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Abstract: UAV can efficiently complete fertilization operations, regardless of the geographic
factor, without the need for dedicated landing sites. The effective coverage and velocity of
downwash are directly related to the assemblage of the spraying system and the spraying effect.
However, the unclearness of the airflow field leads to a severe droplet drift problem. In this study,
the simulation on airflow behavior by using the CFD method is done for optimization of sprayer
efficiency by analyzed the current designation of sprayer system and proposed an appropriate range
for nozzle working position. The transient analysis simulation is done with the SST k-w turbulence
model using Ansys Fluent Software to observe and analyze airflow vector, velocity contour, and
downwash velocity. Simulation results show inward curve flow at an area 1.5 meters below the
rotor and high-velocity regions spotted at 1.0 meters below the rotor at the central region and 0.6
meters vertically below the rotor. The working height is suggested to be 1.06 meters below the rotor
with nozzle spacing of 0.9 meters for each side and 0.7 meters from the center. The working position
is at the central area between sets of rotors.
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1. Introduction

Unmanned Aerial Vehicles (UAVs), commonly
mentioned as drones, go through massive development in
various fields rapidly, starting from military use. UAVs
such as quadcopters is then used for dusting crops, plant
monitoring, spraying etc., to replace the use of slow-paced
human workforces starting 1900s. Malaysia's farmers still
using the traditional method for fertilizing tasks such as
manually, knapsack sprayer and tractor-mounted high-
pressure sprayer [1]. According to Sem (2020), the drone
can apply plantation aiding liquid more economically than
traditional ways. Pesticides can save up to 20% [2]. Studies
on agriculture initially focus on crop production and
protection material (fertilizer and pesticides) efficiency
and their impact on soil or the surrounding environment
[3]. An extensive study on agriculture drones focused on
sprayer efficiency proved that the selection of sprayer
design parameters such as sprayer nozzle, sprayer location,
sprayer boom height, etc., are the critical roles of crop-
dusting efficiency [4]. Since aerial spraying is a method of
transporting liquid onto the crops through a combined
wind field, airflow became dominant in controlling droplet
deposition.

The combination of airflow generated by propeller rotation
with atmospheric wind and downwash caused by ground
effect and flight altitude will result the combined wind
field. The airflow field produced by UAV plays a key role
in droplet transportation during crop-dusting activity [5].
Hence it is an important issue to get a perfect location for
a sprayer.

Reviewing previous studies shows that there are
mainly two UAV airflow field analysis methods:
experimental or numerical. The typical approach of
experimental is wind tunnel experiment or analyzes data
collected through water-sensitive paper, mylar, or
monofilament lines. The numerical method is studying the
programmed software such as ANSYS or Solidworks
simulated model associated with CFD theory. Both ways
give the same trend of result, but numerical would be more
appropriate for complicated situations because some
situations are hard to demonstrate through experiments.
Hector Guillermo et al. [6] used CFD to perform transient
analysis on aerodynamic behavior’s physical variables,
verifying that numerically obtained aerodynamic behavior
analysis is practical to support future research.
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The difference of value in experimental and
numerical results is between 0.6 to 0.7, which assured the
reliability of simulation data in UAVS' aerodynamic
behavior study. [7]. Suggestions are made through
observing airflow behavior on design and operating
specification such as sprayer nozzle, flight speed, hovering
height are also given in several studies [5], [8-11].
Observing the airflow field pattern also provides
information on several parameters that strengthen the
droplet deposition, as proven by Xue et al. [12]. The study
concluded that downwash airflow generated by the aerial
spraying device's rotor could strengthen the agrochemical
penetration droplet on the under/ lower layer of crops
compared to the traditional spraying method.

Simultaneously, the fertilizing task of PINEXRI-20
needs to get droplets deposited on the root area to
maximize its efficacy. The main purpose of this research is
to find the optimal range for the sprayer system working
location. To archive this, the analysis of the airflow
velocity and pattern was done with the help of CFD
simulations. Once the results are delivered, the most
expected results were highlighted through the velocities
data and simulated contours. The paper's organization is as
follows: In Section 2, the definition of the geometric model
and simulations method for three different hovering
operating parameters was described. Next, the simulated
results are presented, and simulated velocities data and
contours were discussed in Section 3. Finally, conclusions
are drawn based on the above study in Section 4.

2. Materials and Methods

In this research, the quad-rotor pineapple plantation
fertilizing drone PINEXRI-20 was selected as a model for
the numerical analysis to narrow down unnecessary parts.
To save on computer resources, the physical model of the
drone was rationally simplified and left only the body
frame, rotors, propeller, and sprayer nozzle. An external
power supply powered the drone, and a wireless remote
controller regulated the rotor rotational speed.

2.1 Model establishment and computational domain

The rotors are important parts of the drone that
generate the airflow field and the necessary lift for the
drone on hovering. In this study, the model is established
with four 29 inches propeller blades with a 9.5 pitch.
Solidworks 2019 is used to construct the 3D model with
rotors of clockwise rotation and anticlockwise rotation,
respectively, as shown in Figure 1. The model assembly is
analyzed with CFD using Ansys Fluent Software, to
achieve adequate simulation results, domains are
constructed using Design Modeler to cover the body to
avoids the construction of high detail mesh.

The global square stationary domain shows in Figure
3 and 4 with width 4 meters and 2 meters height defined
for the inlet and outlet airflow while the four subdivided
rotational domains with 0.8 meters diameter and 0.2 meters
height represent the rotors.

Fig. 1 — Isometric View of PINEXRI-20 3D Model
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Fig. 3 — Rotating Domain
Besides that, only the rotor and domains of the drone
are considered in the computational model because the
rotors are far from the fuselage which other parts have only
minimal influence on airflow [8], [13] while other parts are
suppressed, as in Figure 4.
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Fig. 4 — Computational Geometry
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2.2 Mesh Generation

Meshing is the process of discretizing the
computational domain into grids with elements and nodes.
The grid quality will affect the rate of convergence,
performance of numerical analysis and computational
time. Due to the irregular surface of rotor propeller and it
is the most crucial part in the numerical simulation, an
unstructured triangular grid was adopted. The mesh on the
tip and contact region increased, and the resultant meshed
are shown in Figure 5 and Figure 6; the total number of
nodes was 148886, and the total number of elements was
711077. Grid independence study was performed on five
different grids by varying sizes of the element to find the
most suitable mesh for this study and ensure simulation
stability.

Fig. 5 — Overview of Computational Domain Mesh
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Fig. 6 — Mesh of Rotational Domain

2.3 Boundary Conditions and Calculation Methods

CFD simulations were conducted in the hovering
operating condition as summarized in Table 1. The
working medium was set as air and other parameters
remain default to simulate airflow condition by not
considering other environmental effects such as crosswind.
Since the simulation was for the quadrotor fertilizing UAV
in hovering state, throttle percentages are selected as
50%,60% and 75% based on the standard design
specification of UAV as higher percentages are used for
accelerating during takeoff. On the inlet boundary,
velocities are specified respected to thrust and the pressure
outlet boundary with respect to atmospheric pressure was
used. The data between the static domain and four rotation
domains are exchanged through the interface boundary.
The direction of gravitational acceleration is along the
negative direction of the z-axis. Mesh motion adapted at
four-rotor to illustrate the clockwise and anticlockwise
propeller rotation as illustrated in Figure 7.

8

The rotation axis origin and direction were set
according to the actual situation. Furthermore, the SST k-
w turbulence model was selected, which is suitable for
complex shear stress flow [8], [11], [14], [15] because the
downwash flow is caused by the rotor rotating at high
speed to calculate 180 timesteps for each case.
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Fig. 7 — Schematic diagram of Computational Domain

Table 1 - Setting Details for different RPM
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60 5280 2599  3.2064x10-4  14.0854

3 75 7710 3123  2.6684x10-4 17.0208

3. Results and Discussion

3.1 Analysis of Flow Vector

The results show a circular flow region at region
labelled 1 in Figure 8. The occurrence of circular flow may
result the backflow of fertilizer and cause waste in fertilizer
due to ineffective spraying operation. The flow line in the
region labelled 2 shows a high tendency to form an upward
circular flow and cause a drift phenomenon. The flow line
at 0.5 meters away from the quadcopter remains straight,
indicating the propeller's rotating effect not affecting the
airflow that is 0.5 meters away from the quadcopter, also
known as the buffer zone. When the altitude decreases and
close to the ground at -1.5 meters vertical distance, the
flow starts to curve inward. When the airflow reaches the
ground, this phenomenon can be explained by z-direction
velocity transverse to x-direction and y-direction velocity
and causing the airflow detent around the ground, also
known as ground effect.

This inward curve can help strengthen fertilizer
penetration on pineapples’ roots or the lower side of the
plant canopy. According to the flow pattern, we can
conclude that the nozzle should be placed at least 0.5
meters below the rotor and avoid the circular region and
drifting regions marked in Figure 8.
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Fig. 8 — Flow Vector of Airflow Generated by Rotor Motion.
1. Circular Flow Region 2. Drifting Region

3.2 Downwash flow velocity in the z-direction at
different regions

To demonstrate the relationship between flight speed
and the quadcopter downwash flow velocity in the z-
direction at the different regions (inflow region, outflow
region, rotor region and central region) is measured and
studied as in Figure 7. Velocity in the z-direction is
observed and discussed in this section because z-direction
velocity affects downwash and will restrain the drift and
strengthen the deposition rate of fertilizer on pineapple
plants [8], [13]. The results of downwash velocity are
presented in Figure 9 with negative y-axis velocity, which
indicated the downward velocity flow fields. As observed
from the graphical results, the velocity above the gives the
highest value at the same time for all four regions, which
is 2 meters above the ground and 0.5 meters above the
rotor. This can be explained by the suction effect that
occurred above the rotor. The high rotating speed of the
quadcopter results in identical downward velocity toward
the rotor direction to create suction force.

On the other hand, the rotor regions have the most
significant fluctuation correspond to other regions. This is
proof that this region having the highest probability inhibit
drift phenomena. In the zone starting 1.33 meters from the
ground, the z-direction velocity increases rapidly and
reaches its maximum, 10.51 ms?® when it comes to the
ground. This is probably because the downwash airflow
spread to the surrounding can create a rebound of flow
when it contacts the ground. Hence, through comparison
between three sets of data, the z-direction velocity is
arranged as follows: inlet region > central region > outlet
region.
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Fig. 9 —-Downwash velocity distribution of vertical distance
in different regions for various rotational speeds

3.3 Analysis of velocity contour

In this section, the velocity contour plot shown is area
along the central region and outflow region as in Figure 10
and area under the rotor and inflow region in Figure 11.
From the contour plot, the relationship between rotor rpm
and airflow velocity is directly proportional. This proven
by the maximum velocity data of both conditions represent
in Table 2 and 3. Increment in rotational speed of rotor able
to increase the air velocity and strengthen the spraying
force.

From the contour plot, the red zone shown in velocity
contour can be considered as a reference for plant position
during spraying activities designation to increase the rate
of spray efficiency. The high velocity can improve the
spraying strength of fertilizer and increase the deposit
chance of fertilizers on the plant's root. In Figure 11, the
rotor is located at -1 meters and 0 meter of the x-axis, origin
of the y axis in the contour plot. Downwash flow is shown
in the orange plot below the rotor. This phenomenon can
be explained that the airflow velocity under the rotor
contributes to the central region for hovering. Overlapping
of airflow due to the rotor operating principle in reverse
rotation forms a hedging phenomenon and creates constant
thrust for hovering.

By comparing the velocity data at the central region
and outflow region with the data at the region under the
rotor there is a clear difference in high-velocity area
distribution. The central region and outflow region have a
larger coverage area of the high-speed region and a higher
maximum velocity value. Hence, sprayer system would be
more suitable located at the central region and outflow
region.
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Fig. 10 —Velocity contour at central region and outflow
region for various rotational

Table 2 - Data at central region and outflow region

Throttle

Percentage (%) RPM Max Velocity (m/s)
50 2195 25.70
60 2599 27.80
75 3123 35.30

Table 3 - Data at region under the rotor

Throttle

Percentage (%) RPM Max Velocity (m/s)
50 2195 19.40
60 2599 22.70
75 3123 28.40
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Fig. 11 —Velocity contour at region under the rotor for
various rotational speeds

3.4 Analysis of current PINEXRI-20 designation

The current design of PINEXRI-20 sets the boom
position at 0.4 meters under the rotor and has a nozzle at
the central region with 0.5 meters nozzle spacing. In this
study, horizontal airflow velocity is analyzed to identify
the suitable location for the nozzle position and vertical
airflow velocity to determine the appropriate height for the
boom position. The plotted graph line of three different
rotational speeds for horizontal airflow velocity showing
the same trendline with an increasing velocity trend as in
Figure 12. From the plotted results, velocity show steady
in trend at an area 1.5 meters away from the center for both
positive and negative plot.
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This can be explained by the airflow 1.5 meters away
from the center no longer affected by the high-speed
rotation motion of the rotor propeller. It can be observed
from the graph that the maximum velocity occurs at -
0.62m, -1.51m and 0.71m and 1.6m of x-axis. Since the
area with higher velocity is ideal for installing a spray
nozzle, the spray nozzle should be placed at the maximum
velocity locations.

Downwash Velocity [m/s]

2 1 0 1 2

Horizontal Distance, X [m]

Fig. 12 -Downwash velocity distribution of airflow along
horizontal distance x for various rotational speeds

The vertical airflow velocity was investigated at
nozzle 1 and nozzle 2 locations with nozzle spacing 0.5
meters shown in Figure 13. For the nozzle 1 location, the
velocity increases gradually, starting 0.5 meters below the
rotor and archive the highest velocity at around 1.06 meters
below the rotor. In contrast, nozzle 2 location shows
unstable fluctuation in vertical airflow velocity. Despite
that, maximum velocity also occurs at around 1.06 meters
below the rotor.
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Fig. 13 -Downwash velocity distribution of airflow along
vertical distance x for various rotational speeds (Nozzle 1 -
above, Nozzle 2 — below)
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4. Conclusion

The downwash velocity flow fields at different rotor
rotational speeds were studied through CFD simulation to
improve the spraying system efficiency through
determination of optimal location for sprayer nozzle.
Hence, the objective of study had achieved. The flow
vector was presented, showing an inward curve flow at an
area 1.5 meters below the rotor, increasing the deposition
rate of fertilizer on crops' root area. The airflow vector also
shows the downwash airflow pattern and identified the
area with a high tendency to drift.

The study presented the velocity contour at the central
region between two rotors and the region under the rotor,
which showing the high-velocity regions are located at 1.0
meters below the rotor at the central region and 0.6 meters
below the rotor for the region under the rotor, which
provides a reference to determine the aerial spraying
strength. By comparison, the maximum velocity values
and the red zone coverage of central outflow regions are
higher than the region under the rotor. This indicates that
it is more appropriate to install a nozzle in central outflow
region as a working position.

An optimal solution for a quadcopter with P80 KV100
motor's ideal spraying nozzle location is determined by
analyzing the results of velocity data in different regions
and positions by observing the data. The working height is
more appropriate to be 1.06 meters below the rotor with
nozzle spacing 0.9 meters for each side and 0.7 meters
from the center. The working position is at the central area
between sets of rotors.
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