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Abstract 

Unnamed Unmanned Aerial Vehicles (UAVs) are increasingly 

being utilized in various industries, including agriculture, to 

support the growing demand for food. UAVs streamline work 

processes and are particularly useful in the spraying method for 

plant protection. This study aims to analyze the characteristics of 

the downwash flow, which are influenced by factors such as flight 

altitude, airfoil profile, and the flying speed of the drone. Unlike 

previous studies that used 6-blade UAVs, this research focused on 

a 4-blade configuration. The study employed Computational 

Fluid Dynamics (CFD) to analyze drone geometry and input 

boundary conditions based on environmental factors. The drone's 

flying altitude significantly impacted downwash flow, particularly 

concerning In Ground Effect (IGE) and Out of Ground Effect 

(OGE) conditions. Unlike previous research, this study 

considered the airfoil profile of the propeller, which, along with 

the drag and lift coefficients from the airfoil geometry, affected 

the downwash flow. The drone's flying speed, related to the 

relative wind speed around its working area, also influenced 

pressure distribution and downwash flow speed. These factors 

significantly impacted downwash flow and determined the 

distribution of plant protection droplets on the rice field. The 

results indicated that increasing flight altitude reduced the ground 

effect, affecting the quadcopter's downwash. Similarly, flight 

speed had a similar effect on downwash as altitude. Based on 

these findings, the study recommended a flight altitude of 2 m and 

a speed of 2 m/s for optimal downwash and proper distribution of 

plant protection. 
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1 Introduction 
Modern UAV technology has been in use for over two 

decades, but its origins can be traced back to 1916. The inaugural 

UAV was named the "Hewitt-Sperry Automatic Plane," and its 

initial objective was to transport military flying bombs [1]. 

Recently, there has been a significant increase in the number of 

UAV studies [2]. 

Unmanned Aerial Vehicles (UAVs), generally speaking, can 

be classified based on two main aspects: design (classification by 

design) [3] and performance characteristics (classification by 

performance characteristic) [1]. In this particular study, a 

multirotor UAV with a quadcopter configuration was employed 

for use in the agricultural sector as a sprayer for plant protection 

purposes [4]. 

Agriculture plays a vital role in sustaining the global 

population's food requirements. UAVs have proven to be a more 

efficient, effective, and economical means of analyzing vegetative 

conditions [5]. With several years of development, agricultural 

drones have become widely utilized in modern agriculture [6]. 

UAVs have experienced rapid growth due to their ability to 

efficiently apply protective measures to densely planted crops [7]. 

Therefore, this field warrants attention for treatment, particularly 

in terms of spraying plant protection using pesticides [5]. 

Recent research has focused on the distribution and properties 

of downwash streams generated by UAVs used in crop protection. 

One prominent method involves employing an array of wind 

speed sensors to collect data for inversion modeling. Additionally, 

several journals have explored the optimal flight altitude for 6-

rotor UAVs, taking into account downwash and ground effect 

considerations [8]. 

Downwash refers to changes in air direction caused by the 

aerodynamic forces of wings [9] or moving propellers that 

generate lift [1]. Furthermore, operational factors such as flight 

altitude, speed, and UAV type can impact downwash [10]. 

Downwash is closely linked to the ground effect phenomenon. 

When a UAV flies close to the ground, turbulence and pressure 

caused by the ground effect can disrupt the flow rate of droplets 

during plant protection spraying. Consequently, downwash can 

affect the distribution and penetration of droplets due to the 

positive relationship between wind speed and droplets [11]. 

Based on extensive research conducted on UAVs equipped 

with six rotors, it has been determined that the optimal flying 

height for UAVs engaged in plant protection spraying is 3 meters. 

This height, often referred to as the optimal height of the 

quadcopter UAV in spraying, takes into consideration the 

downwash flow [8]. The findings are based on Computational 

Fluid Dynamics (CFD) utilizing the transient method. 

The flying height of the UAV has a significant impact on the 

spread of plant protection over paddy fields. Additionally, the 

flying speed of the quadcopter also affects the distribution of 

droplet protection on the land. The speed at which the drone flies 

influences the direction of the downwash, which, in turn, governs 

the flow of droplets carrying the plant protection solution. 

Consequently, the outcome of this study is the determination of 

the distance to which the plant protection solution is spread on the 

land. This is described by examining the pressure and velocity 

distribution at specific points on the land. 

In contrast to previous studies that solely focused on flight 

speed and altitude, this latest research introduces an additional 

variable: blade geometry. The impact of the blade geometry on the 

downwash flow of the drone will be taken into account in this 

study. 

The quadcopter design in this study, the body and frame 

become one unified part, where the assembly is on the body, 

which is the seat of the electric motor that will drive the propeller. 

This concept is expected to minimize assembly, facilitate 

maintenance, and provide more space in the body to place other 

electrical components (Fig. 1).  

The body and frame specifications used in this study as shown 

in Table 1. 
 

Table 1. Design specification 

Quadcopter design 

Type Diagonal wheelbase (cm) Dimension (cm) 

Stretch X 56 52 × 52 × 30 
 

The propeller types used are NACA 0015 and NACA 4415, 

with a length of 12 inches (Fig. 2). The 3D design was made by 

using Solidworks 2020 software. The design is the geometry that 

will be simulated in the CFD software. The dimensions of each 

component are adjusted to the design calculations that have been 

calculated. By assembling the entire body frame and drone air 

propulsion system, the drone’s overall dimensions and the 

design’s center of gravity are obtained. 
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Fig. 1. Frame design of quadcopter. 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 2. Propeller and profile design (a) airfoil set up on geometry 

(b) NACA 0015 (c) NACA 4415. 

2 Research Methods 

This study aims to determine the downwash flow resulting 

from the propeller's operation on the quadcopter used for spraying 

plant protection. It also aims to forecast the distribution area of the 

plant protection on the land. The quadcopter serves as a tool to 

support modern agriculture in the spraying of plant protection. 

Based on existing literature, quadcopters have an advantage in 

terms of stability [12]. Additionally, the quadcopter's four rotors, 

with opposite rotations, compensate for the reacting pairs, 

providing the necessary power for vertical thrust. From this 

perspective, a quadcopter is more efficient than a conventional 

helicopter [13]. 

The selection of components related to the quadcopter air 

propulsion system in this study is based on the quadcopter design. 

This process provides mathematical information for determining 

the appropriate component specifications. The goal is to achieve 

suitable pairing between each component [14], resulting in a 

quadcopter that meets the required specifications. These 

specifications will then be implemented through the creation of 

3D CAD drawings using Solidworks 2020 software. 

During the application of spraying for crop protection, the 

downwash flow field of the UAV plays a crucial role in driving 

the spray drops onto the crops. The spray coverage and 

distribution directly impact the spray range, as well as droplet 

deposition and drift. Therefore, the operational effectiveness of the 

UAV can be significantly affected. This issue forms the central 

focus of the research discussion. 

The propeller size is adjusted to match the motor and frame 

specifications of this quadcopter. A study was conducted to 

evaluate the quadcopter's flying altitude at 1 m, 2 m, 2.5 m, and    

3 m heights. The quadcopter maintains a consistent speed of 1500 

rpm at each altitude, utilizing the NACA 0015 propeller profile. 

Further research aims to determine the distribution area of plant 

protection, taking into account the drone's flight speed (1-5 m/s). 

Additionally, a comparison will be made between the NACA 0015 

and NACA 4415 airfoil profiles in relation to the land, as 

described by the distribution of pressure and velocity of the 

downwash flow in rice fields. 

Analysis of downwash flow due to propeller work on a 

quadcopter spraying plant protection has been investigated [15]. 

The downwash airflow will be known for its pressure and speed 

[16] through ANSYS R1 fluent software simulation. It started 

from the 3d design input, which becomes the software’s geometry 

and creates a quadcopter work area (Fig. 3). 

 

 
Fig. 3. Geometry domain. 

 

Next, the meshing process is carried out by varying the number 

of elements from 50,000 to 6,000,000. This is done to determine 

the minimum number of meshes required to reduce computational 

costs. The meshing process is performed using the meshing 

feature in ANSYS, as shown in Fig. 4. 

 

 
Fig. 4. Mesh used in simulation. 

 

The results of the simulation for determining the values of CD 

and CL with varying mesh element quantities are shown in Fig. 5 

and Fig. 6. 



 434 Disseminating Information on the Research of Mechanical Engineering - Jurnal Polimesin Volume 22, No. 4, August 2024 

 
Fig. 5. Comparation No. of element vs CL. 

 

 
Fig. 6. Comparation No. of element vs CD. 

 

Fig. 5 and Fig. 6 show the result of mesh independence will be 

stable with more than 2 milion up of number of element.  

Based on the results of the mesh independence study, the 

simulation will be carried out using the boundary conditions listed 

in Table 2. 

 
Table 2. Boundary condition 

Model Quadcopter scretch X NACA 0014 and  

NACA 4415 

Time scheme Transient  

Viscous k-w  

Mesh Node : 722437 

Element : 2872399 

 

Parameter Inlet 2.2 m/s 

Outlet Standard stationary outlet 

Wall Standard Stationary wall 

 

Flight Speed 

1 m/s 

2 m/s 

3 m/s 

4 m/s 

5 m/s 

Flight Height 1m 

2m 

2.5m 

3m 

3 Results and Discussion 

3.1 Quadcopter Flying Height 

The results of the numerical analysis of the downwash flow on 

the quadcopter are shown in Fig. 7 for various flight altitudes of 1, 

2, 2.5, and 3 m relative altitudes, respectively. 

In this study, the speed of the motor is uniform for a certain 

height. The speed of each motor is 1500 rpm. The speed 

distribution for the UAV quadcopter is complexly illustrated in the 

Fig. 7. 

 

 
(a) 

 
(b) 
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(c) 

 
(d) 

Fig. 7. Downwash flow velocity distribution (a) 1 m high, (b) 2 m high, (c) 2.5 m high, (d) 3 m high. 
 

With increasing height, the trend of minimum flow velocity 

decreased from 1 m to 2 m height until it was close to zero, then 

increased again at 2.5 m and 3 m height. The density of the current 

lines is reflected by the ground effect. With increasing drift height, 

the ground effect decreases (Fig. 7). Therefore, compared to 

previous studies [17][18], the simulation results show the same 

outcome in terms of increasing the hover altitude. The ground 

effect (in ground effect) decreases, and the velocity flow becomes 

more concentrated until it decreases to 0. However, at the height 

when the quadcopter is in a certain area (of ground effect), the 

downwash flow no longer depends solely on soil effects but also 

on the speed of the surrounding air. This leads to instability and an 

increase in downwash flow velocity due to the surrounding air. 

Regardless of hover height, airflow enters the rotor region 

from above and exits downwards (Fig. 7) in images taken in a 

vertical plane at the center of the body. However, as the drift 

height increases, the ground effect decreases and the flow field 

becomes more evenly distributed, causing the center to be more 

concentrated and move vertically downward. The downwash of 

the drone is directed due to the absence of the ground effect. 

Moreover, the turbulence in the fluid field is more stable, but the 

proportion of space occupied by the turbulence decreases 

compared to the entire UAV downwash flow plane. But at a 

certain height, the downwash flow no longer depends on the 

ground effect but also on the speed of the surrounding air, 

resulting in instability and reverse flow of the downwash flow due 

to the surrounding air. 

The pressure distribution around the multi-rotor UAV at 

different heights, at 1, 2, 2.5, and 3m, is shown in Fig. 8. 

 

 

 

 

(a)  (b) 
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(c)  (d) 

Fig. 8. Downwash flow pressure distribution (a) 1 m high, (b) 2 m high, (c) 2.5 m high, (d) 3 m high. 

 

The increased flight altitude results in a more uniform and 

symmetrical downwash flow field. Therefore, flight control of 

multi-rotor UAVs is challenging to predict manually and 

automatically. 

These findings can still be considered consistent with previous 

research. Moreover, pesticides can be applied more uniformly, 

potentially leading to improved crop protection outcomes, which 

align with previous research findings. Reduced resistance to spray 

droplets may impact the penetration of the droplets. Furthermore, 

droplet deposition decreases, while droplet uniformity and 

penetration decrease as the spray width increases [19]. 

For practical spraying, it is crucial to select UAV operating 

parameters that ensure uniformity and droplet penetration. 

Meanwhile, the turbulence caused by the soil and surrounding air 

will have a significant effect, allowing the droplets to be deposited 

on the undersides of the leaves. Additionally, the spray width must 

be set at an appropriate value. Otherwise, a small spray width will 

prolong the duration of spraying. Taking into account these factors 

and the outcomes of a simulation involving a plant protection 

spraying quadcopter, the optimal hovering height is approximately 

2 m. This can be further confirmed by comparing experimental 

results from field studies [20]. 

It is difficult for existing equipment to detect the distribution 

of the downwash flow planes experimentally. However, miniature 

UAV models can be used to develop airflow due to the consistent 

proportions. In addition, Laser Doppler Velocity (LDV) can also 

be used in experiments to detect airflow distribution [21]. 

3.2 Comparison of NACA 0015 and 4415 Aerodynamics 

Based on the simulation stated that the curved airfoil NACA 

4415 has better aerodynamic efficiency than the symmetrical 

airfoil NACA 0015. At the same time, better results and 

comparisons will provide proper research validation. NACA 4415 

can produce a higher lift coefficient for the same area than NACA 

0015. Between 10° < α 1 5° AOA, both NACA have good 

aerodynamic efficiency. Based on references, this is because the 

NACA 4415 profile, which has a curve, will provide greater 

pressure at the bottom of the profile and increase the airflow 

velocity at the top. 

The flying speed of the drone used is 1 m/s, 2 m/s, 3 m/s, 4 

m/s, and 5 m/s. This aerodynamic characteristic will affect the 

drone downwash effect that is produced when the drone is 

working so that the analysis at this point will affect the next point. 

Therefore, the results from a simulation of aerodynamic 

characteristics, which in this case are presented with CD and CL 

on drones with NACA 0015 and NACA 4415 propeller profiles 

(Table 3). 

Table 3. Comparison of CD and CL at NACA 0015 and NACA 

4415 based on CFD simulation 

 

Velocity 

(m/s) 

Propeller geometry 

NACA 0015 NACA 4415 

CD CL CD CL 

1 0.00170 0.178 0.00150 0.184 

2 0.00172 0.189 0.00479 0.190 

3 0.00324 0.197 0.00480 0.199 

4 0.00472 0.221 0.007 0.231 

5 0.00483 0.235 0.016 0.236 
 

Based on the simulation data, by considering some of the same 

boundary conditions as the reference, it can be said that the 

simulation results follow the existing references where the 

aerodynamic characteristics of NACA 4415 are better than NACA 

0015. 

An upward trend occurs in both NACA profiles, directly 

proportional to the increased drone flight speed. The NACA 4415 

profile has a higher value at each flight speed increase than NACA 

0015. The downwash will be greatly affected by this event. The 

discussion regarding the downwash effect will be further 

explained in the next point. 

3.3 Simulation Results of Downwash Flow Speed Distribution 

The simulation result of downwash velocity distribution in 

flow visualization and data tables and graphs. Fig. 9 depicts the 

downwash flow velocity distribution on the drone during 

operation. The left image showcases a drone equipped with a 

propeller profile 0015, while the right image displays profile 4415. 

The visualization illustrates the distribution of the downwash flow 

for a predetermined speed parameter. 

The visual comparison results are relatively insignificant. 

Notably, variations between the two propeller profiles are 

apparent. As the speed increases, the downwash flow distribution 

progressively moves away from the drone's position along the Y 

axis. This phenomenon occurs due to the relative airflow caused 

by the drone's velocity, consequently influencing the generated 

downwash flow (Fig. 10). 

The simulation results indicate that the velocity distribution 

between the NACA 0015 profiles is greater than that of NACA 

4415 at 10 points on the x and y axes. This difference is attributed 

to the symmetrical profile geometry of NACA 0015, allowing for 

higher airflow velocity through the propeller. Additionally, 

considering the aerodynamic characteristics of each profile 

mentioned earlier, NACA 0015 exhibits lower Cd and Cl values 

compared to NACA 4415, resulting in faster airflow through the 

NACA 0015 profile due to reduced drag (Fig. 11). 
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(a) 

 

 

 
(b) 

Fig. 9. Distribution of downwash flow velocity NACA 0015 and NACA 4415 (a) minimum flight speed 1 m/s, (b) maximum flight speed 

5 m/s. 

 

 
Fig. 10. Downwash velocity distribution on the Y axis at the 

height of 0.4 M NACA 0015 and NACA 4415. 

 
Referring to the aerodynamic characteristics, the most 

significant distribution of the downwash speed is observed at the 

furthest points of the X and Y axes. Therefore, according to Table 

4, the aerodynamic characteristics will experience an increase in 

the downwash speed value. 

Fig. 12 is a visualization of the pressure distribution at a height 

of 0.4 m above ground level. The visualization shows the 

distribution area with different values. The visualization shows 

that the NACA 4415 profile has a relatively smaller maximum 

pressure distribution area compared to NACA 0015, meaning that 

the pressure distribution in NACA 4415 is more focused than 

NACA 0015. 

 
(a) 

 

 
(b) 

Fig. 11. Downwash velocity distribution on the X axis at a height 

of 0.4 M (a) NACA 0015 (b) NACA 4415. 
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(a) 

 
(b) 

Fig. 12. NACA 0015 and NACA 4415 downwash flow pressure distribution (a) minimum flight speed 1 m/s, (b) maximum flying speed 5 

m/s. 
 

Fig. 13 and Fig. 14 are the results of data and graphs that will 

better explain the value of the downwash flow pressure 

distribution. The pressure distribution value is inversely 

proportional to the velocity distribution value. The maximum 

pressure distribution values are in the deepest of each X and Y 

axes.  
 

 
(a) 

 
(b) 

Fig. 13. Downwash pressure distribution on the y-axis at a height 

of 0.4 m (a) NACA 0015 (b) NACA 4415. 

 
(a) 

 

 
(b) 

Fig. 14. Downwash velocity distribution on the x-axis at a height 

of 0.4 m (a) NACA 0015 (b) NACA 4415. 

 
The increase in velocity factor affects the distribution of the 

downwash pressure distribution. With each rise in the area, the 

distribution of pressure distribution also increases the pressure 

value in both NACA profiles. 
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The aerodynamic characteristics affect not only the downwash 

speed but also the pressure. Therefore, it is intended that each 

increase in speed that increases Cd and Cl will also increase the 

pressure value. Besides that, it is related to the propeller geometry 

profile, namely NACA 0015 and 0045, which have Cd and Cl in 

NACA 4415 have a higher value so that the downwash pressure 

distribution value is also higher. 

3.4 Range of Speed that can be Implemented 

The maximum value of velocity and pressure distribution is 

obtained based on data from simulation results regarding 

downwash flow on rice plant protection sprinklers and 

comparisons on two NACA geometry profiles (Table 4). 

 

Table 4. The maximum value of simulation downwash flow 

Flight 

speed 

(m/s) 

Maximum value of downwash distribution 

NACA 0015 NACA 4415 

Velocity (m/s) Pressure (Pa) Velocity (m/s) Pressure (Pa) 

1 3.04 5.679 3.056 4.989 

2 3.968 5.911 3.094 6.061 

3 4.478 7.297 4.476 7.315 

4 4.964 8.442 4.952 8.556 

5 5.968 9.843 5.714 9.472 

 

Based on literature references concerning the wind resistance 

of rice plants [22], it has been determined that the maximum wind 

speed that rice plants can tolerate is 50 km/hour or approximately 

13.8 m/s. However, the safe threshold for wind speed that rice 

plants can withstand is 20 km/hour or about 5.5 m/s. 

The distribution of maximum downwash speed at NACA 0015 

is more significant compared to that at NACA 4415. Conversely, 

the maximum downwash pressure distribution at NACA 0015 is 

smaller than that at NACA 4415. However, at a drone flying speed 

of 5 m/s, the maximum pressure at NACA 4415 is less than that at 

0015. This indicates a decrease in performance pressure 

downwash at that particular speed. 

Pressure downwash has a considerable impact on the spray 

droplet distribution area. Therefore, in order to achieve effective 

pesticide distribution, the droplet area should not exceed 2 m. 

Thus, the pressure and velocity should not surpass 2 m behind the 

drone's speed. 

Based on these limitations, the recommended speed range for a 

plant protection sprinkler drone is approximately 1 m/s to 4 m/s. 

Previous research references regarding droplet distribution 

characteristics [23] suggest an optimal wind speed range of 2.3-

2.8 m/s, thus supporting the recommendation of 2 m/s. 

4 Conclusion 

The downwash flow on rice plant protection drones was 

evaluated using the computational fluid dynamics method at 

various hovering heights. The speed and current distribution of the 

UAV were quite complex. The results indicated that as the 

hovering height increases, the minimum recent speed increased 

and then decreased. Additionally, an increase in hovering height 

led to a trade-off between factors such as spray range, deposition, 

and penetration uniformity, which could impact the spatial 

distribution of droplets and, subsequently, affect spraying 

effectiveness. Therefore, in practical operations, the quadcopter 

spraying plants maintained a hovering height of 2 m, a maximum 

velocity of 13.3 m/s, a minimum speed of 5,593 × 10-6 m/s, and a 

drone pressure of 0.03 Pa to achieve better downwash effects. 

Increasing speed influenced the distribution of the downwash 

flow, causing it to spread further away from the drone in the 

opposite direction of the drone's speed. Moreover, as the 

aerodynamic properties improved, there was a direct increase in 

the downwash flow velocity distribution value in relation to the 

Cd and Cl values. Conversely, the downwash pressure distribution 

value exhibited an inverse relationship with the Cd and Cl 

concentrations. Consequently, the NACA 4415 exhibited greater 

Cd and Cl values, resulting in a lower downwash velocity 

distribution value compared to the NACA 0015. Conversely, the 

downwash pressure distribution value was higher at the same 

speed. 

Based on the resistance of rice plants to wind speed and the 

characteristics of the downwash flow when the drone was 

working, the flight speed range that may be implemented on this 

plant protection sprinkler drone was 1-4 m/s, with an optimal 

recommendation of 2 m/s. 
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