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Abstract:This study examines the impact of airfoil geometry on the aerodynamic properties of a lowReynolds number flyingwing unmanned
aerial vehicle (UAV). The investigation was conducted at three Reynolds numbers (1 × 106, 2 × 106, and 5 × 106), all under a constant Mach
number of 0.3 during subsonic flight. Four distinct airfoils from the NACA and Selig series were analyzed using XFLR5 v6.61, with the angle
of attack varying from −5° to 15°. Among the airfoils, NACA 6409 consistently demonstrated superior aerodynamic performance across all
Reynolds numbers. Notably, at a Reynolds number of 1× 106, NACA 6409 achieved a peak lift coefficient (Cl) of 1.584 at an angle of attack of
11.1°, indicating high efficiency. Additionally, the study explored the angles of attack where the drag coefficient (Cd) increased sharply, as
well as the lift-to-drag ratios (Cl/Cd), providing a comprehensive understanding of stalling behavior and the balance between lift and drag.
These findings offer valuable insights into the aerodynamic efficiency of airfoils in the context of vertical takeoff and landing (VTOL) UAV
design, underscoring the importance of further research to optimize airfoil designs for enhanced VTOL UAV performance.
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1. Introduction

Vertical takeoff and landing (VTOL) unmanned aerial vehicles
(UAVs) are transforming aviation by fusing versatility and
operational efficiency. Owing to their unique ability to ascend and
descend vertically, these airborne platforms function without using
conventional runways. Simply put, VTOL UAVs extend the
boundaries of aerial mobility and offer unparalleled versatility for
a variety of applications [1]. Because of their versatility, VTOL
UAVs can be employed for a variety of missions, such as
logistics, reconnaissance, and surveillance. They are vital tools in
both the military and civilian sectors due to their adaptability to a
wide range of operating environments. VTOL UAVs exhibit an
astounding range of uses that surpass the capabilities of
conventional aircraft, whether they are utilized for maneuvering
through intricate urban environments or for reaching distant and
difficult terrains [2, 3]. The variety of VTOL UAVs, from
quadcopters to tilt rotors, each designed to fulfill a particular
mission need, further emphasizes this diversity [4, 5]. VTOL
capabilities are becoming increasingly popular due to their
inherent advantages, which include faster deployment times, less
infrastructure needed, and improved agility in tight locations.
VTOL UAVs are therefore distinct from traditional fixed-wing
or rotorcraft, which makes them vital in situations where
accessibility and agility are critical.

The effectiveness of VTOL UAVs is dependent on several
factors, one of which is airfoil geometry—the shape and

arrangement of an airfoil. The aerodynamic performance of these
aircraft is largely determined by the shape and configuration of
the airfoil, especially at low Reynolds (Re) numbers. Re numbers
are a dimensionless quantity used to predict the nature of fluid
flow, whether it is laminar or turbulent. This study specifically
aims to investigate the flow around various asymmetric airfoils
from two airfoil families—NACA and Selig—to determine the
aerodynamic differences, similarities, and the effect of shape on
aerodynamic parameters.

Four airfoils—NACA 6409, NACA 65410, NACA 4412, and
Selig 1091—that were chosen for VTOL UAV applications are
thoroughly examined in this study. The study examines the
aerodynamic properties of these airfoils at low Re numbers using
computational fluid dynamics (CFD) simulations, emphasizing
lift, drag, and moment coefficients at different angles of attack
(AOA). This study does not take turbulent effects into account to
simplify the analysis. The results are verified by comparing them
with existing literature, offering fresh insight into the aerodynamic
performance of these airfoils and guiding optimization tactics for
VTOL UAV design.

Scholars have explored the complex relationship between
aerodynamic performance and airfoil design, notably [6], whose
work highlights the impact of various airfoil geometries on VTOL
UAV aerodynamics [4, 7–9]. However, despite the extensive
research on airfoil aerodynamic performance, a direct comparison
of the aerodynamic characteristics of NACA 6409, NACA 65410,
NACA 4412, and Selig 1091 airfoils has not been conducted [10].
This study addresses this gap by providing a comparative analysis
of these airfoils, thereby contributing to the ongoing development
of UAV technology.
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Concurrently, the evolution of VTOL UAVs over time
demonstrates advancements in aerospace technology. Early
initiatives laid the foundation for modern platforms [4, 5, 11–13].
Significant progress was made in the 20th century with the advent
of tiltrotor aircraft like the V-22 Osprey, which marked a pivotal
point in the history of VTOL [14]. UAV platforms were
revolutionized by the addition of VTOL capabilities, providing
strategic advantages, particularly in military reconnaissance
[15–17]. As VTOL UAVs continue to evolve, optimizing airfoil
geometries for efficient performance becomes increasingly
important, underscoring the need for this comprehensive
comparison of aerodynamic characteristics presented in this study.

A detailed summary of the various airfoil properties for the
chosen geometries—NACA 6409, NACA 65410, NACA 4412,
and Selig 1091—is provided in Table 1. Analysis of the thickness
percentages reveals differences between 5.06% and 12.00%, each
precisely correlated with specific maximum thickness points along
the chord, ranging from 13.42% to 40.04%. This variation in
thickness distribution influences the distinct aerodynamic
properties of each airfoil geometry.

The interaction between historical evolution, technological
advancements, and the subtleties of airfoil design provides a
holistic depiction of the complex terrain surrounding VTOL
UAVs [18, 19]. This journey reflects the ongoing pursuit of
efficiency, adaptability, and performance in unmanned aerial
systems, from the early efforts that laid the groundwork to the
revolutionary incorporation of VTOL capabilities in modern
platforms. By addressing a significant research gap, this study
contributes valuable insights into VTOL UAV technology,
enhancing our understanding of airfoil geometries and their
impact on aerodynamic performance.

The aerodynamic performance of VTOL UAVs at low Re
numbers is highly dependent on the geometry of the airfoil used.
However, the current understanding of this relationship is limited,
which hinders the development of more efficient VTOL UAV
designs. This study not only provides valuable insights into the
relationship between airfoil geometry and aerodynamic
performance but also paves the way for future research to explore
additional factors, such as wing shape and orientation, on
aerodynamic performance at low Re numbers.

2. Methodology

The selection of airfoils for simulation analysis—NACA 6409,
NACA 65410, NACA 4412, and Selig 1091—was driven by their
established high lift and low drag characteristics, specifically
chosen for their suitability in VTOL UAVs. This consideration
prioritized low Re numbers and the low flight speed range typical
of subsonic aircraft design [20]. Re numbers of 1 × 106, 2 × 106,
and 5 × 106 were used for the simulation parameters, as they lie
within the recognized range for legitimate aerodynamic models
[21]. To represent actual operating conditions, the anticipated
Mach number was kept at 0.3 [22]. Type 1 analysis using
structured meshing produced by the “SAGE” algorithm and
XFLR5 v 6.61 software, a tool that uses the XFoil program to
compute the aerodynamic properties of airfoils, were both used in
the analysis. This approach was selected because it may be used
to examine aerodynamic characteristics at low speeds [23, 24].

The numerical simulations performed using the open-source
software XFLR5 v6.61 were based on the Cebeci-Smith turbulence
model. The software uses a finite volume approach to solve the
governing equations for incompressible flow, and applies a second-
order upwind scheme to discretize the convective terms. The

solution algorithm is based on the SIMPLEC (Semi-Implicit Method
for Pressure Linked Equations Consistent) method, and the
turbulence model was validated by comparing the predictions with
experimental data from the literature. The simulations were carried
out with a total of 27114 panels, with 125 bound vortex X-axis
direction and 106 Y-axis direction at wing. This process was used to
analyze the aerodynamic forces, including lift coefficient (Cl), drag
coefficient (Cd), and efficiency (Cl/Cd).

During the simulation, the main metrics that were investigated
were Cls, Cds, AOA, and lift-to-drag ratio. When taken as a whole,
these parameters offered a thorough insight of the airfoil
performance. The range of AOA covered by the simulation was
−5o to 15o in order to capture a wide variety of aerodynamic
behavior. This range included both positive and negative AOA,
providing important information about the performance of the
airfoils. Moreover, it matched the typical AOA values found in
subsonic flight, which increased the findings’ applicability to
practical situations.

In order to guarantee a reliable analysis, the airfoils and
simulation parameters that were used were carefully chosen,
taking into account the unique aerodynamic conditions connected
to low Re numbers and low-speed flying, as well as their
suitability for VTOL UAVs. By using this method, the simulation
results become more reliable and practically relevant, and they
offer insightful information that may be used to optimize airfoil
designs for VTOL UAVs. The selection of airfoils for simulation
analysis—NACA 6409, NACA 65410, NACA 4412, and Selig
1091—was driven by their established high lift and low drag
characteristics, specifically chosen for their suitability in VTOL
UAVs. This consideration prioritized low Re numbers and the low
flight speed range typical of subsonic aircraft design [20].

A Re number of 1 × 106, 2 × 106, and 5 × 106 were used for the
simulation parameters, as they lie within the recognized range for
legitimate aerodynamic models. To represent actual operating
conditions, the anticipated Mach number was kept at 0.3 [22].
Type 1 analysis using structured meshing produced by the
“SAGE” algorithm and XFLR5 v 6.61 software, a tool that uses
the XFoil program to compute the aerodynamic properties of
airfoils, were both used in the analysis. This approach was
selected because it may be used to examine aerodynamic
characteristics at low speeds [23, 24].

The numerical simulations performed using the open-source
software XFLR5 v 6.61 were based on the Cebeci-Smith turbulence
model. The software uses a finite volume approach to solve the
governing equations for incompressible flow and applies a second-
order upwind scheme to discretize the convective terms. The
solution algorithm is based on the SIMPLEC method, and the
turbulence model was validated by comparing the predictions with
experimental data from the literature. The simulations were carried
out with a total of 27114 panels, with 125 bound vortex X-axis
direction and 106 Y-axis direction at wing. This process was used to
analyze the aerodynamic forces, including Cl, Cd, and efficiency
(Cl/Cd).

During the simulation, the main metrics that were investigated
were Cls, Cds, AOA, and lift-to-drag ratio. When taken as a whole,
these parameters offered a thorough insight of the airfoil
performance. The range of AOA covered by the simulation was
−5o to 15o in order to capture a wide variety of aerodynamic
behavior. This range included both positive and negative AOA,
providing important information about the performance of the
airfoils. Moreover, it matched the typical AOA values found in
subsonic flight, which increased the findings’ applicability to
practical situations.
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In order to guarantee a reliable analysis, the airfoils and
simulation parameters that were used were carefully chosen, taking
into account the unique aerodynamic conditions connected to low
Re numbers and low-speed flying, as well as their suitability for
VTOL UAVs. By using this method, the simulation results become
more reliable and practically relevant, and they offer insightful
information that may be used to optimize airfoil designs for VTOL
UAVs. The purpose of this simulation analysis is to investigate the
aerodynamic performance of four airfoils (NACA 6409, NACA
65410, NACA 4412, and Selig 1091) for VTOL UAVs, to identify
the optimal airfoil design for efficient lift and drag characteristics.
By conducting this analysis, we aim to contribute to the
development of more efficient and effective VTOL UAVs, which
have the potential to revolutionize various fields such as aerial
reconnaissance, search and rescue, and cargo transport.

In addition to geometric factors, the range of panel counts (from
51 to 99) highlights the structural details that are critical to the
aerodynamic evaluations carried out in this study. The need for a
fine-grained structural representation to effectively depict the
subtleties of aerodynamic performance is reflected in the variance
in panel counts among the various airfoils. This thorough analysis
of the airfoil properties in Table 1 helps to a sophisticated
understanding of the unique qualities displayed by each airfoil
geometry and establishes a strong basis for the ensuing
aerodynamic analyses. The configurations of the four airfoils and
the airfoil geometries for the chosen candidates are depicted in
Figures 1 and 2, respectively. When we explore the maximum
camber range, we find values from 2.21% to 6.06%. The chord’s
maximum camber locations vary between 39.54% and 50.05%.
With its smaller thickness and distinctive camber characteristics-
registering at 5.06% and 6.06%, respectively, the Selig 1091
airfoil stands out. Each airfoil shape has unique camber and
thickness profiles, which highlights the intricate design
considerations that go into each one.

2.1. Governing equations

The incompressible Navier-Stokes equation is used in a time-
dependent, conservative version by the solver, which is criticized
using a finite volume method. The incompressible Navier-Stokes
equations in tensor form are as follows:

@Ui

@xi
¼ 0 (1)

@Ui

@t
þ @ðUiUjÞ

@xj
¼ � 1

ρ

@P
@xi

þ v
@

@xj

@Ui

@xj

 !
(2)

The x, y, and z directions are represented by the indices i= 1, 2, and
3, respectively, while the U1, U2, and U3 designate the velocity
components, which correspond to U, V, and W, respectively. With

the proper length and velocity scale, the equations are non-
dimensionalized. Cell-centered, non-staggered arrangement is used
to discretize the Navier-Stokes equations. The face-center
velocities are computed and used to determine the volume flux of
each cell, in addition to the cell-center velocities. The equation of
tensor in Equation (2) is written as:

@Ui
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þ 1
Re
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@Ui

@xj
¼ 0 (4)

where Re is the Reynolds number and it is expressed as:

Re ¼
ρUoD
µ

(5)

where ρ;Uo;µ and D are the density, velocity of the fluid, dynamic
viscosity of the fluid, and the characteristic length of the airfoil,
respectively.

3. Results

Table 2 provides a comprehensive summary of the airfoil
geometries and their respective stall angles, whereas Table 1
displays the geometrical parameters of the four chosen airfoils.
This data is helpful in assessing the airfoils’ aerodynamic
performance. A closer look at maximum Cls reveals unique
properties for every airfoil. Specifically, at an AOA of 11.1o,
NACA 6409 reaches a maximum Cl of 1.584181, whereas, at
9.3o, NACA 65410 shows a maximum Cl of 1.084181.
Comparably, Selig 1091 displays a maximum Cl of 1.678985 at
10.9o, and NACA 4412 shows a peak Cl of 1.547063 at 13.5o.
These results provide important new information about the
relative aerodynamic performance of the chosen airfoil geometries.

By showing the distribution of lift and Cds with respect to the
AOAs, Figure 3 improves our understanding. Certain values are
found for each airfoil when the AOA at which the Cd increases
quickly is analyzed. This event is seen at 1.40o in NACA 6409,
−0.3o in NACA 65410, 1.3o in NACA 4412, and 1.9o in Selig
1091. These data are essential for understanding the stalling
behavior that each airfoil geometry under investigation exhibits.
Using a comprehensive method to assess overall aerodynamic
performance at these specific Re numbers, Figure 4 shows the
analysis of the lift-to-drag ratio (Cl/Cd). The graph portrays the
distribution of the lift-to-drag ratio with respect to the AOA.
Noteworthy findings include NACA 6409 achieving a maximum
Cl/Cd of 152.6566 at an AOA of 5.2o, NACA 65410 exhibiting a
peak value of 101.528 at 1.8o, NACA 4412 demonstrating a

Table 1
Airfoil parameters of the chosen geometries

Airfoil parameters NACA 6409 NACA 65410 NACA 4412 Selig 1091

Thickness (%) 9.00 9.99 12.00 5.06
Max. Thickness Position (%) 29.03 40.04 29.03 13.42
Max. Camber (%) 6.00 2.21 4.00 6.06
Max. Camber Position (%) 39.54 50.05 39.54 45.15
Number of Panels 99 51 99 81
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maximum Cl/Cd of 133.1235 at 5.5o, and Selig 1091 showcasing a
value of 138.8621 at 3.1o.

Figure 5 shows the variations of lift and Cds with the
corresponding AOAs for the four distinct airfoil geometries at a
Re number of 2 × 106 and a Mach number of 0.3, the critical
parameters of interest which are the AOA at drag divergence,
maximum coefficient of lift (Cl), and lift-to-drag ratio (Cl/Cd) are
quite obvious. Examining the results in Table 3 which is the Xfoil

Figure 1
Airfoil geometries for the selected candidates

Figure 2
Configurations of the four airfoils

Table 2
Xfoil results at Re= 1 × 106

Airfoil

Re= 1 × 106

αstall cl max

NACA 6409 11.1o 1.584181
NACA 65410 9.3o 1.084181
NACA 4412 13.5o 1.547063
Selig 1091 10.9o 1.678985
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result at Re numbers 2× 106, the stall AOA (αstall), andmaximum lift
coefficient (Clmax) for each airfoil geometry are noteworthy. NACA
4412 demonstrates the highest stall angle at 14.4o, while NACA
65410 exhibits the lowest at 9.2o. Regarding Clmax, NACA 6409
achieves the highest value at 1.684176.

Furthermore, the critical transition in drag characteristics, as
observed in Cd vs AOA, is elucidated. At a Re number of 2 ×
106, NACA 6409 experiences a drastic increase in drag
(Cd= 0.005773) at 2.1o, while NACA 65410, NACA 4412, and
Selig 1091 encounter similar transitions at 0.2o, 2.2o, and –0.3o,
respectively. The assessment of aerodynamic efficiency, expressed
as Cl/Cd, shown in Figure 6 offers valuable insights. NACA 6409
exhibits the highest efficiency at 184.8392, occurring at 4.8o,

Figure 3
Lift and drag coefficient distribution with the angle of attack at

Re= 1 × 106. (a) Coefficient of Lift vs AOA for Re= 1E6.
(b) Coefficient of Drag vs AOA for Re= 1E6

Figure 4
Lift-to-drag coefficient distribution with the angle of attack at

Re= 1 × 106

Figure 5
Lift and drag coefficient distribution with the angle of attack at

Re= 2 × 106. (a) Coefficient of lift vs AOA for Re= 2E6.
(b) Coefficient of drag vs AOA for Re= 2E6

Table 3
Xfoil results at Re= 2 × 106

Airfoil

Re= 2 × 10 6

αstall Cl max

NACA 6409 11.9o 1.684176
NACA 65410 9.2o 1.135134
NACA 4412 14.4o 1.66922
Selig 1091 10.5o 1.711012

Figure 6
Lift-to-drag coefficient distribution with the angle of attack

at Re= 2 × 106
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emphasizing its favorable balance between lift and drag. Meanwhile,
NACA 65410, NACA4412, and Selig 1091 showcase their optimum
efficiencies at 0.6o, 4.5o, and −4.0o, respectively. The aerodynamic
performance of the airfoils undergoes significant changes at a Re
number of 5 × 106, as illustrated in Figure 7. NACA 4412 has the
highest stall AOA at 15o, while NACA 65410 has the lowest at
9.6o. NACA 6409 achieves the highest Clmax, while the other
airfoils exhibit lower Clmax. The Cd increases sharply for each
airfoil at a specific AOA, with NACA 6409 reaching the highest
value at 2.9o.

At a Re number of 5 × 106, the aerodynamic performance of the
airfoil geometries undergoes notable changes. Examining Table 4,
the stall AOA (αstall) and Clmax reveals compelling insights.
NACA 4412 exhibits the highest stall angle at 15o, while NACA
65410 has the lowest at 9.6o. NACA 6409 achieves the highest
Clmax at 1.838532.

Analyzing Cd vs AOA, significant increases in drag become
evident at specific angles for each airfoil geometry. Notably,
NACA 6409 experiences a drastic rise in drag (Cd= 0.005023) at
2.9o, while NACA 65410, NACA 4412, and Selig 1091 encounter
similar transitions at −0.2o, 3.6o, and −0.2o respectively.

The evaluation of aerodynamic efficiency, expressed as Cl/Cd,
Figure 8 provides further insights to the performance of the
geometries. NACA 6409 exhibits the highest efficiency at
228.0396, occurring at 3.8o, emphasizing its superior balance
between lift and drag. NACA 4412, NACA 65410, and Selig
1091 showcase their optimum efficiencies at 3.7o, 5.9o, and 4.6o

respectively.
The comparative analysis of the results of simulation from each

Re number (1 × 106, 2 × 106, and 5 × 106) provides a comprehensive
understanding of how airfoil geometries perform under varying
aerodynamic conditions for subsonic flight in VTOL UAV design.

Figure 9 depicts the Cl and lift-to-drag ratio (Cl/Cd) of each
airfoil at different AOA, for various Re numbers. The Cl increases
with increasing AOA for all airfoils, with the exception of NACA
6409. The reason for this deviation from the general trend is not
clear. It is also observed that the Cl/Cd ratio increases with
increasing Re number, for all airfoils and AOAs. At high Re
numbers, however, the Cl/Cd ratio drops with increasing AOA,
suggesting a decline in aerodynamic efficiency. These patterns
align with other academics’ findings.

The results for Clmax and stall angles at a Re number of 1 × 106

reveal unique characteristics for every airfoil geometry. NACA 6409
exhibits superior efficiency throughout a range of Re numbers, as
evidenced by its consistent achievement of higher Clmax than the
other airfoils. Figure 3’s examination of drag divergence provides
information about the critical angles of attack at which each airfoil
experiences a sudden rise in drag, providing insight into the
stalling behavior of the individual airfoils. Understanding this data
is crucial for comprehending the airfoils’ aerodynamic performance.

The impact of the Re number of 2 × 106 on airfoil performance
is demonstrated in the second set of findings. Notably, NACA 6409
attains the highest Clmax while NACA 4412 displays the largest stall
angle. The crucial transitions in drag for each airfoil are highlighted
by the drag against AOA (Cd vs AOA) analysis, which provides
important insights into the aerodynamic behavior of the airfoils.
The analysis of aerodynamic efficiency (Cl/Cd) emphasizes the
significance of maintaining a balance between lift and drag, with
NACA 6409 showing the highest efficiency.

The findings show that an airfoil’s performance significantly
changes at a Re number of 5 × 106. NACA 4412 still has the
highest stall angle, but NACA 6409 is still the airfoil with the
highest Clmax. The measurement of Cd versus AOA reveals
notable increases in drag for every airfoil at particular angles.
These findings highlight NACA 6409’s improved aerodynamic
efficiency even at higher Re numbers.

Significant insights into the aerodynamic properties of various
airfoil shapes, such as NACA6409, NACA 65410, NACA 4412, and
Selig 1091, have been obtained by the analysis of a variety of low Re

Figure 7
Lift and drag coefficient distribution with the angle of attack at

Re= 5 × 106. (a) Coefficient of lift vs AOA for Re= 5E6.
(b) Coefficient of drag vs AOA for Re= 5E6

Figure 8
Lift-to-drag coefficient distribution with the angle of attack at

Re= 5 × 106

Table 4
Xfoil results at Re= 5 × 106

Airfoil

Re= 5 × 106

αstall Clmax

NACA 6409 13.9o 1.838532
NACA 65410 9.6o 1.226276
NACA 4412 15o 1.817686
Selig 1091 8.4o 1.594155
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numbers (1 × 106, 2 × 106, and 5 × 106) at these airfoil geometries. In
particular, the results for NACA 6409 at Re numbers 1 × 106 and 2 ×
106 exhibit a stable trend that is in line with the information released
by Jones et al. [11]. The results of the study are largely consistent
with those reported by Maji et al. [21], with one notable
difference being the lower lift-to-drag ratio for NACA 4412,
which is different from the higher lift-to-drag ratio reported by
Jones et al. [11] for the same airfoil.

Beyond these differences, a recurring pattern up until it reaches
particular values that are particular to each geometry, the Cl rises
steadily before declining. This observed result highlights the complex
link between airfoil geometry and aerodynamic performance and is
consistent with published findings in the literature [11]. Significantly,
this behavior emphasizes how important AOA is in determining Cls,
illustrating the intricate relationship between design features and
aerodynamic results. The different lift-to-drag ratios of NACA 4412
and 6409 highlight how aerodynamic performance is sensitive to
even small changes in airfoil design. NACA 4412 deviates from this
trend, but NACA 6409 shows a steady pattern in the lift-to-drag ratio
at various Re numbers. Maji et al. [21] emphasized that this disparity
highlights the necessity for a comprehensive understanding of the

effect of particular design variants on the overall aerodynamic
efficiency of airfoils.

The results of the XFLR5 v 6.61 simulations for the NACA
4412 airfoil were validated by comparing them to two
experimental studies: Haque et al. [25] and Mehdi et al. [26]. The
results for the NACA 6409 airfoil were validated using the CFD
method outlined in Ullah’s [12]. This validation provides
confidence that the XFLR5 v 6.61 results are accurate and can be
used for further analysis and interpretation.

To summarize, a comparison of several airfoil designs at lowRe
numbers reveals both consistent trends and large variances in
aerodynamic efficiency. The observed trends in Cl and lift-to-drag
ratio demonstrate the complicated interplay between AOA, airfoil
geometry, and overall aerodynamic performance. These insights
contribute to a full understanding of the indirect implications that
certain design alterations might have on airfoil performance under
various operating conditions.

More research could look into the impact of airfoil geometry
changes on performance throughout a broader range of Re
numbers, including low and high values, in order to optimize
VTOL UAV aerodynamics. Furthermore, a better understanding

Figure 9
Lift coefficients and CI/Cd of the airfoil geometries. (a) Cl vs AOA for NACA 4412. (b) Cl/Cd vs AOA for NACA 4412.
(c) Cl vs AOA for NACA 6409. (d) Cl/Cd vs AOA for NACA 6409. (e) Cl vs AOA for NACA 65410. (f) Cl/Cd vs AOA for

NACA 65410. (g) Cl vs AOA for S 1019. (h) Cl/Cd vs AOA for the S 1019
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of the complex relationships between airfoil design and
aerodynamic efficiency in subsonic flight conditions is necessary.

4. Conclusion

This study investigated the effects of airfoil geometry at low Re
numbers on the aerodynamic characteristics of flying wing UAVs,
with a particular emphasis on 1 × 106, 2 × 106, and 5 × 106. This
research provides new insights into critical areas of the
aerodynamic performance of VTOL UAVs during subsonic flight
situations by thoroughly analyzing various airfoil designs.

The NACA 6409 is a noteworthy airfoil due to its outstanding
performance at all tested Re numbers. The airfoil continuously
showed greater Clmax and favorable stall angles, which are
indicators of superior aerodynamic efficiency. The results
concerning drag divergence, in particular the determination of
particular angles at which abrupt increases in drag take place,
offer fresh perspectives on stalling behavior and underscore the
possibility for optimal performance of NACA 6409 in VTOL
UAV applications.

The unique contribution of this study is the thorough
comparison of airfoil performance, which shows that the NACA
6409 is suitable for low-speed UAV operations because it not
only maintains maximum aerodynamic efficiency at different Re
numbers but also reaches a peak lift-to-drag ratio at 1 × 106.
These findings support the robustness and versatility of the
aerodynamic properties of the NACA 6409 airfoil, with important
implications for UAV design in the future.

The study’s conclusions also emphasize the significance of
comprehending the subtle variations in lift-to-drag ratios among
different airfoils, leading to a more complex knowledge of how
geometric variables affect overall aerodynamic performance. This
work establishes the foundation for future developments in airfoil
design specifically suited to the particular difficulties of low Re
number flight and implies that more investigation over a wider
range of Re numbers may contribute to a deeper understanding of
VTOL UAV aerodynamics. By doing so, UAV technology would
advance and a more thorough grasp of the intricate relationship
between aerodynamic efficiency and airfoil design would be
fostered.
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