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Abstract: The movement and deposition of the droplets sprayed by agricultural unmanned aerial vehicle (UAV) are influenced 
by the complex downwash flow field of the rotors.  Instead of conducting field experiment, a high speed particle image 
velocimetry (PIV) method was used to measure the movement and deposition of the droplets at different rotating speeds of 
rotors (1000-3000 r/min) or at different transverse injecting points (20-50 cm away from its nearby rotors) in the downwash 
flow field of an agricultural UAV with eight rotors and conical nozzles.  The maximum speed and size of the high speed zone 
of the droplets were found greatly influenced by the downwash velocity.  The initial spray angle of the nozzle declined with 
the increase of downwash flow speed.  It was found that the downwash velocity could not only change the deposition zone of 
the droplets, but also influence their distribution.  The increase of the downwash velocity would increase the deposition 
uniformity of the droplets.  The nozzle position in the downwash flow field could also influence the deposition of the droplets.  
When the transverse distance between the nozzle and its nearby rotors increased, the relative deposition near the downwash 
flow of the rotors increased simultaneously.  However, the distance between the deposition peak and the nozzle stayed 
constant.  The initial spray angle of the nozzle was not influenced by the transverse distance between the nozzle and its nearby 
rotors.  The research results could provide a theoretical basis and reference for the optimization of the spray application of 
multi-rotor UAV to minimize droplets deposition uncertainty. 
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1  Introduction  

At present, the rotor-powered micro and small 
agricultural unmanned aerial vehicles (UAV) developed 
rapidly in the plant protection, pollination and other 
agricultural areas[1-4].  The agricultural UAVs have a lot 
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of prominent advantages such as low operating height, no 
need for special landing airport, flexible and lightweight, 
environmental adaptability and so on[5,6].    Its operating 
efficiency is about 30 times of the spray machine, and 
100 times of manpower[7].  It can be applied to complex 
terrain environments such as hills, mountainous areas and 
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sloping fields for rice pollination and high-stem crop 
protection, where the ground agricultural machinery is 
very difficult to carry out work[5]. 

Influenced by the downwash flow of the rotor, the 
movement and deposition law of sprayed droplets are 
distinctly different from that of traditional spraying 
instruments[8].  The coverage width of the wind field, the 
wind speed in the wind field and the distribution law of 
the wind field will directly affect the movement and 
deposition of the droplet[9]. 

There have been a lot of achievements on field 
research of UAVs, especially on the research of actual 
operation conditions.  Zhang et al.[6] used polyethylene 
plastic wire to collect the droplets sprayed by the 
unmanned helicopter, and optimized the UAV operation 
height and speed.  Kang et al.[10] reported aerial spray 
results of a conventional unmanned agricultural 
helicopter, and showed 20% greater deposition on the 
right side.  Qin et al.[11,12] used the polyester card in the 
corn canopy to collect droplets at different heights, and 
studied the unmanned helicopter spray parameters on the 
corn canopy droplet deposition distribution.  Bae et al.[13] 
developed an unmanned roll-balanced helicopter and 
tested its spray deposition distribution by using a string 
deposition analysis system.  Zhang et al.[14] evaluated 
the spray effect of a quad-rotor UAV in citrus orchard 
with different operating heights and nozzle types. 

A number of studies focused on the effects of the 
downwash flow field of UAVs.  Giles et al.[15,16] used 
metallic tracers to quantify the spray deposition of an 
unmanned helicopter for crop spraying.  Wang et al.[17] 
used the wind field wireless sensor network measurement 
system to test the wind field of an unmanned helicopter.  
The results suggest that the Z3 model helicopter’s best 
flight operation height is 7 m, and the headwind flight 
should be avoided.  Li et al.[18] also used the wind field 
wireless sensor network measurement system to measure 
the wind field distribution of a multi-rotor UAV.  
However, the field measurement of the rotor downwash 
flow field still suffers from low spatial and temporal 
resolution, since a lot of high precision measuring 
instruments are not applicable in field measurement.  At 
the same time, the turbulence of the atmospheric 

boundary layer can reach 10% to 15%[19], which will also 
greatly affect the repeatability of field experiment results. 

The basic research about the downwash flow field 
generated by a rotor was reported much earlier.  As 
early as in 1952, Gessow et al.[20] completed the 
monograph on helicopter aerodynamics.  To 1986, 
Gessow et al.[21] and Johnson et al.[22] reviewed the 
aerodynamic about the helicopter and rotor respectively. 
Focused on experimental measurements, Raffel et al.[23] 
summarized the evaluation of rotor flow using particle 
image velocimetry (PIV) techniques, and indicated that 
PIV method could form a basis of a vortex development 
and aging model for the blade tip vortices.  Wall et al.[24] 
used two dimensional and three components (2D-3C) PIV 
technique to analyze the rotor speed field data.  Johnson 
et al.[25] used high-speed PIV to study the transport of 
ground sediments resulting from rotor rotation.  Particles 
reaching sufficient heights were observed to recirculate 
into the rotor wake, and convect back towards the ground.  
Nathan et al.[26] used the PIV technique to measure the 
rotor flow field including the ground effect, and found 
that under different flight attitude, the flow state changed 
greatly.  Conlisk et al.[27] wrote a review about the flow 
structures generated by the rotors.  Many sophisticated 
experimental and computational techniques have been 
employed in an effort to predict performance parameters. 
But the current researches mainly focus on the 
micro-mechanism of the downwash flow field.  There 
still are few researches focusing on the movement and 
deposition of the droplets in the downwash flow field of a 
multi-rotor UAV. 

In this research, an 8-rotor agricultural UAV was 
fixed on a bracket to form a stable and controllable 
downwash flow field in the laboratory.  A high-speed 
PIV system was used to directly record the spatial 
distribution of droplets sprayed by the nozzle.  Based on 
the time-dependent velocity field algorithm and the 
spatial particle image superposition algorithm, the high 
precision droplet velocity distribution and the droplet 
spatial density distribution image could be obtained 
respectively.  The results of the experiment show that 
the rotating speed of the rotor and the nozzle position 
could both influence the movement and deposition of the 



May, 2017 Tang Q, et al.  Droplets movement and deposition of an eight-rotor agricultural UAV in downwash flow field  Vol. 10 No.3  49 

droplets in the downwash flow field of the multi-rotor UAV. 

2  Materials and methods 

2.1  UAV system 
The UAV (model: TTA M8A, Tian Tu Aviation) 

tested in this study was fixed by four aluminum alloy 
supports, as shown in Figure 1.  The height from the 
rotor to the ground is about 2 m. 

 
Figure 1  The 8-rotor UAV with spraying devices and PIV system 

 

The detailed parameters of the UAV are listed in 
Table 1. 

Table 1  Parameters of the TTA M8A UAV 

Parameters Technical index 

Rotor base/m 1.46 

Operating speed/m·s-1 0-15 

Spray swath/m 4-5 

Load/kg 10 

Operating duration/min 10-15 

Operating temperature/°C –25 to 50 

Operating height/m 1-3 
 

2.2  Spray system 
The original spray system of the UAV was used to 

generate droplets with volume mean diameter Dv0.5=  
100 μm through the TR-80-005c nozzle, which is made 
by Lechler Co., Ltd. As shown in Figure 2, the nozzle 
was mounted on a spray beam which is 20 cm below the 
rotors, with different spanwise distribution (x=20 mm,  
30 mm, 40 mm, 50 mm).  

2.3  Time-resolved PIV (TR-PIV) systems 
Because the self- and mutually-induced effects on 

helicoidal could wake vortices, the flow induced by rotors 
is aperiodic[28].  Therefore, time-resolved PIV (TR-PIV) 
measurements were chosen to measure the flow field.  
TR-PIV allows the proper temporal evolution of the flow 
to be examined, albeit with somewhat reduced spatial 

resolution[25].  The present TR-PIV system incorporated 
a high-speed digital camera with a double-pulsed 
Nd:YLF (a kind of laser crystal with chemical formula: 
LiY1.0-xNdxF4) laser.  This combination allowed 
temporal velocity measurements to be made at a rate up 
to 1000 Hz with full pixel (1024×1280) resolution. 
Although the advantages of the TR-PIV system are 
obvious, the extremely high repetition rate of the Nd:YLF 
laser results in a much lower light energy per pulse.  
However, we just focused on the movement of the 
droplets generated by the nozzles, which were much 
larger than the tracer particles usually used in PIV.  
Thus, there was no illumination challenge for the 
experiment. The schematic diagram of the experiment is 
shown in Figure 2. 

 
Figure 2  Schematic diagram of the experiment 

 

In the present experiment, a total of 1000 sequential 
images were taken for each data set by using a high speed 
CMOS.  The illumination of the light sheet was 
enhanced by a convex lens and the illuminating area was 
500 mm × 500 mm (length (Y) × width (X)).  

3  Results and discussion 

3.1  Effects of downwash flow to the movement and 
deposition of the droplets 

Firstly, we tried to study the effects of rotors rotating 
speed to the droplets movement and deposition.  The 
spray pressure was 0.2 MPa and the flow rate was    
1.25 L/min.  The rotating speed of the rotors was set to 0, 
1000 r/min, 2000 r/min and 3000 r/min. 

Figure 3 shows the droplets photographed at different 
rotating speeds.  The nozzle orifice was at 147 mm 
position and the rotor was at 47 mm position in 
x-direction in the photograph, shown by the red arrow.  
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In Figure 3a, we could see that without downwash flow, 
the total spray angle of the nozzle was about 76°.  The 
droplets assembled and moved turbulently in the inner 
spray area (33° around the centerline), and atomized and 
moved smoothly in the outer spray area.  Figure 3b 
shows that the initial spray angle of the nozzle and the 
droplets in the outer area were stable at the downwash 
flow field.  However, the droplets in the inner area 
moved obviously off the centerline to the direction of 
rotors.  In Figure 3c, the initial spray angle of the nozzle 
declined slightly.  The deviation of the droplets to the 

centerline became larger and the outer area under the 
rotors was also become unstable.  In Figure 3d, we could 
see that the initial spray angle of the nozzle became even 
smaller due to the large downwash flow.  The deviation 
of the droplets to the centerline was not too large and the 
droplets in the outer area were still stable.  In general, 
the spray angle of the nozzle declined with the increase of 
the downwash flow speed, and the droplets in the inner 
spray area were greatly affected by the downwash flowed 
and inclined to the direction of rotors. 

 
a. 0  b. 1000 r/min 

 
c. 2000 r/min  d. 3000 r/min 

 

Figure 3  Pictures of the instantaneous droplets at different downwash flow speeds 
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Figure 4 shows the averaged velocity field of the 
droplets at different rotating speed.  One thousand 
contiguous instantaneous fluid velocity vector maps were 
used to obtain the local time-averaged fluid velocities.  
The resolution of the images is 1024×1280 pixels and the 

correlation window size is 128×128 pixels.  The edge of 
the effective area of the relatively higher speed was lined 
out by black lines.  The nozzle orifice is shown by the 
black arrow, and the rotor’s downwash flow in 
x-direction is shown by the red arrow. 

 
a. 0 b. 1000 r/min 

 
c. 2000 r/min d. 3000 r/min 

 

Figure 4  Averaged droplet velocity fields at different downwash flow speeds 
 

Figure 4a shows that the maximum speed of the 
droplets was less than 5.5 m/s and appeared near the 
centerline.  The effective width of the high speed zone is 
about 100 mm.  The speed in outer area away from the 
centerline is about 1-1.5 m/s, vertical to the ground.  The 
droplets’ speed near the spray edge is about 1.5 m/s, 
parallel to the generatrix of the spray cone. 

Figure 4b shows that the high speed zones inclined to  

the downwash flow field under the rotors.  The 
maximum speed of the droplets was about 5.5 m/s, while 
the effective width of the high speed zone is more than 
300 mm, which is much larger than that in Figure 4a.  
The droplet movement direction of the spray also slightly 
inclined to the downwash flow area. 

In Figure 4c, the high speed zone coverage of the 
droplets (in x<150 mm zone) became larger.  The 
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movement speed of the droplets was up to 8 m/s at the 
high speed area.  The droplet speed at the low speed 
zone was about 2 m/s, with the direction inclined to the 
downwash flow field. 

Figure 4d shows that the maximum movement speed 
of the droplets in the high speed zone was up to 12 m/s, 
the right edge of which was at x=100 mm. 

Based on the droplets images, we can also estimate 
the deposition of droplets at 400 mm under the nozzle.  

One thousand images of the droplets were processed to 
remove the non-uniform background.  The grey scale 
profile at 400 mm under the nozzle was taken, which 
could partly indicate the spatial density distribution of the 
droplets.  

Figure 5 shows the grey scale distribution normalized 
by the maximum value on the profile, and we used 0.5 as 
a critical value to calculate the deposition width of the 
droplets. 

 
a. 0 

 
b. 1000 r/min 

 
c. 2000 r/min 

 
d. 3000 r/min 

Figure 5  Spatial distribution of the droplets at zone 400 mm under the nozzle at different downwash flow speeds 
 

From Figure 5a, we could see that the deposition 
width of the droplets is about 230 mm, with a 
quasi-unimodal distribution. 

Figure 5b shows the deposition of the droplets with a 
double peak structure.  The width of the main peak is 
about 220 mm and the width of the second peak is about 
70 mm. 

Figure 5c shows that the deposition width of the 
droplets is about 380 mm.  The double peak structure in 

the figure is not so clear.  The main peak is under the 
downwash flow of the rotor, and the second peak is on 
the right of the nozzle orifice, which is flat and about half 
of the height of the main peak. 

Figure 5d shows a narrower deposition zone of the 
droplets than Figure 5c, which has a width about 350 mm.  
The second peak in the right of the nozzle orifice is 
higher than Figure 5c. 

Generally, downwash flow would increase the 
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deposition area of the droplets for about 150%, and the 
main peak of the deposition of droplets is approach to the 
downwash flow zone.  The increase of rotors rotation 
rate will make the deposition more uniform. 
3.2  Effect of droplets’ injecting point on their 
movement and deposition 

Secondly, we tried to study the effect of the droplets’ 
injecting point on their movement and deposition.  We 
moved the nozzle away from the rotors transversely, and 
the nozzle position was x=20 cm, 30 cm, 40 cm, 50 cm in 
turn. 

The droplets’ distribution in the space of each case 
mentioned above is shown in Figure 6.  The position of the 
rotor (downwash flow direction) is shown by the red arrow. 

From Figure 6, it can be seen that although the nozzle 
was placed away from the rotors along x-direction, the 
droplets were still affected by the downwash flow field of 
the rotors.  The turbulent flow near the centerline of the 
spray nozzle was attracted by the downwash flow, and 
moved out of the spray range occasionally.  However, 
the spray angle of the nozzle seems was not quite 
influenced by its position in the downwash flow field. 

 
a. x = 20 cm  b. x = 30 cm 

 
c. x = 40 cm  d. x = 50 cm 

 

Figure 6  Pictures of the instantaneous droplets at different transverse nozzle positions 
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The movement of the droplets generated by the nozzle 
at different transverse positions is shown in Figure 7.  
The red arrow indicates the direction of the downwash 
flow of the rotor and the black arrow indicates the 
position of the nozzle orifice. 

Figures 7a and 7b show that the high speed zone of 
the droplets distributes as a one peak structure, which 
inclines to the direction of the downwash flow. 

Figures 7c and 7d show that when the distance  

between the nozzle orifice and the downwash flow is 
more than 40 cm, the structure of the droplet movement 
changes from one peak to double peaks.  When the 
distance exceeds 50 cm, the second peak of the flow 
speed becomes very weak.  

The moving direction of the droplets away from the 
downwash flow will be changed by the attraction effect.  
As shown in Figures 7a-7c, the moving trace of the 
droplets on the right side curves to the left. 

 
a. x = 20 cm  b. x = 30 cm 

 
c. x = 40 cm  d. x = 50 cm 

Figure 7  Averaged velocity fields of the droplets generated by nozzle at different transverse positions 
 

The deposition of the droplets is also influenced by 
the transverse position of the nozzle, which is shown in 
Figure 8. 

From Figure 8a, we could see that the deposition 
width of the droplets is about 270 mm, with a 
quasi-unimodal distribution. 

Figure 8b shows a deposition of the droplets with a 
double peak structure.  The width of the deposition area 

of the two peaks is about 270 mm and the width of the 
main peak is 190 mm.  The small peak is near the 
downwash flow and the height of the peak is about 0.6 
times of the main peak near the nozzle. 

Figure 8c shows that the deposition width of the 
droplets is about 290 mm.  The double peak structure in 
the figure is very clear.  The sizes of the two peaks are 
similar and the whole deposition area is near the nozzle. 
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Figure 8d shows a deposition of the droplets with a 
double peak structure.  The small peak is near the 
downwash flow and the height of the peak is about 0.5 
times of the main peak near the downwash flow.  The 
width of the main peak is about 120 mm. 

Generally, the downwash flow generated a low 

pressure zone which could attract droplets moving toward 
it.  When the distance between the nozzle and the 
downwash flow is increased, the deposition peak near the 
downwash flow grows simultaneously.  However, the 
distance between the left deposition peak and the nozzle 
stays constant, as shown by the red dashed line in Figure 8. 

 
Figure 8 Spatial distribution of the droplets at different nozzle transverse positions (400 mm positions under the nozzle) 

 

4  Conclusions 

A high speed PIV method was used to measure the 
movement and deposition of the droplets at different 
rotating speeds of the rotors or at different transverse 
injecting points in the downwash flow field of an 
agricultural UAV with eight rotors and conical nozzles.  
The main findings of the experiment are summarized 
below: 

1) The initial spray speed of the droplets generated by 
the nozzle was less than 5 m/s, while the speed of the 
droplets in the downwash flow could be up to 12 m/s.  
This indicated that the movement of the droplets is 
mainly affected by the downwash flow. 

2) The increase of the downwash flow speed would 
decline the spray angle of the nozzle for about 5%, when 
the nozzle was in the effective zone of the downwash 

flow and the spray direction was the same as the flow. 
3) The downwash flow could broaden the droplet 

deposition area for about 150%.  The increase of the 
rotating speed of rotors could make the droplet deposition 
more uniform. 

4) The distance between the nozzle and the downwash 
flow could influence the deposition of the droplets.  
When the distance between the nozzle and the downwash 
flow was increased, the deposition peak near the 
downwash flow grew simultaneously.  However, the 
spray angle of the nozzle, and the distance between the 
deposition peak and the nozzle, stayed constant.  
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