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ABSTRACT 

 

The use of drones in agriculture is often applied to the pesticide spraying processes as they allow 

to avoid the compaction of the tractor on the soil, to reduce the dispersion of the pesticide in the 

air in comparison with other aerial vehicle used in agriculture, to improve the operator safety 

during the treatment as he can work not in contact with the pesticide. This paper presents a 

numerical and an experimental study in the spraying process of the pesticides in the vineyards 

using drones. The analysis employed a numerical model of the airflows generated by the drone, 

as well as some experimental tests conducted in a purpose-built wind tunnel. This numerical 

study evidences the airflow trajectories and turbulences under the drone and their influence on 

the sprayer nozzles functioning. The simulations were then furthermore verified and analysed by 

means of a specific experimental bench, made of a wind tunnel and some parts simulating the 

drone rotors and the nozzles. The results were promising and can be used to select the optimal 

drone operating conditions and nozzle location for a proper pesticide distribution on the crop. 

Keywords: pesticide spraying techniques using drones; pesticide spraying system for vineyards; drones used to spray 

pesticide in vineyards; Unmanned Aerial Vehicle (UAV); drones for precision farming 

 

 

1 INTRODUCTION 

With the gradual transition to precision farming and 

Agriculture 4.0 in recent years, new technologies have been 

introduced to improve the agricultural sector’s efficiency. 

One such technology is the use of small, remotely controlled 

Unmanned Aerial Vehicles (UAVs), commonly known as 

drones [1, 2]. However, new technologies must be adapted 

to the specific needs of the agro-industrial complex, since 

using UAVs also entails its own problems, both technical 

and legal [3]. 

Drones in modern agriculture are used for multiple purposes, 

from soil scanning and crop health monitoring to the 

application of fertilizers, pesticides and herbicides. 

Drones equipped with multispectral or RGB cameras process 

the visible and near infrared light reflected from the crop, 

providing information on crop health through appropriate 

analysis and processing 
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In [4] the relationships between the Normalized Difference 

Vegetation Index (NDVI) and different crop status indices to 

obtain information that can be applied in precision 

agriculture are investigated, while other studies based on the 

evaluation of vegetation indices are presented in [5-7]. A 

similar approach to detecting disease on vine leaves using 

drone images is presented in [8]. 

Other studies of drones equipped with sensors capable of 

acquiring images to create accurate three-dimensional 

models of crops are presented in [9-11] 

UAVs are widely used to distribute pesticides by means of 

spray nozzles positioned on the underside of the drone [12, 

13]. They undoubtedly have a number of advantages: the 

entire working cycle with the exception of filling the 

pesticide tank can be performed autonomously without 

personnel, crops on steep slopes can be sprayed [14], and the 

soil compaction that takes place when working with tractors 

is avoided. 

Applying pesticides on trees and bushes has its own specific 

requirements [15-17], since spraying must be carried out 

mainly in a vertical plane. 

This is also true of using UAVs in vineyards [18, 19], where 

a number of special factors must be taken into account. 

Powerful airflows are formed as UAVs move [19]. These 

airflows act on the atomized substances and can distort or 

completely alter the trajectory of the pesticide droplets 

mailto:gabriella.eula@polito.it
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(particles) released by the spray nozzles. On the other hand, 

these flows can create a positive effect, assisting pesticide 

delivery to the plant. This paper investigates techniques for 

spraying pesticides in the vineyard using drones in order to 

reduce pesticide losses and improve vine coverage. The 

study focused on espalier-trained vineyards and, drawing on 

previous work [20], a quadcopter drone design. The study’s 

aim was thus to optimize the position of the spray nozzles. 

To this end, a numerical model of the airflows generated by 

the quadcopter was constructed, analyzed and tested 

experimentally. 

The originality of this study is the investigation on this new 

application of drones in agriculture with some advantages in 

the pesticide spraying techniques in comparison with the 

traditional use of the tractors, such as: no stress and no 

weight on the soil, reduction of the possible pesticide 

diffusion. In the air as the distance of the drone flight is less 

than those required with others aerial vehicles, safety for the 

operator for the more distance from the spraying circuit, 

possible better distribution of the product on the crop. 

2 MATERIAL AND METHODS 

The modelled vineyard is espalier-trained as shown in 

Figures 1a and b, with the quadcopter flying above and 

between the rows of vines [21]. Rows are 2.10 m tall and 

spaced 2.40 m apart [22]. This flight pattern is preferred for 

vineyards located on slopes, [23], although in other cases it 

is possible to work across the rows [24]. So the two options 

for quadcopter flight during spraying are shown in Figures 1 

[22]: above each row a) and between the rows b). The 

selected quadcopter [25] ensures a vertical and horizontal 

hovering accuracy of ± 0.1 m (with a strong GNSS signal 

and D-RTK enabled). As the flight can be continually 

corrected above the espalier posts along the flight path, 

option a) seems preferable. The quadcopter featured four 

0.766 m diameter carbon fiber rotor blades [26], located at 

the vertices of a 1 x 1 m square as shown in Figure 2a. The 

ANSYS Fluent was used for all numerical simulation, the 

experiment model for wind tunnel and drone will be 

described below. 

3 RESULTS AND DICUSSION 

3.1 NUMERICAL MODEL AND RESULTS 

ANSYS Fluent software with the k- turbulence model for 

compressible gas was used as a numerical model building 

tool [27]. The quadcopter in its working volume is shown in 

Figure 2a. The green rectangle inside the volume represents 

the area to be sprayed (all illustrations are for illustrative 

purposes only, as the volume of the article and page size do 

not allow for detailed graph). Air velocity distributions in the 

drone zone were obtained for different rotor rotation and 

displacement speeds. 

 

 
Figure 1a The quadcopter flight during spraying, above the 

row. 

 

 
Figure 1b The quadcopter flight during spraying between 

the rows. 

 

Figure 2b shows an example of pathlines generated by drone 

movement, coloured according to the modulus of airflow 

velocity. In this case, rotor directions of rotation are: front 

left-clockwise, front right-counterclockwise, rear left-

counterclockwise, rear right-clockwise. This choice is 

typical for most commercial quadcopters [28, 29], although 

other directions of rotation are possible. 
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Figure 2a Numerical model schematics. 

 

 
Figure 2b An example of air flow pathlines, coloured 

according to the modulus of velocity (m/s). 

 

When selecting the location of the pesticide spray nozzle, 

three parameters were taken into account: air flow velocity; 

trajectory curvature; turbulence intensity. The air flow 

velocity along a curved trajectory cannot be very high [15], 

since otherwise it will lead to separation of the pesticide 

droplets leaving the nozzle. If the trajectories are strongly 

curved, the inertial force acts with greater intensity on large 

particles than on small ones, which can cause flow 

stratification. The magnitude of the turbulence intensity, i.e. 

the ratio of the average turbulent velocity to the average 

velocity, is also an important factor for particle distribution. 

In the droplet spray zone, the turbulence intensity should not 

be very high, since otherwise it can lead to droplet 

stratification and significant dispersion. However, high 

turbulence intensity can be beneficial in the grape leaf zone, 

since it causes their movement, which facilitates pesticide 

deposition.  

Thus, to select the optimal location of the nozzles, the 

intensity of turbulence in the quadcopter zone was analyzed 

taking into account the trajectory of the flow line, as shown 

in Figure 3. In the case under consideration, the characteristic 

values were taken to be 5 m/s and 25% intensity. The black 

planes represent  the top and bottom of the vine rows. 

 
Figure 3 Pathlines coloured according to turbulence 

intensity (%). 

 

 
Figure 4 Top view of pathlines starting 0.50 m  below the 

rotor planes (m/s). 

 

Figure 4 represents the pathlines around the quadcopter as 

seen from above. A portion of the pathlines starting 0.50 m 

below the rotor is shown. This level was selected as a 

possible nozzle installation position on the quadcopter. As 

can be seen from Figure 4, the zone framed in a white 

rectangle features low airflow velocity and low pathline 

curvature. This area can thus be considered as a candidate 

spray nozzle location for drones following the flight path 

shown in Figure 1a. As for the drone overflight pattern 

represented in Figure 1b, Figures 3 and 4 show that all the 

areas where the pathlines are facing outward are in close 

proximity to the ground, making it difficult to use this 

flightpath. 

4 EXPERIMENTAL TESTS 

The numerical model was validated using the composite 

modeling method [30]. Here, a downscaled copy of the real 

object is used for physical, mathematical and experimental 

models. Experimental data from the scale model experiments 
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are compared with data obtained with the mathematical 

model. If this data matches well, the results also extend to 

the main model. A 0.25 kg quadcopter with 0.145 m diameter 

propellers having a center-to-center distance of 0.17 m was 

used as an experimental model (drone Snaptain S5C from 

Snaptain Amazon.it). The drone was secured in a wind 

tunnel measuring 1.20 x 0.53 x 0.62 m (L x W x H) as shown 

in Figure 5, at a height of 0.53 m, which corresponds to a real 

flight at a height of 3.1 m (measured along the plane of the 

propellers). The direction of air movement in this case is 

towards the fan (fan with air flowrate range from 0.1 to 1 

m3/s ANR). 

 

 
Figure 5 The drone in the wind tunnel. 

 

The numerical model was tested separately for the drone and 

the empty wind tunnel. 

The first step was to check the possibility of using a wind 

tunnel for the task. For this purpose, numerical simulation of 

air flow in a wind tunnel was carried out and the obtained 

results were compared with experimental data for the 

measured flow speeds. After it was found that the calculated 

results coincided well with the experimental ones, a section 

with a flow heterogeneity not exceeding 5% of the flow 

speed was selected in the wind tunnel, in which the drone 

and the target representing the vineyard were subsequently 

placed. 

The second step was to measure quadcopter rotor speed. An 

oscilloscope with a photodiode attached to its input (arrowed 

in Figure 6a was used for this purpose (Tektronix TDS 

2014B Oscilloscope from Tektronix Oregon U.S.A.). The 

change in luminous flux caused by propeller rotation was 

recorded by the oscilloscope, and the rotation frequency 

(5500 rpm, 576 rad/s) was used in the numerical model. 

Next, the lift (Figure 6b) determined with the numerical 

model was compared [31] with the quadcopter’s weight, 

showing good agreement. Using numerical nozzle 

simulation [32] is complex, and it is not possible to simply 

scale the nozzle sizes geometrically. In the tests carried out, 

a jet of coloured fluid was used at a constant speed to 

visualize droplet flow. With the quadcopter in the wind 

tunnel, a vertical wall was positioned to representing the 

scale model of the vine row. After activating the wind tunnel 

and quadcopter motors, the coloured water (the colour used 

was normal ink) was sprayed into the model from a fixed 

known position and at a known angle. 

During the tests, the coloured water jet was used at a low 

speed of 1 m/s. 

Tests were conducted with wind tunnel air velocities of 0.5 

and 3 m/s, measured with an anemometer (Proster 

anemometer from Proster Store, model TL 017, range 0 ÷ 30 

m/s, resolution 0,1 m/s), varying the nozzle position. 

 

 
Figure 6a The signal of the oscilloscope with a photodiode. 

 

 
Figure 6b The lift graph. 

 

Figures 7a and b show which parameters were changed 

during the wind tunnel experiments. These are the horizontal 

distance of the ejector from the plane of the axes of the rear 

propellers L, their vertical distance from the plane of the 

location of the propellers H and the distance from the 

longitudinal plane of symmetry of the quadcopter to the 

ejector S. All distances in the calculations were normalized 

to the distance between the nearest propellers, i.e. 0.17 m. 

 

 
Figure 7a Spray nozzles positioning. 
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Figure 7b The Quadcopter, the spray nozzles and the 

vineyard. 
 

Results for airflow velocity at 0.5 m/s are shown in Figure 8, 

where all images correspond to the same area and are at the 

same scale. Dimensionless parameters are used, where per 

unit the distance between the axes of the nearest propellers 

is taken (0.17 m). The nozzle is placed at the rear of the drone 

at longitudinal positions (L) corresponding to 0.70; 0.60; 

0.45 and 0.30 (rows 1; 2; 3 and 4, respectively). The distance 

to the quadcopter longitudinal axis (S) and the propeller 

plane of rotation (H) was 0.5 (all dimensionless parameters). 

The first column in Figure 8 shows the pathlines coloured 

according to the velocity modulus, with a scale of 0 to 5 m/s. 

The second column shows the pathlines coloured according 

to turbulence intensity, scale 0-100%, while the third column 

shows images left by the coloured liquid, which falls on the 

target (Figure 2a, the green rectangle inside the volume 

represents the area to be sprayed). The location of the traces 

left by colored water, presented in the third column of Figure 

9, corresponds to their position on the graphs shown in the 

first and second columns, that is, both the scale and the 

physical coordinates of the points on these graphs coincide. 

As can be seen from the Figure 8, there is a good match 

between the numerical and experimental data for both 

location and behaviour. Liquid dispersion increases along 

with turbulence intensity.

 

 

 
Figure 8 Pathlines coloured according to velocity modulus (m/s) and turbulence intensity (%); experimental 

tests with coloured liquid (column on the right). 
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Figure 9 Top row: pathlines coloured according to velocity modulus (0-5 m/s):  left - side view and  right - top 

view; bottom row: left-pathlines coloured according to turbulence intensity (0-100%), right-test result. 

 

Figure 9 presents the case corresponding to Line 3 in Figure 

8, but with an airflow speed of 3 m/s. 

The top row presents the pathlines coloured according to the 

0-5 m/s velocity modulus (side view on the left, top view on 

the right, the green strip represents the location of the vine 

row). 

The bottom row shows the pathlines coloured according to 

the turbulence intensity (0-100%) and the experimental data. 

As can be seen from Figure 9, the experimental results are 

consistent with the results obtained using the model for 3 m/s 

airflow velocity. Experimental tests were conducted at 

airflow velocities of 0.5 and 3 m/s, changing the positions of 

the nozzles along the quadcopter axis and the distance from 

the axis. The results of numerical simulations in all cases 

corresponded well to those obtained experimentally. Figures 

10 show pathlines coloured according to the velocity 

modulus for a quadcopter with a propeller center-to-center 

distance of 1 m. Figures 10 show the rear view (a) and side 

view (b) of the distribution of streamlines, colored according 

to the modulus of airflow velocity generated by the 

propellers of the quadcopter. 

As noted above, when placing ejectors in the zone of 

pathlines directed towards the plane of symmetry of the 

copter, liquid drops from the ejector are directed to this zone. 

In the case of a quadcopter for vineyard treatment, this means 

that the sprayed liquid will be concentrated in the treatment 

area and not leave it. 

The control of the intensity of turbulence in the analysis of 

the obtained results also makes it possible to estimate the 

scattering of liquid drops, since, as can be seen from the 

experimental data, with an increase in the intensity of 

turbulence, the scattering of drops also increases. 

Quadcopters with similar parameters are widely used for 

agricultural applications [25, 26]. The pathlines coloured 

according to the velocity modulus start from a zone located 

0.5 m from the plane of the axes of the rear propellers and at 

0.5 m from the propeller plane of rotation. Placing the 

nozzles in the area framed by a white rectangle and  spraying 

down-back-center as was presented in Figures 7 makes it 

possible to bring the pesticide to the desired target area on 

the vine row at low speed. 

 

 
Figura 10a Pathlines coloured according to velocity 

modulus (m/s): a rear view. 
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Figure 10b Pathlines coloured according to velocity 

modulus (m/s): a side view. 

5 CONCLUSIONS 

In this paper a mathematical model and experimental tests on 

the use of a quadcopter in the pesticide spraying treatments 

in the vineyard were presented. Some important and 

interesting results were obtained. Using digital modeling, an 

analysis of the air flows generated by the quadcopter was 

carried out and zones for the optimal placement of spray 

nozzles were identified. The obtained results were verified 

using composite modeling. For this purpose, a comparison 

was made of the experimental results obtained for a reduced 

quadcopter model with the calculated results obtained for 

this model. Good agreement between the experimental and 

theoretical results for the scaled-down quadcopter model 

confirmed the feasibility of the mathematical model used to 

analyze the quadcopter use for vineyard. The technique 

presented here, which employs a mathematical model for a 

quadcopter and a downscaled experimental copy of it, can 

also be used to analyse the drone behaviour in various 

working conditions, including crosswinds, headwinds and 

the drone roll. The results obtained are good and interesting 

both from the numerical study and from the experimental 

tests. Some further interesting tests can be now carried out in 

their laboratory by the authors on some agricultural sprayer 

nozzles without the drone, in order to improve the 

knowledge on the sprayed jets, considering the droplets 

diameters, the coverage area and the droplets density in a 

vineyard simulator constructed in a scale 1:1. In these 

experimental conditions the sprayer circuit can be fixed and 

the results obtained can be compared with those presented in 

this paper, in order to know the real effect of the drone rotors 

and movement on the spraying conditions. So all these 

considerations are useful to study the influence of the drone 

rotors and movement on the spraying nozzles jets. This 

allows to improve the treatment with pesticide using drones, 

reducing the dispersion of the product in the air and in the 

soil and improving the spraying techniques on the crops. 

Furthermore the use of the drone avoids the stress on the soil 

not using a tractor and flying from a low distance from the 

culture. The next stage of the investigation will involve 

testing a quadcopter with installed nozzles, flying directly on 

a vineyard. This will also allow  to evaluate the accuracy of 

the digital model used when increasing the size of the 

quadcopter. 
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