about 55 
percent of the studies focused on the utilisation of Computational 
Fluid Dynamics (CFD), while approximately 44 percent of the 
research was mainly related to using materials or electronic devices.  
Furthermore, single-rotor downwash was the majority of the CFD 
studies (Figure 1d).  As for materials and devices, wind-speed 
array, water-sensitive paper, camera and Particle Image 
Velocimetry (PIV) are the four commonly used approaches, while 
the first one was generally used by researchers (Figure 1e). 
2.2  Key technology of caused results of UAV downwash 
acting on spray 

It is proposed that the distribution of droplets is the 
presentation and performance of UAV downwash since the 
variation of spray factors could impact the intensity of downwash, 
in spite of an indirect relation. 

Figure 2a shows the percentage of nationality of the current  
research on this key technology.  China is the main region where 
the authors of this research were.  Moreover, Figure 2b shows the 
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year that this research was published.  Year 2016 is a key point of 
the increase of this research. Moreover, according to Figure 2c, the 

commonly used method to investigate downwash is Computational 
Fluid Dynamics (CFD). 

 

 

51.85%
48.15%

 Work A
 Work B

55.17%

44.83%

 Materials or e-devices
 Computational Fluid Dynamics

a. The nationality of the published relevant studies Work A: the work related to the caused result of 
downwash acting on spray, such as operation factors 
and spraying pressure; Work B: the work directly 
related to downwash and its examination. 

b. The current studies related to downwash 

c. The proportions of current studies on the 
exanimations of downwash of spray UAVs 

  
d. The research aspects and papers regarding the CFD simulation of downwash of 

spray UAVs 
e. The research aspects and papers regarding the examination methods by  

using materials or electronic devices 
 

Figure 1  The overview of the current status of the studies, showing the research points being concentrated on and the nationality of the 
relevant academic papers throughout the world 
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a. The nationality of the studies on the representation results of 
UAV downwash affecting spray 

b. The year of the studies on the representation results of UAV 
downwash affecting spray 

 

Figure 2  Current status of the studies on the representation results of UAV downwash affecting spray, indicating that first,  
these studies were completed by Chinese researchers and second, mainly focused on from 2016 

 

A lot of studies have been involved in downwash 
characterization since 2013 in China.  Scholars like Gao[9] and 
Yang[10] started to focus on the effect from flight parameters, 
including heights and velocities, on droplet distributions.  Several 
types of UAVs were analysed, such as Af-811 and WSZ-2410, and 
the optimal parameter pairs of operations were found for wheat and 

maize, while Xun paid attention on operation parameters, wind 
speed, spray pressure and pesticide for pest control of rice[11].  
These three detailed and fundamental studies launched a rapid 
development of UAVs in China and attracted many interests.  
Then, the number of this kind of study highly increased from 2016 
as well as expanded to other sprayed targets.  For instance, Zhang 
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et al started to focus on UAV application for citrus and found the 
variation of droplet distribution[12], while Tang et al concentrated 
on the deposition changes affected by tree shapes[13].  Similar 
studies regarding UAVs and spray factors include T10 UAV for 
wheat scab control[14], Response Surface Method for the test of P20 
UAV parameters[15], tree shapes and flight heights for the 
deposition of 3W-LWS-Q60S[16], the comparison of four types of 
UAVs[17], the method of detection of effective spray swath of 
3WQF120-12[18], different operation parameters for several stages 
of corns[19], low-attitude droplets deposition[20], drift caused by 
different types of UAVs[21], deposition on pineapple trees impacted 
by operation parameters[22] and the control effect of wheat powdery 
mildew using different operation parameters[23].  Until 2019, this 
kind of study is still heated discussed[24-26].  All the research in 
China mentioned above supported great improvements of spraying 
technology of UAVs in Chinese agricultural aviation, offering an 
indirect relation to downwash. 

International studies on aerial spray were launched earlier.  In 
2001, Greek scholars have started to compare the efficacy of 
several products used for spray[27] and then Gaskin et al 
investigated the droplet distribution of Squirrel AS350 BA 
helicopter on fruit trees[28].  Nonetheless, only a little international 
research has been progressed to be related to the caused results of 
UAV downwash until now.  Berner et al from Portland testified 
the relation between UAV rotor speed and spray deposition.  The 

UAV, DJI S 900, was moved along a track with a fixed height and 
a constant spraying pressure.  Three rotor speeds, 0 r·min-1,  
1500 r·min-1 and 4000 r·min-1 were tested[29].  Furthermore, in 
2018, Korean researchers examined downward wind speeds, 
spraying widths, falling particle quantities and particle sizes based 
on water-sensitive paper.  Three heights and two speeds of a 
six-rotor UAV were set.  Results indicated that 3 m height with   
3 m·s-1 was the superior choice of spraying for Chinese cabbage[30].  
In addition, there is only one study left that is relevant to this topic.  
Hussain et al from Pakistan justified the optimal operation 
parameters of a six-rotor UAV, which is the latest achievement of 
international research on UAV spray[31].  Other studies from 
Brazil[32] and India[33] also paid attention to UAV spray but were 
mainly referred to route planning during spraying.  Based on the 
international papers mentioned above, on one hand, the scholars 
discussing the effect from operation parameters of UAVs or rotor 
numbers on spray are much less than the Chinese.  On the other 
hand, these papers were fully justified in detail, having a good 
value of referring. 

Figure 3 gives an example of the research on the caused results 
of UAV downwash acting on spray.  An UAV was used, flying 
with different heights and over the trees with different shapes.  
Water-sensitive paper was exploited to acquire the droplets data for 
further evaluation of the deposition changes of these conditions. 

 
 

  
a 3W-LWS-Q60S UAV during operation b the setting of water-sensitive paper c different tree shapes 
Figure 3  A typical instance of the caused results of UAV downwash acting on spray, showing that in this research, a four-rotor UAV was 
used to spray droplets and water-sensitive paper was set for collecting the droplets based on the variation of tree shapes and flight heights[12] 

 

Both Chinese and international studies investigated droplet 
movement impacted by UAV factors, showing close thinking.  
However, it should be pointed out that droplet displacement and 
penetration is just the performance of UAV downwash acting on 
droplets, which means that it may not be the core issue to only 
focus on droplet behaviours.  
2.3  Key technology of examination methods of UAV downwash 

The essential question of droplets carried by downwash is the 
internal variation of downwash-itself.  Hence, it is primary to 
illustrate how downwash distributes and what affects the 
distribution.  

According to Figure 1a, compared with the studies on 
downwash characterization, although the research directly related 
to UAV downwash and its verification is more than a half, it is still 
insufficient as only 28 papers were available.  Figure 4 shows the 
current status of these studies, indicating that Chinese studies are 
the majority and Computational Fluid Dynamics (CFD) is 
commonly utilised for the investigation of downwash (Figure 2c).  

The earliest paper that could be searched in agriculture is from 
2013.  Xue conducted the research of the effect from aerial spray 

on rice[34].  This is an original work regarding downwash and 
gives a foundation and reference for future studies, since most of 
the later research applied the same approach. 

 
 

3.57%

96.43%

 Chinese work
 International work

 
Figure 4  Current studies on the examination methods of  

UAV downwash 
 

2.3.1  Examination by using materials or electronic devices 
The electronic devices used for examination include 

wind-speed arrays, Particle Image Velocimetry (PIV) and cameras.  
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Sometimes water-sensitive paper was employed.  For using 
wind-speed arrays, in 2015, Li et al began to involve in this area.  
Figure 5 shows the scheme of the experiment.  They exploited 
wind-speed arrays to investigate the distribution of downwash in 
order to help pollination by a type of UAV, SUMA18.  Results 
illustrated that the distribution width is Y direction > X direction > 
Z direction.  With the use of mathematical models like Gaussian 
Distribution, the downwash model was fitted[35].  Furthermore, 
they analysed the relation between downwash and pollen 
distribution by using a wireless measurement system for downwash.  
A consistent conclusion was made[36].  Their latest research was 
about using wind-speed arrays to measure the distribution and the 
speed of downwash airflow[37].  These are continuous studies on 
one kind of UAV and the conclusions are more and more in-depth, 
while Wang utilised a wind measurement system as well as a 
high-speed camera to find the wind distribution.  Combined with 
wind-tunnel and real tests, the models between flight speeds and 
pollen distributions were obtained[38].  The approach began to be 
expanded.  Chen et al also used a measurement system to detect 
the distribution of downwash of a multi-rotor UAV.  They found 
that for M234-AT, Z-direction airflow had positive relations on 
deposition and drift[39].  These are important works related to 
downwash.  The studies by Li et al, Wang et al and Chen et al are 
mainly about the method of investigation but have the limitation on 
the clarification of the details of internal variation of downwash.   

 
Figure 5  The downwash examination using wind-speed arrays, 

showing a typical setting of wind sensors to measure the 
distribution of airflow[35] 

 

From the perspective of the method mainly using 
water-sensitive paper, Wang et al proposed and then optimised the 
method of spatial quality balance of droplets to examine the 
downwash of a single-rotor UAV, 3WQF80-10.  As shown in 
Figure 6, water-sensitive paper was used in their research and they 
found that the wind speed in Y direction was the largest[40,41].  
Their conclusion was similar to that by Li et al, provided with a 
good value of reference, but not able to specify the details and 
variation process of downwash. 

With the improvement of hardware, Particle Image 
Velocimetry (PIV) was applied in the study by Tang et al to test the 
droplets distribution impacted by eight rotors in details.  Figure 7 
offers a typical instance of PIV testing.  One nozzle was used and 
it was found that the downwash velocity was able to not only 
change the deposition zone of the droplets, but also influence their 
distribution[42].  This is the first paper using PIV to observe the 
detail of droplet movement in agricultural aviation.  However, it 
did not demonstrate the essential impact from wind changes on 
droplet motion and did test one nozzle only. A similar study was 
carried out by Luo in 2018, utilising a developed platform to test 
one-nozzle distribution affected by downwind[43].  Nevertheless, it 

had the same limitation.  

 

Figure 6  The testing method of spatial pesticide spraying 
deposition quality balance, proposed by Wang et al to collect 
droplets by water-sensitive paper and then do backstepping to 

evaluate the downwash distribution of three kinds of UAVs based 
on the droplets deposition in different layers[40] 

 
Figure 7  PIV for testing the distribution of droplets affected by 

downwash[42] 
 

Other devices, such as camera and the UAVs for photograph, 
were utilised, as shown in Figure 8.  The group including Li and 
Guo from South China Agricultural University has been 
concentrated on vortex structure.  They used the ratio between the 
maximum UAV size and the length of a side caused by downwash 
onto plants to represent the vortex size.  An UAV for camera was 
exploited beyond the spraying UAV to take pictures of the shape 
by from downwash to plants.  Then, the ratio was calculated and 
droplet distribution was analysed combined with this condition[44,45].  
It is a novel idea, but different plants could be stressed and forced 
to form different shapes by downwash while the downwash 
intensity caused by the same UAV was equal in the same 
conditions.  Therefore, using the ratio to represent the vortex scale 
needs further verifications. 

 
Figure 8  An UAV for photograph used for taking pictures of 
vortexes to calculate a vortex ratio proposed by the authors[44] 

 

Based on this point mentioned above, the electronic devices 
currently used for downwash measurement and detection could not 
either give the details of the process of variation of downwash or 
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capture enough big areas, which may limit the development of 
verification and investigation of downwash. 
2.3.2  Examination by using CFD 

As a novel and developing technology, CFD simulation has 
been commonly used since 2015 because of its controllable 
accuracy, great intuition and good details[46].  In agricultural 
aviation, scholars often use CFD to demonstrate the distribution of 
downwash.  Although some of them combined sensors or 
water-sensitive paper, CFD was the major means.  The equipment 
or materials used were just tools for verification, no longer 
fundamental ways of specifications of downwash. 

In terms of single-rotor UAV, Xue firstly utilised CFD to 
simulate the distribution of UAV downwash and then verified the 
CFD models via wind-speed arrays.  Combined with the factors 
from the UAV and its spray system, the prediction models of drift 
and deposition were developed[33].  Then, Zhang et al conducted a 
two-phase CFD simulation of single-rotor downwash and pesticide 
droplets in 2015.  The results were compared with those of 
polyester cards[47].  This is the second earliest work on the 
downwash of unmanned helicopters, but the errors of the 
comparative experiments were big, so further discussion may be 
requested.  Shi et al also published an article in 2015 to analyse 
the CFD models of downwash of an unmanned helicopter and 
obtained the characteristics of downwash distribution[48].  
Subsequently, they added discrete phase to simulate droplet 
distribution within downwash[49].  Nonetheless, their studies 
contained CFD only, without verifications.  Zamri et al conducted 
a similar study by CFD to analyse droplet movement but still 
lacked verifications[50].  As single-rotor UAVs or helicopters have 
only one propeller and may be relatively simple to complete 
simulation, the CFD research about them was increased from 2017.  
Zhang et al used CFD simulation combined with real hovering 
trials to obtain the characteristics of droplet distribution of N-3[51].  
Yang et al simulated the distribution model of the rotor of XV-2.  
Compared with experiments, they found how the airflow 
influenced the spray swath of the UAV and indicated that the CFD 
model was basically consistent with the experimental results[52].  
Moreover, Wen et al mainly applied CFD to investigate the effect 
from wing-tip vortexes on droplets.  Different flight speeds were 
simulated and the proportions between vortexes and drift were 
clarified[53].  Xu very specifically analysed the flow and speed 
characteristics of a large-load unmanned helicopter.  The velocity 
distribution of both flight and hovering states in different canopy 
heights were simulated and tested[54].  This is a comprehensive 
study on single-rotor downwash due to its combination of multiple 
factors.  A similar study to Xu was conducted by Cao.  The 
author was also from Jiangsu University and close methods were 
used[55].  All the studies mentioned above could gave a technical 
reference for multi-rotor UAVs, but the difficulty of both 
simulation and calculation may be lower than multiple rotors. 

For multi-rotor UAVs, the relevant research that can be 
searched is just from 2017.  Two institutes are leading.  The 
group including Yang and Xue from Nanjing Research Institute for 
Agricultural Mechanization continuously focused on multi-rotor 
CFD.  They firstly applied CFD to simulate a six-rotor UAV, 
SLK-5, and combined with wind-investigation experiments to 
obtain the characteristics of both maximum entire velocity and 
Z-direction wind[56].  However, the test error was big (less than or 
equal to 12%) so that the experimental design and the details of 
CFD models were required to be optimised.  Thus, their later 
study improved the accuracy of both the experimental proposal and 

the CFD models and the error was less than or equal to 9%.  
Furthermore, in hovering state, the relations from droplet 
distribution to ‘airflow inlet’ and ‘airflow outlet’ were gained[57].  
Another close simulation for the analysis of drift was conducted[58].  
Their research is coherent with good justifications, able to offer 
significant samples for the investigation of multi-rotor downwash.  
In terms of China Agricultural University, the team containing 
Zheng and Yang simulated the downwash flowing field of a type of 
six-rotor UAV, JF 01-10.  The features and characteristics of the 
downwash field were obtained[59], but the computation cost was 
high and further validation is needed to examine the models.  
Then, they conducted a qualitative test to try to verify the 
distribution of an eight-rotor downwash.  Tracer was mixed in the 
spray liquid[60].  Although the results should be further discussed, 
it is the first attempt to intuitively verify the downwash of a 
multi-rotor UAV, since multi-rotor UAVs for plant protection are 
generally large and no devices including PIV could directly show 
the details.  

In addition, it is pointed out that CFD method has also been 
used for investigate the airflow of fixed-wing UAVs in agriculture.  
Although this kind of fixed-wing airflow does not belong to 
downwash, ground-effect and droplet distribution were analysed 
based on it, which is very close to the approach of downwash 
examination.  One published work by Zhang from Northwestern 
Polytechnical University in China and Tang from National 
Research Centre of Intelligent Equipment for Agriculture investigated 
the distribution of wake vortexes of a monoplane, Thrush 510G, 
identifying that the starboard vortex existed longer than the port 
one[61].  Ultrasonic anemometers were employed to acquire the 
airflow velocity during the aircraft passing by.  It is a good 
instance of analysis of fixed-wing UAVs.  However, no more 
literature about the downwash of fixed-wing UAVs could be 
searched, indicating that the study in this area is extremely insufficient. 

Figure 9 shows several examples of CFD models of downwash 
caused by rotors. 

 
a. The downwash of a single-rotor UAV[33] 

 
b. The downwash of a six-rotor UAV[59] 

Figure 9  The examples of the CFD models of several types of 
UAVs 
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3  Research trends of downwash airflow of the UAVs 
for spray 

3.1  Development of specialised sensors for the measurement 
of downwash airflow 

Although CFD simulation has been a commonly used approach, 
different meshing may have different accuracy[62].  Thus, the final 
step assisted by CFD models is still to examine and verify them.  
However, there are no suitable sensors specialised for downwash 
measurement to show the flowing and distributing of downwash in 
large scales in detail.  Until know, wind-speed arrays and PIV 
have been exploited as the electronic devices for the detection of 
downwash, but they either are indirectly measurement that needs 
reverse calculation or measure within a very small section.  
Therefore, the specialised sensors, able to specify the transfer and 
diffusing of UAV downwash, should be developed. 
3.2  Development of general and reliable CFD models of 
downwash 

Current CFD simulation are established by setting several 
kinds of mathematical equation models, such as k-ɛ, 
Shear-Stress-Transfer (SST) and Large Eddy Simulation (LES).  
In spite of the similar results, each mathematical model has 
different preconditions.  Considering meshing methods, the 
reliability of CFD models of a type of UAV has to be further 
discussed.  Meanwhile, the existed CFD simulation is mainly 
referred for single-rotor UAVs, while there are many kinds of 
single or multiple rotor UAVs in the market.  In other words, 
present CFD models are specifically developed for particular types 
of UAVs, not general for a class of UAVs.  The UAVs having the 
same rotor numbers and similar sizes of both wheelbase and 
propellers should be considered together to analyse the similarity of 
their downwash.  Thus, general and reliable CFD simulation 
should be established for a class of UAVs.  Furthermore, the 
minimum requirements of from meshing to math model selection 
should be investigated. 
3.3  Discussion of the effect on different kinds of crops 
combined with application 

The ultimate purpose of downwash research is to improve the 
effectiveness and efficiency of pesticide spraying by UAVs.  As a 
result, actual application of downwash is highly important.  The 
target area and crop, such as paddy and maize, may be distinct, so 
different crops and trees should be specifically analysed with 
different conditions.  For instance, the downwash penetration 
combined with droplets in canopies can be tested.  Then, the 
common law of characteristics of distribution of downwash for a 
kind of plants can be integrated together as an achievement. 
3.4  Discussion of multi-UAV coordination combined with 
production 

Current studies on both spray effect and downwash are 
concentrated on single-UAV operation, while for large-area fields, 
it may be more actual and efficient to use several UAVs for 
operation.  Consequently, if the downwash is clarified, its 
distribution should be combined to investigate what is the 
difference between one UAV and several UAVs and how the 
downwash can affect operation in several-UAV conditions.  More 
laws and regular patterns need to be demonstrated, but there has 
been no beginning of multi-UAV coordination in agricultural 
spray. 

4  Conclusion 

This paper reviewed the current research status of downwash  

airflow of spray UAVs in agriculture.  It was found that the 
research regarding operation factors, which was related to the 
representation results of UAV downwash affecting spray, had the 
heated discussion.  In terms of downwash itself, the research 
focused on the investigation of downwash.  Electronic devices, 
such as wind-speed arrays, PIV and camera, and CFD simulation 
were generally used.  However, the studies directly related to 
downwash are just started throughout the world and those related to 
multi-rotor examination are insufficient, so it is really necessary to 
develop the specialised sensors for downwash measurement and the 
general and reliable CFD models of a class of UAVs.  Meanwhile, 
the downwash research needs to be combined with real applications 
and actual production, to illustrate the laws for both different crops 
and multi-UAV operations. 
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