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Abstract: The aerodynamic behavior of a square-shaped formation of four quadcopter UAVs flying
in a swarm is investigated in detail through three-dimensional computer simulations utilizing
Computational Fluid Dynamics (CFD) methodology. The swarm configuration comprises four UAVs
positioned with two in the upper row and two in the lower row along the same propeller axes. The
flow profile generated by the UAV propellers rotating at 10,000 revolutions per minute is analyzed
parametrically using the Multiple Reference Frame (MRF) technique. UAVs within the swarm are
positioned at 75 cm from the motion centers of adjacent propellers. This distance, the effects of
horizontally and vertically positioned UAVs on each other, and the collective behavior of the swarm
are thoroughly examined. Pressure, velocity, and turbulent kinetic energy values are meticulously
analyzed. This research represents a milestone in understanding the aerodynamic characteristics of
UAV swarms and the optimization of swarm performance. The findings highlight effective factors in
swarm flights and their consequences for UAVs. Additionally, the article describes the “near-UAV
phenomenon”. Furthermore, the methodology developed for CFD simulations provides an approach
to analyzing close flight scenarios and evaluating their performance in various swarm configurations.
These achievements contribute to the future development of UAV technology.

Keywords: unmanned aerial vehicle (UAV); quadcopter; computational fluid dynamics (CFD); swarm;
flock

1. Introduction

The widespread use of unmanned aerial vehicles (UAVs) can be attributed to ongoing
technological advancements, meeting evolving needs and demands. Unmanned aerial
systems (UASs) have broad utility, particularly in military contexts but also in civilian,
industrial, and academic sectors [1-4]. These vehicles are preferred due to their advantages
such as prolonged flight in the air, operation without crew members, vertical takeoff
and landing capabilities, rapid maneuverability, and the ability to accomplish hazardous
missions [2,5]. Unmanned aerial vehicles are classified into fixed-wing and rotary-wing
aircrafts based on their wing functionalities [6]. This classification includes various types
such as helicopters, multi-copters, and tiltrotors [2,7-9]. There has also been a significant
increase in the amount of research on UAVs in recent years [10,11]. Many studies exist
focusing on improving the flight performance of fixed wing unmanned aerial vehicles. In
these studies, investigations have been conducted on wings and wingtips, and research has
been carried out on UAV components affecting flight.

Computational Fluid Dynamics (CFD) analyses were performed to determine the
dynamic response of an unmanned aerial vehicle [12]. These analyses were made with
dynamic mesh using active, passive, and deformable mesh regions, and the oscillatory
movements that emerged in the analyses were examined. Error rates were determined by
comparing simulation results with experimental data obtained from test flights. In another
research study [11] fixed-wing UAV analyses were made using a one-way Fluid-Solid
interaction. It was demonstrated that successful and reliable results were achieved using
artificial neural networks.
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In the research of Kapsalis, Panagiotou, and Yakinthos, CFD analyses of body-wing
UAVs were optimized using Taguchi methods and analyzed. It has been shown that
performance can be improved with design variables [13]. Additionally, in another research
study investigated by Panagiotou, Kaparos, and Yakinthos, the winglet structures with
different design criteria of fixed-wing UAVs were analyzed using CFD. It was revealed that
an approximate 10% increase in flight duration was achieved due to increased aerodynamic
performance [5].

Fixed-wing models are preferred for their long flight range, while multi-rotor UAVs
are more advantageous for short range flights. Multi-rotor vehicles are favored due to their
ease of operation, flight stability, and advanced maneuverability capabilities [2]. Due to
these advantageous features, multi-rotor UAVs find applications in tasks such as search
and rescue, area surveillance, and smart agriculture practices including pesticide spraying,
seeding, and spraying [10,14,15]. It is observed that there is an increasing interest in the
use of multi-rotor platforms for spraying and pesticide applications.

Research has also been conducted on components that affect the performance of UAVs,
such as the landing gear. Experimental data obtained from wind tunnel tests of the landing
gear were compared with CFD analyses by Gotten and Havermann, leading to design
suggestions for reducing frictional forces [16]. Moreover, different types of wings have
been examined to determine the performance of the airfoil [17].

Fluid analyses were carried out using the k-¢ turbulence model in a study by Wen
et al., which investigated a tilt-rotor UAV model with three rotors. The study examined the
performance of vehicles operating at 2100 rpm with various rotor angles, thus verifying
the applicability of wing movements [7]. Additionally, aerodynamic characteristics were
compared by Wan, Sun et al. through wind tunnel experiments and CFD simulations, and
the results were shown to be compatible [8]. In addition to these studies, analyses have
also been performed on three-rotor VTOL (Vertical Take-Off and Landing) systems [9].

In the literature, UAVs with configurations of four, six, and eight rotors have been an
extensive subject of research. In a study conducted by Yang et al. [18], three-dimensional
CFD analyses were performed on a 6-rotor UAV used for agricultural purposes using the
k- turbulence model. The analyses examined the downwash created by the vehicle at
heights of 1 to 2 m above ground level. Within these analyses, the rotational speed of the
propellers was taken as 288 rad /s (2750 rpm), and according to the analysis results, the
maximum velocity generated by the ground effect was determined to be 10 m/s. Chen et al.
performed unsteady CFD analyses of a 6-rotor UAV equipped with a spray system. The
UAV was positioned at a height of 2 m and operated at a rotational speed of 3600 rpm. In
these analyses, the distribution of downwash effects at different distances was determined
and comparisons between experimental data and CFD results were conducted [19].

CFD analyses of an eight-rotor UAV configuration were performed by Ni, Wang et al.
The UAV model was simplified and was positioned at a height of 3 m above ground
level. Additionally, rotation speed was set at 3500—4000 rpm, and crosswind and ground
effects were used. As a result, it was shown that the spray systems were successful [14].
The research carried out by Yang, Tang, et al. performed CFD analyses to investigate the
downwash effect at different levels using a six-rotor UAV. The analyses were based on
the k-¢ turbulence model, and the rotational speed of the small-sized UAV was selected
as 1500 rpm. To investigate the downwash, the UAV was positioned at different heights
(0.2m; 0.5 m; 2 m, and 5 m). The results from the small-scale UAV suggest that it could
potentially replace the full-scale UAV [10].

Research on aeroacoustics related to UAVs has also been conducted. In a study
by Dbouk and Drikakis, the aeroacoustics characteristics of a swarm consisting of six
multi-copters were examined. The swarm was positioned horizontally in V-shaped and
rectangular-shaped (U-shaped) configurations. Three-dimensional CFD analyses were
performed, and the flight speed was set to 9 m/s. The aeroacoustics characteristics of the
swarm were determined [20].
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Paz, Suarez et al. carried out CFD analyses on a four-rotor UAV model, which is also
the subject of this study, using MRF (Multiple Reference Frame) and Sliding Mesh methods.
In their research, the ground effect was also examined by taking the rotation speed of
propellers as 1000 rad /s and the analyses based on the initial positions of the propellers [1].
The evaluations indicated that the MRF method was a suitable option for calculating the
relative positions of the propellers and the MRF method could be preferred over the Sliding
Mesh method for ground effect analyses. In another study by Paz, Suarez et al. [2], the
aerodynamic effects occurring from passing over an obstacle using a quad-rotor UAV
model were investigated. The study successfully determined the ground effect that may
occur as a UAV moves at speeds of 1.5, 7.5, and 10 m/s when passing over an obstacle.

The focus of this paper is CFD analyses of four multi-rotor UAVs arranged in a
rectangular formation, with two UAVs positioned above and two below at a specified
proximity distance. The objective was to calculate the flight configurations of multiple
UAVs in a vertical formation using CFD analyses with the k-¢ turbulence model and the
MRF method and to investigate their flight performances. Upon examining previous
research in the literature, this research represents a milestone in the aerodynamic behavior
of swarm UAVs. The swarm formation that four rotary-wing unmanned aerial vehicles can
create during flight was investigated in detail, their behaviors during flight were modeled
and interpreted using Computational Fluid Dynamics. Additionally, the phenomenon of
close UAV interaction was defined.

2. Materials and Methods
2.1. Mathematical Model

The mathematical algorithms that form the theoretical background of Computational
Fluid Dynamics are typically based on the finite volume method, with ANSYS Fluent
relying on this approach. The background, continuity, and momentum equations are
present. Equation (1) provides the continuity equation, and Equation (2) presents the
momentum equations. In the continuity equations, Sm represents the source term, p denotes
density, t stands for time, and v represents the velocity vector.

In the momentum equatiorz p denotes pressure, T represents the stress tensor, g is the

gravitational acceleration, and F represents the body forces.
% +9.(pV)=S5m (1)
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The moving reference frame (MRF) method was employed in the analyses, which can
be expressed as the defining movement relative to a reference point. This methodology
comprises two types of functions: absolute and relative. Absolute function definitions were
employed for the analyses.
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Here, W represents angular velocity (3), \7; denotes relative velocity (4), Vv refers to
—
absolute velocity, u; stands for the velocity of the moving frame relative to the inertial

reference frame (5), and vt signifies the translational frame velocity. Using these expressions,
continuity and momentum equations can be rewritten as Equations (6) and (7).
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Equations for the Realizable k-¢ turbulence model are given in (8) and (9).
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Equation (8) describes the turbulence kinetic energy (TKE) generation due to velocity
gradients Gy, buoyancy Gy, and TKE generation from fluctuating expansion Yy;. Addition-
ally, in Equation (9), C; and C;, are constants. oy and o, represent the turbulent Prandtl
numbers for k and ¢ respectively [21].

2.2. Geometric Model

Quad-rotors are among the most common types of rotary-wing unmanned aerial
vehicles. Therefore, the geometry of this unmanned aerial vehicle was preferred for Com-
putational Fluid Dynamics analysis. Simplifications were applied to the solid geometries of
the UAV fuselage and the four propellers and rotating flow cylinders were modeled around
each propeller. The UAV body, propellers, and rotating flow cylinders were integrated into
the computational domain. The flow geometry of the UAV along the Y-X and X-Z axes is
illustrated in Figure 1 of this research.
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Figure 1. Quad-rotor unmanned aerial vehicle geometry: (a) Y-X view; (b) X-Z view.

A specific reference point was defined in the fluid model of the UAV. The relative
positions of the UAV with respect to this reference point are illustrated in Figure 1. In the
CFD geometry used for multiple flight analyses, the positionings were defined relative to
this specified reference point. According to this reference point, the distances along the Y-X
and X-Z axes are shown as local coordinates.

2.3. Numerical Methodology and Boundary Conditions

The objective of this research was to identify a swarm configuration consisting of four
unmanned aerial vehicles and investigate their spatial positioning within the swarm. The
spatial positions within the swarm were referenced with respect to a designated reference
point. Four UAV models, each equipped with four rotating fluid domains, were utilized. A
total of 17 fluid domains, comprising 16 rotating fluid domains and 1 external fluid domain,
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were defined in the CFD geometry. Additionally, parameters for each of the 16 UAV
propellers, including their local origin and orientation vectors, were individually defined.

The External Fluid Volume in the CFD geometry, illustrated in Figure 2a, had a height
of 10 m. The width dimensions of the external flow volume were defined to be located
100 cm away from the central axis of the propeller adjacent to the surface. The spatial
arrangement of UAVs is shown in Figure 2b, whereas Figure 2c illustrates the positioning
of UAVs with dimensions. The distance between the propeller axes of adjacent UAVs was
75 cm.

P T ———— 750mm
- | 1000mm

(b) (c)

Figure 2. CFD geometries: (a) external fluid volume with quadrotors; (b) swarm formation; (c) dis-
tances of UAVs.

Figure 3 illustrates the mesh of the CFD geometry. ANSYS-Mesh (v19) software was
used for mesh generation purposes. Figure 3a shows a cross-sectional view of the CFD
geometry, Figure 3b displays the arrangement of UAVs, and Figure 3c illustrates the meshes
of the four-rotor model.

(@)

Figure 3. Mesh images: (a) cross-sectional view; (b) mesh of the swarm; (c¢) UAV mesh.
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The parameters of the mesh are given in Table 1. Proximity and curvature captures
were enabled, the growth rate was set as 1.1, the number of cells across the gaps was set as
5, and the target skewness was taken as 0.8. The total number of nodes in the meshes was
approximately 23 million, with a total of about 16 million elements.

Table 1. Global mesh features.

Physics and Solver Preference  CFD, Fluent
Element Order Quadratic
Growth Rate 1.1
Mesh Defeature Size 1, mm
Target Skewness 0.8
Smoothing High
Pinch Tolerance 1.8 mm
Capture Proximity and Curvature  Yes
Curvature Min Size 2 mm
Curvature Normal Angle  18°
Proximity Min Size 2 mm
Num Cells Across Gap 5
Nodes 23,272,029
Elements 16,841,588

ANSYS-Fluent (v19) software was used as the CFD software. Moving mesh and
moving reference frame methods were used as the solution methodology [2]. Simulations
were conducted using the moving reference frame method. The cylindrical volumes shown
in Figure 1 have been referred to as either moving or rotating zones. The cylindrical volumes
shown in Figure 1 have been referred to as either moving or rotating zones. These zones
were used to determine the rotation directions, rotation axes, and origin of the propellers.

The rotational speeds of UAV propellers may vary depending on the type of UAYV, the
cruise missions and the equipment carried. For instance, in research involving a fixed-wing
UAYV, the rotational speed was set at 6500 rpm [12]. However, the rotational speeds of
propellers in rotary-wing UAVs may vary. Similarly, in quadcopter UAVs, the rotational
speed of the propellers can change depending on factors such as propeller size, motor
specifications, weight, and payload. In this study [2], a rotational speed of 1000 rad/s,
which corresponds to 80% of the maximum rotational speed specified in the technical
specifications of the UAV, was used for the simulation. It was assumed that the propellers
rotate at speeds of 10,000 rpm in both clockwise and counterclockwise directions.

The Realizable k-¢ model turbulence model in conjunction with enhanced wall treatment
was selected, and a gravitational acceleration was given as 9.81 m/s? [17,18]. The fluid was
defined as air, with a density of 1.225 kg/m3 and a viscosity of 1.7894 x 107> kg/(m xs).
Within the swarm model, there were a total of 17 fluid zones with 16 rotating fluid domains
and 1 external fluid domain. According to the global coordinate system on CFD, the origins,
orientation vectors (X, Y, Z variables), and rotational speeds were separately defined for
each of rotating fluid domain. In these definitions, orientation vectors were assumed to be
in the Y+ direction, and 3 variables for rotating origin and 1 variable for rotational velocity
were used. While 16 variables were used for a single UAV, a total of 64 parametric variables
were defined for the 4 swarm UAVs within the CFD geometry. According to the general
coordinate system on CFD, these variables including X, Y, and Z coordinate parameters
and rotational velocities are listed in Table 2. It should be underlined that both horizontally
and vertically adjacent UAVs maintained 75 cm between their closest propeller axes.
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Table 2. Parameters of rotating-fluid domains: rotating-axis origin and rotational velocity.
Variables X Y V4 Rev
Unit m m m RPM
UAV-1 Propeller Rear-Left 22 6.2 22 —10,000
UAV-1 Propeller Rear-Right 2.45 6.2 2.2 10,000
UAV-1 Propeller Front-Left 2.2 6.2 2.45 10,000
UAV-1 Propeller Front-Right 2.45 6.2 2.45 —10,000
UAV-2 Propeller Rear-Left 3.2 6.2 2.2 —10,000
UAV-2 Propeller Rear-Right 3.45 6.2 2.2 10,000
UAV-2 Propeller Front-Left 3.2 6.2 2.45 10,000
UAV-2 Propeller Front-Right 3.45 6.2 2.45 —10,000
UAV-3 Propeller Rear-Left 2.2 5.45 2.2 —10,000
UAV-3 Propeller Rear-Right 2.45 5.45 2.2 10,000
UAV-3 Propeller Front-Left 2.2 5.45 2.45 10,000
UAV-3 Propeller Front-Right 2.45 5.45 2.45 —10,000
UAV-4 Propeller Rear-Left 3.2 5.45 22 —10,000
UAV-4 Propeller Rear-Right 3.45 5.45 2.2 10,000
UAV-4 Propeller Front-Left 32 5.45 2.45 10,000
UAV-4 Propeller Front-Right 3.45 5.45 2.45 —10,000

3. Results and Discussion

The Computational Fluid Dynamics analyses of four unmanned aerial vehicles with a
swarm configuration were performed in this research, and the resulting data were evaluated.
The processing of CFD results is referred to as post-processing, and this procedure was
carried out using CFD-Post (v19) software. Due to factors such as mesh characteristics and
solution methods, numerical discrepancies may occur in CFD results. Additionally, in the
CFD-Post software, data regions were defined using Pearl, CCL, and CEL programming
languages to facilitate visualization and graphing.

First, all data lines were generated to create the plots of CFD results. Figure 4 displays
these data lines, which were obtained from both horizontal and vertical lines drawn over
the front and rear propeller axes. Plots obtained over the front propeller’s axes are labeled
with the “F” identifier, while those obtained over the rear propeller’s axes are labeled with
the “B” identifier. Additionally, the same colors which are used in the data lines are used
in the plots as well. There may be differences in the data taken over the front and rear
propeller’s axes. Therefore, the data obtained over the front propeller’s axes were chosen
to align with the overall structure.

In Figure 4, horizontal lines and planes representing the Y general coordinate values
are displayed on the left side. In these horizontal data lines, the range of X values was taken
from 100 cm to 465 cm, and the Z value was taken as 245 cm (F) or 220 cm (B). Additionally,
on the upper side of the figure, vertically created data lines are shown together with X
values. In the vertical lines, the Y variables were taken within the range of 0 cm to 1000 cm,
and the Z variables were taken as either 245 or 220; the X variables were taken same
values in the figure. The propeller axes X220, X245, X320, and X345 shown in the top-left
and top-right of Figure 4 correspond to UAV-1 and UAV-2. All plots and contours were
generated using these definitions.

Figure 5 depicts the contours of velocity distributions in planes defined by the front
and rear propeller axes as well as the midpoint of the UAVs. Figure 5a represents the
contours from the rear propeller plane, Figure 5b from the midplane of the UAVs, and
Figure 5¢ from the front propeller plane. In the velocity distribution, UAVs positioned below
were affected by the airflow generated by the UAVs positioned above. When examining
the velocity contours, it has been determined that velocity distributions approximately
2.5-3 m below the UAVs exhibited homogeneity along the propeller axes and vertical axes
taken between the UAVs. Velocity distributions are shown by taken over the horizontal
lines in Figure 8 and taken over the vertical lines in Figure 9. It has been observed that
a phenomenon similar to the “Near-field mixing phenomenon”, which occurs in near-jet
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flows, manifests in the airflow produced by the UAVs [22]. This study introduces a new
phenomenon named the “Near-UAV Phenomenon” resulting from the investigation of
close UAV effects.

Y620 | _
Y600
Y580

Y560
Y545

Y525 R i
Y505
Y485

Figure 4. Vertical and horizontal data lines of swarm UAVs.

Figure 5. Velocity contours: (a) rear plane; (b) midplane of the UAVs; (c) front plane.
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Velocity contours obtained over vertical planes in Figure 6 are presented comparatively,
while the corresponding locations of these planes are indicated in Figure 4. The distances of
these planes, relative to the propeller planes of the UAVs positioned above and below are
specified as follows; Y560 and Y485 60 cm, Y580 and Y505 40 cm, Y600 and Y525 20 cm, and
Y535 and Y610 10 cm under. The velocity value ranges in these contours are 1 to 22 m/s.

Figure 6. Velocity contours in vertical planes.

When examining the Y600 and Y525 vertical planes, it is clearly observed that the
velocity distribution increased after the vehicles positioned below. The formation of vortices
was observed between the UAVs at Y610, Y600, and Y580 vertical planes. In the Y560
contour, the outward flow generated by the propellers of the UAVs positioned above was
affected by the flow generated by the UAVs positioned below, resulting in distribution
up to Y505 while passing near the vehicles. This distribution is visually represented with
streamlines in Figure 7.

The streamlines generated by the UAVs are illustrated in Figure 7, where Figure 7a
shows the top view and Figure 7b shows the front view. By following the paths of the
streamlines and the resulting trajectories, the flows around the vehicles were determined,
and the velocities along the streamlines were also shown. The turbulence occurring between
the UAVs was visualized. Additionally, it was observed that the flow generated by the
outer propellers of the UAVs positioned above passed through between the vehicles.

The velocity values are presented as plots in Figure 8, representing the front propellers.
The horizontal lines Y600 and Y525 are located 20 cm below the rotation centers of the
UAV propellers. In these regions, velocities measured from the tip of the propellers are
approximately 18-19 m/s, and the velocity distributions are high due to the proximity to
the propellers.
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Figure 7. Streamline velocity: (a) top view; (b) front view.
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Figure 8. Velocity plots of front(F) propeller taken from horizontal lines.

The Y580 to Y505 lines are 40 cm below the rotation centers. The velocities under the

propeller tips are approximately 14 m/s in the UAVs positioned above, while velocities
are approximately 15 m/s in the vehicles positioned below. The distribution of velocities
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increases towards the propeller tips. Additionally, when examining the airflow between
adjacent vehicles horizontally, velocity distributions are increased.

The Y560 to Y485 lines are located 60 cm below the centers of rotation. The velocity
distribution at Y485 is increased compared to Y560 due to the downward flow. While the
speed is 12 m/s at Y560, it has increased to 14 m per second at Y485. It is clearly seen that
the airflow produced by the upper UAVs affects the lower UAVs with the horizontal lines.

Velocity distributions on vertical data lines are shown in Figure 9. Data were collected
along vertical lines ranging from X220 to X345. The values X220, X245, X320, and X345
represent the vertical lines taken from the propeller axes, while X270, X282.5 (midpoint),
and X295 are used to determine the vertical lines between the UAVs. The velocity plot
obtained along these vertical lines is illustrated in Figure 9. The values of Y at 620 cm and
545 cm correspond to the rotating-axis origin of the propellers.

Velocity [ m s~-1]

20

=
(%]
I

[
o
1

(9]
1

800 ' 600 ' 400 | 200 ' 0

Y[cm]

Figure 9. Velocity on vertical lines.

Examining the graph of data obtained from vertical lines indicates that the velocity
under the upper vehicles at Y = 600 cm reaches approximately 19 m/s on the X220 and
X345 lines, while it is up to about 14 m/s on the X245 and X320 lines. On the X220, X245,
X320, and X345 axis lines, this velocity under the lower vehicles is approximately 15 m/s at
Y =525 cm, while it reaches its highest value around Y = 515 cm, reaching approximately
15.5m/s.

The velocity distribution between UAVs is examined both horizontally in Figure 8 and
vertically in Figure 9. It is observed that speeds reach up to 7 m/s at X270 to X295 near the
propeller’s axis and up to 4 m/s at the midpoint X282.5. The developing airflow converges
towards the airflow on the propeller axes, approximately 2.5 m under the UAVs-swarm,
around Y = 300 cm, reaching speeds ranging between 7 and 8 m per second. Furthermore, at
Y =0 cm, the velocity at the outer axes (X345-X220) is approximately 1 m/s lower compared
to other lines. All of this illustrates the impact of close-range UAV swarm flights on velocity.

Figure 10 illustrates the total pressure contours taken from the front and rear propeller
planes, as well as the mid-plane of the UAVs. Figure 10a illustrates the contours taken from
the rear plane, Figure 10b shows the contours from the mid-plane, and Figure 10c displays
the contours from the front plane in a comparative manner. Upon detailed examination
of these contours, it is evident that low-pressure regions formed in the middle of the
UAVs. Approximately —50 Pa pressure is observed on the opposing propeller surfaces
of the UAVs positioned at the top. While it can be anticipated that the UAVs positioned
above could affect those below, it has also been determined that they are affected by
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the airflow generated as they approach each other horizontally. The total pressure lines
resulting from the interaction of near-UAVs are presented both horizontally and vertically
in Figures 11 and 12. The total pressure below 2.5 m from the UAVs is approximately 40 Pa.

Figure 10. Total pressure contours: (a) rear plane; (b) mid-plane; (c) front plane.

The distributions of total pressure are illustrated in Figure 11. Upon examination of
the data lines Y600 and Y525, located 20 cm under the origins of the propeller rotating axis
at X =220 cm and 345 cm, approximately 200 Pa is observed at Y600, while it is around
130 Pa at Y525. As the propeller tips progress towards, this pressure increases up to 200 Pa.
On the lines located 40 cm under the propeller origins, a maximum total pressure of 110 Pa
at Y580 and 130 Pa at Y505 is observed. As the downward flow progresses, the distribution
of pressure lines is observed to spread. On lines Y560 to Y485, under the lower row of
UAVs, the pressure reaches up to 85 Pa at Y485, while under the upper row of UAVs, it
remains under 65 Pa at Y560.

The total pressure plot derived from vertical data lines is displayed in Figure 12. These
vertical data lines are taken from a range of X220 to X345. Between Y 620 cm and 600 cm,
the total pressure is increased at the UAVs positioned above. Y = 600 cm, the pressure
reaches approximately 210 Pa on the X220 and X345 lines, while it is around 125 Pa on
the X245 and X320 lines. It remains below 100 Pa at Y = 580 cm and is around 40 Pa at
Y =560 cm. Subsequent to the UAVs positioned below, the pressure is measured at 120 Pa
atY = 525 cm and reaches around 145 Pa near Y = 515 cm. The pressure between the axis
lines ranges between 30 and 40 Pa at Y = 300 cm.

Upon examination of the central axis lines (X270, X282.5, and X295), under the upper
row of UAVs, it is approximately 10 Pa at Y = 600 cm, and a vacuum effect is observed as
we approach towards the lower row of UAVs. The pressure converges at the same level as
the other axis lines towards Y = 300 cm. Pressure distributions become more uniform with
distance from the UAVs.

Dynamic and static pressure values are also illustrated in Figure 13. The pressure
and dynamic pressure plots taken from the front and rear axis planes are comparatively
presented. The planes representing the front are denoted as “F”, whereas those representing
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the rear are denoted as “B”.
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Figure 11. Total pressure on horizontal lines.
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Figure 12. Total pressure on vertical lines.

The Y-axis range in these graphs is taken between 700 cm and



Appl. Sci. 2024, 14, 6820

14 of 18

B0 —X220 - F =0 | ~X220 - B
5 —X245-F I ; —X245-B
100- X270 -F 100 § X270 - B
—X282.5-F I | —X282.5- B
— —X295-F || 1 ’ —X295 - B
& 50- X320-F ||& 50 X320 - B
d | B e 1 o
o | x345-F ||'9 | X345 - B
@ A 7 1
"\lﬁ "t‘\f‘ 1 ““:1/ lz :
-50- .‘.,l]‘. - BT R — ll R N
| I
_100_\"'|";"x"w L 'i"\"'l _100:|' L T L '; U R |
700 650 600 550 500 450 400 350 300 700 650 600 550 500 450 400 350 300
Y[cm] Y[cm]
250 —X220 - F el iR i L =X220-B
' l —X245 - F ' —X245 - B
2001 Jﬂ ~X270-F || _200] ~X270 - B
o | ~X282.5-F || @ —X282.5 - B
= ; —X295-F || —X295 - B
= 1501 X320-F || 5150 X320 - B
[7)] (7]
0 —X345-F |9 ~X345 - B
A -
(- o
2100~ 9100-
E £
(i} I (]
= { =
> . | >
Q 50, f 8 50
0l v W, WP g, I
700 650 600 550 500 450 400 350 300 700 650 600 550 500 450 400 350 300
Y[cm] Y[cm]

Figure 13. Pressure and dynamic pressure on vertical lines.

The dynamic pressure at Y = 600 cm is above 200 Pa on the “F” lines, while it remains
below 200 Pa on the “B” lines. AtY = 520 cm, the “F” lines can reach up to 150 Pa,
contrasting with the “B” lines which stay below 150 Pa. AtY =400 cm, the “F” lines stay
below 50 Pa, while the “B” lines are above 50 Pa. For the pressure plot, similarities are
seen on the front and rear axis plane. Variations between the front (F) and rear (B) data are
observed due to the structural design of the UAVs illustrated in Figure 1.

The turbulence kinetic energy (TKE) contours generated from three distinct planes are
shown in Figure 14. The contours obtained from the rear plane are shown in Figure 14a,
those from the mid-plane in Figure 14b, and those from the front plane in Figure 14c. A
discernible increase in turbulence kinetic energy is observed amidst the UAVs. Upon close
examination of the contours derived from the mid-plane, it is observed that the TKE can
reach up to approximately 80 m?/s? in proximity to the UAV fuselages. The TKE values
obtained over horizontal and vertical lines are presented in Figures 15 and 16, respectively.
Notably, the peak levels of TKE are observed under the UAV body due to the flow dynamics
developing under the propellers.
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Figure 14. Turbulence kinetic energy contours: (a) rear plane; (b) mid-plane; (c) front plane.
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Figure 15. Turbulent kinetic energy on horizontal lines.
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Figure 16. Turbulent kinetic energy on vertical lines.

The distribution of turbulence kinetic energy (TKE) over horizontal lines is illustrated
in Figure 15. The lines Y600-Y525, Y580-Y505, and Y560-Y485 are positioned 20, 40, and
60 cm below the rotation centers of the propellers, respectively. The X positions of the
propeller centers are at 220, 245, 320, and 345 cm. In these regions, the TKE reaches a
maximum of 23 m?/s?. Also, TKE values are increased closer to the propeller tips of
the UAVs.

When the graphics are examined, at the center of the vehicles (on X 282.5 cm), the
TKE is zero on the Y600 line while it increases to 4 m?/s? on Y580 and up to 6 m?/s? on
Y560. After the vehicles positioned below, the TKE reaches 6 m?/s? at Y525, ~4.5 m?%/s? at
Y505, and rises to 6 m2/s? at Y485. In addition, the TKE distribution that developed on
Y580 decreases close to the propellers of lower-row vehicles at X 260 cm and 305 cm on the
Y560 line. Also, it is observed that the TKE distribution of the lower row vehicles (Y485)
increases compared to the vehicles at the upper row (Y560).

The distribution of turbulence kinetic energy obtained from vertical lines is illustrated
in Figure 16. In this plot, the UAV propeller axes are positioned at Y values 620 cm and
545 cm. After the upper row vehicles, TKE values reach up to 16 m?/s?, while after the
lower vehicles, these values are increased to over 20 m2/s2. The TKE between UAVs
reaches up to 6 m?/s? at the X282.5 line. The TKE generated by the swarm UAVs decreases
below 5 m?/s? at Y = 400 cm.

4. Conclusions

In this research, a specific configuration of multiple unmanned aerial vehicles (UAVs)
in a swarm was investigated and evaluated. The arrangement of four UAVs, with two
positioned above and two below along the same propeller axis, was extensively studied.
The analysis focused on the aerodynamics profile generated by UAV propellers rotating
at 10,000 revolutions per minute. Particularly, interactions occurring in close flights were
observed at 75 cm between adjacent axes. The effects of UAVs positioned above on UAVs
positioned below were meticulously examined and their impact on swarm behavior was
investigated. Moreover, investigations into pressure, velocity, and turbulent kinetic energy
profiles based on these distances between UAVs revealed the presence of turbulence
among them.

This study differentiates itself by being the first to model and examine the specific con-
figuration of multiple unmanned aerial vehicles within a swarm using Computational Fluid
Dynamics. It focused on the aerodynamic behavior of a square-shaped swarm formation,
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which adds a unique dimension to the analysis. Additionally, advanced CFD techniques, in-
cluding Multiple Reference Frame (MRF), the k-¢ turbulence model, parametric placement,
and analyses were employed to simulate the swarm configuration.

The methodology employed in this research for analyzing swarm formations can
serve as a valuable tool for future research and development in UAV swarm technology. It
lays the groundwork for further advancements in swarm coordination, navigation, and
mission planning.

This research marks a significant milestone in understanding the aerodynamic be-
havior of UAVs in a square-shaped swarm formation flight and optimizing their aerody-
namic performance. Additionally, the “near-UAV phenomenon” observed during forma-
tion/swarm flights was first defined in this research. Defining proximity zones between
UAVs should be considered for ensuring the safety of flight operations in UAV swarms.
In future studies, proximity distances between drones in swarm formations should be
considered for safety.
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