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Integration of Solar Panels in Aircraft: Evaluation of Energy
Efficiency and Aerodynamic Performance

Highlights
«» The research successfully integrates solar panel cells into an aircraft design.
«+ Aerodynamic testing across various flight speeds with detailed analysis of drag and lift force.

A novel aircraft design integrating renewable energy for improved energy efficiency.

Graphical Abstract

This study examines the design and application of a solar-powered aircraft, with solar panels on its wings providing
15% of the required energy and improving performance across different speeds.

Figure. Aircraft featuring solar panel cells on its wings — illustration and actual

Aim

The objective of this study is to investigate the effectiveness of solar energy panels as a supplementary power source
for a novel aircraft design, with the aim of assessing the aircraft's flight performance under various speed conditions.
Design & Methodology

The methodology adopted for this research comprises a design-based study focusing on a prototype aircraft with
specified dimensions (2.5 m wingspan, 1.4 m length, and 0.5 m width) and a NACA 2412 airfoil. Data collection was
carried out through aerodynamic testing at various flight speeds (1, 5, 10, 13, and 20 m/s), including measurements
of aerodynamic forces, torque values, and energy contribution from solar panels.

Originality

This study contributes to the literature by integrating solar energy with flight mechanics, highlighting the potential of
renewables in aviation and their impact on future aircraft design and sustainable aviation practices.

Findings

This research highlights practical and theoretical implications for aeronautical engineering and renewable energy,
focusing on sustainable aircraft design, energy-efficient flight operations, and innovation in aviation materials
Conclusion

The results show that solar panels provided 15% of the flight energy, with a maximum lift force of 10.68 N at 20 m/s.
As speed increased, both drag and lift increased, but drag rose 25% less than lift above 10 m/s. The discussion
analyzes these findings in the context of aerodynamic theory, considering the optimal angle of attack, performance
implications, and environmental effects on solar efficiency.

Declaration of Ethical Standards

The author(s) of this article declare that the materials and methods used in this study do not require ethical committee
permission and/or legal-special permission.
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Integration of Solar Panels in Aircraft: Evaluation of
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ABSTRACT

This study presents a case analysis involving the design and practical application of an aircraft featuring solar panel cells on its
wings. The objective is to harness a portion of the energy required for flight from a renewable energy source, namely solar energy.
The research evaluates the effectiveness of solar cells in an innovative aircraft design and assesses the aircraft’s flight performance
under various speed conditions. The prototype aircraft is designed with a wingspan of 2.5 m, a length of 1.4 m, and a width of 0.5
m, utilizing a NACA 2412 airfoil. Aerodynamic tests conducted at different flight speeds (1, 5, 10, 13, and 20 m/s) measured
aerodynamic forces, torque values, and the energy contribution from the solar panels. The results indicate that the solar panels
provide 15% of the energy required for flight, with a maximum lift force of 10.68 N achieved at 20 m/s. As flight speed increases,
both drag and lift forces rise, with the rate of increase in drag being 25% lower than that of lift at speeds above 10 m/s. This study
offers an innovative approach to sustainable aircraft design and energy efficiency.

Keywords: Solar energy, aircraft design, aerodynamics, NACA airfoil, flight performance.

Model Ucaklarda Giines Panellerinin Entegrasyonu:
Enerji Verimliligi ve Aerodinamik Performansin
Degerlendirilmesi

0z

Bu caligma, kanatlarinda giines paneli hiicreleri bulunan bir ugagin tasarim ve pratik uygulamasini igeren bir durum ¢aligmasidir.
Ucus sirasinda gerekli enerjinin bir kismmin yenilenebilir bir enerji kaynagi olan gilinesten saglanmasi hedeflenmektedir.
Arastirma, giines hiicrelerinin yenilik¢i bir ugak tasarimindaki etkinligini ve ugagin cesitli hiz kosullarindaki ugus performansin
degerlendirmektedir. Prototip ugak, 2,5 m kanat agiklifi, 1,4 m uzunluk ve 0,5 m genislikte, NACA 2412 kanat profili ile
tasarlanmustir. Farkli ugus hizlarinda (1, 5, 10, 13 ve 20 m/s) yapilan aerodinamik testler, aerodinamik kuvvetler, tork degerleri ve
giines panellerinin enerji katkisini belirlemistir. Sonuglar, giines panellerinin ugus i¢in gerekli enerjinin %15'ini sagladigini ve 20
m/s hizda maksimum kaldirma kuvvetinin 10,68 N oldugunu gostermektedir. Ugus hizinin artmasi, siiriikleme ve kaldirma
kuvvetlerini artirmakta, 10 m/s lizerindeki hizlarda siiriikleme kuvvetindeki artis orani, kaldirma kuvvetine gore %25 daha diisiik
olmaktadir. Caligma, siirdiiriilebilir ugak tasarimi ve enerji verimliligi konularinda yenilik¢i bir yaklagim sunmaktadir.

Anahtar Kelimeler: Giines enerjisi, model u¢ak tasarimi, aerodinamik, NACA kanat profili, ucus performansi.

1. INTRODUCTION developed to enhance durability [2]. Additionally, the
The first solar-powered unmanned aerial vehicle (UAV), ~ high-altitude, ~long-endurance UAV  Zephyr = was
Sunrise I, was developed in 1974, and in 1975, Sunrise |1~ designed with a lightweight carbon fiber structure,

was produced with aerodynamic improvements and  Silicon-based solar panels, and lithium-sulfur batteries.
increased power capacity. In 1980, the first successful ~ 10 reduce energy consumption, it effectively utilized
solar-powered flight was conducted with Gossamer thermal air currents [3]. In parallel with these pioneering
Penguin [1]. Subsequently, NASA launched the works, rec_ent studies have_ focused on optimizing
Pathfinder, Pathfinder Plus, Centurion, and Helios aerodynamic performance, flight endurance, and solar
projects for purposes such as atmospheric measurements, ~ enérgy utilization in both fixed-wing and hybrid UAV
surveillance, and communication relay. These projects ~ Platforms. Wang and Zhou highlighted the stability
offered advantages such as lower costs and flexible orbit ~ limitations of a solar-powered flying-wing UAV under
control compared to traditional satellites. While various ~ low-speed  conditions,  recommending ~ design
parameters such as wingspan, aspect ratio (AR), payload ~ IMmprovements to enhanc_e performance [4]_. Noth et al.
capacity, and weight estimation methods were examined ~ demonstrated that continuous flight during daylight
for the solar-powered UAV Sky Sailor, Sun Surfer was hours is achievable through proper aerodynamic shaping

*Sorumlu Yazar (Corresponding Author)
e-posta: cuneyd.demir@ahievran.edu.tr
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and energy management [5]. Barcons Ventura
investigated the aerodynamic implications of solar panel
integration on commercial aircraft wings, suggesting that
careful panel placement can mitigate adverse
aerodynamic effects while yielding additional energy
gains [6]. Dinca et al. emphasized the trade-off between
increased solar energy harvesting and the associated
aerodynamic penalties when enlarging the panel surface
area [7]. Similarly, Liscouét-Hanke et al. found that solar
panel integration into seaplanes could significantly
improve energy efficiency without inducing severe
aerodynamic penalties if designed properly [8]. Chu et al.
experimentally validated that solar panel integration can
effectively extend flight endurance in small-scale UAVs
[9]. The AtlantikSolar project further demonstrated the
feasibility of long-duration operations by achieving an
81-hour continuous flight record with a solar-powered
UAV [10]. Jaszczur et al. investigated the aerodynamic
effects of panel integration on NACA airfoils, concluding
that while the impact is negligible at low angles of attack,
it can cause notable lift reductions at higher angles [11].
Peciak et al. examined VTOL fixed-wing UAVS,
reporting acceptable structural and aerodynamic
performance despite the additional mass of solar panels
[12]. Liller et al. successfully demonstrated daytime
autonomous flight capability using a battery-free UAV
powered solely by solar energy [13]. Gao et al.
introduced an energy management strategy optimized for
solar-powered UAVS, reducing energy consumption
during climb and glide phases [14]. Finally, EI-Atab et al.
provided a comprehensive review of solar-powered UAV
technologies, identifying key challenges and offering
design recommendations for future systems [15].

NACA series airfoil profiles are frequently preferred in
aerospace engineering due to their distinctive shapes and
predictable  aerodynamic  characteristics  [16].
Aerodynamics is a critical component that directly
impacts vehicle performance across a broad spectrum,
from wind turbines to unmanned aerial vehicles and
commercial aircraft [17]. In this context, airfoil profiles
are the cornerstone of aerodynamic design; the curvature
and shape of the profile are meticulously designed to
generate lift and efficiently manage airflow. Specifically,
the NACA 2412 airfoil profile has demonstrated its
significance in this field through extensive research and
studies [18]. The aerodynamic properties of the airfoil
directly influence flight performance, lift generation, and
energy efficiency [19]. Proper shaping and sizing
optimize airflow, reduce drag, and enhance stability.
Therefore, an effective airfoil design is crucial for
achieving successful aircraft performance. One widely
adopted method for predicting the aerodynamic
performance of horizontal axis wind turbines is the Blade
Element Momentum (BEM) theory [20]. This approach
is favored for its relatively low computational
requirements. However, the accuracy of load predictions
using BEM is contingent upon the reliability of airfoil
characteristic data. As the turbine blades rotate, the
centrifugal force influences the boundary layer flow

toward the blade tip, while the Coriolis force generates a
favorable pressure gradient that directs airflow toward
the trailing edge [21]. These dynamics lead to a thinner
boundary layer and a shift in the flow separation point
toward the trailing edge, resulting in an increase in the
stall angle of attack during rotation compared to static
conditions — a phenomenon known as stall delay.
Because of these differing aerodynamic characteristics
between rotating and static conditions, two-dimensional
airfoil data requires aerodynamic corrections for accurate
BEM performance predictions [22]. Various models,
developed  through  theoretical  analysis  and
experimentation by researchers such as Snel et al., Du
and Selig, and Chaviaropoulos and Hansen, provide
frameworks for these corrections [23-24]. BEM is useful
for simulating the overall performance of blades by
integrating general airfoil data and flow characteristics,
and this has been considered in the simulations.

The efficiency of these applications relies heavily on the
aerodynamic shape, and the understanding of their
behavior under different conditions. A fundamental
aspect of this is the prediction of lift (L) and drag (D)
forces, which are essential for achieving optimal
performance. Lift and drag are aerodynamic forces
resulting from an aircraft's movement through the air.
While lift counters the weight opposing the pull of
gravity, thrust generated by propellers must overcome
drag caused by air resistance. For an aircraft to take off,
the thrust must exceed drag, and lift must surpass weight.
In steady, level flight at constant speed, thrust balances
drag, and lift equals weight [25-26]. The NACA 2412
airfoil profile was analyzed in a study examining 2D and
3D external flow at low and high speeds using ANSY'S
Fluent simulations and experimental data [27]. It was
observed that the lift and drag forces of the NACA 2412
airfoil increased up to an angle of attack of 38°, but the
lift-to-drag ratio began to decrease after 6°. Additionally,
analyses conducted at a speed of 4.3 m/s indicated that
the stall angle for this airfoil is 38° [28]. Moreover, under
NATO AVT-252, uncertainty quantification (UQ)
methods used for evaluating uncertainties on the NACA
2412 profile were compared in terms of accuracy and
efficiency [29]. Furthermore, stall tests conducted on a
lightweight biplane with a NACA 2412 profile
determined the stall speed to be 43 knots. ANSYS Fluent
CFD simulations corroborated the formation of the stall
vortex and recirculation region, showing strong
agreement with experimental results [30]. These findings
provide a comprehensive framework for a deeper
understanding of the aerodynamic characteristics of the
NACA 2412 airfoil and for optimizing its performance.
With advancements in computational techniques,
Computational Fluid Dynamics (CFD) has emerged as a
powerful tool for simulating the aerodynamic
performance of airfoils and wind turbines [31]. Despite
its higher computational cost and time requirements,
CFD is invaluable for providing detailed insights into
flow structures, assessing flow separation regions, and
validating empirical models. Additionally, airfoil
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characteristics can be derived from CFD simulations of
rotor dynamics, enhancing our understanding of
aerodynamic behaviors [32]. As computing hardware and
parallel algorithms improve, both researchers and
industry professionals increasingly rely on CFD to
simulate the aerodynamic performance of airfoils across
various angles of attack. These simulations are crucial for
developing lighter and more efficient designs, which not
only improve speed but also reduce fuel consumption
through the selection of lighter materials and thinner
structures [33].

Optimization studies based on artificial intelligence and
heuristic algorithms, developed to enhance the
aerodynamic efficiency and autonomous flight
capabilities of state-of-the-art fixed wing unmanned
aerial vehicles, have gained significant importance. A
morphologically adaptable UAV was optimized using an
Al-based method to simultaneously improve directional
stability and the maximum lift-to-drag ratio; the optimal
sweep angle was determined using an artificial neural
network and bee colony optimization [34]. The vertical
tail and Autonomous Flight Control System (AFCS) of a
piston-prop tactical UAV were optimized using the
Simultaneous Perturbation Stochastic Approximation
(SPSA) algorithm, resulting in a 49% improvement in
flight performance [35]. Similarly, by simultaneously
optimizing the wing sweep angle and flight control
system parameters with the SPSA algorithm,
autonomous flight performance was enhanced by 42%.
The new design enabled faster and more stable flight
even under turbulent conditions [36]. For a tactical UAV
with passive and active morphable wing-tail structures,
longitudinal and lateral control systems were optimized
using the SPSA algorithm, achieving a 46% performance
increase and enhancing flight dynamics criteria and
tracking success under turbulence [37]. Moreover, to
simultaneously improve roll stability and lift-to-drag
ratio, a morphable UAV was redesigned using an
artificial neural network and bee colony optimization.
This Al-based method provided an efficient optimization
process in terms of both time and cost [38]. The flight
performance of a hexarotor UAV with variable arm
lengths was enhanced by optimizing it with a deep neural
network and the SPSA algorithm. PID coefficients and
moments of inertia were simultaneously determined,
resulting in effective and rapid control [39]. Additionally,
the Percentile-Based Adaptive Immune Plasma
Algorithm (pIPA), inspired by convalescent plasma
therapy, has been successfully applied to engineering
optimization problems. Thanks to its dynamic percentile
approach, it has yielded superior results in both noise
reduction and UAV route planning [40]. Finally, the
thrust coefficient of an 11-inch quadrotor UAV propeller
was examined through CFD analyses using the k- SST
turbulence model. It was observed that as airspeed
increased, the thrust coefficient decreased, and at lower
speeds, numerical data aligned more closely with
experimental results [41].

Various studies have employed numerical methods to
analyze airfoil profiles. Analyses of the NACAQ009 and
NACA4415 profiles showed that the NACA4415
achieved the highest performance, with the angle of
attack increase leading to higher lift and drag coefficients
[42]. Research on the Eppler 423 and NACA 6409
profiles indicated that the Eppler 423 exhibited superior
lift performance under low-speed conditions, while the
NACA 6409 delivered better glide performance [43].
Additionally, a multi-objective optimization study on a
wing chord section achieved a 5% reduction in structural
mass and a 14% increase in the first natural frequency
[44].

This study addresses a significant gap in existing
literature, by focusing on the aerodynamic analysis of a
newly designed aircraft that incorporates NACA 2412
airfoils equipped with solar panels to partially harness
solar energy for propulsion. In addition to the lift and
drag analyses, this research evaluates the torque values
acting on the aircraft at different flight speeds. The design
was tested in flight, and discussions include the normal
forces, drag forces, and torque values achieved within the
specified speed ranges. Moreover, contour plots for
pressure, velocity, and streamlines were generated to
illustrate the aerodynamic behavior of the aircraft. An RC
model aircraft that generates its own power using solar
energy and lithium polymer batteries was designed and
manufactured as part of this study. The electrical energy
produced by photovoltaic cells was regulated to optimal
current and voltage levels via an electronic circuit known
as a maximum power point tracker (MPPT). The
generated energy was used to power the propulsion
system and was stored in batteries for night flights. The
results showcase flight analyses involving renewable
energy power generation, contributing to the
understanding of how solar energy integration can
enhance overall aircraft efficiency while maintaining
optimal aerodynamic performance. The findings will not
only provide valuable insights for the design and
development of solar-powered UAVs but also offer
practical implications for future innovations in aircraft
technology, paving the way for more sustainable aviation
solutions. Thus, this work serves as a beneficial resource
for engineers and researchers alike, fostering
advancements in the field of aerodynamics and
renewable energy applications in aviation.

2. THEORETICAL FRAMEWORKS

Studies on utilizing solar energy have gained significant
importance. Solar energy systems have advanced
technologically, become more affordable, and are now
widely accepted as an environmentally friendly energy
source. Due to its advantages, the use of solar energy in
aircraft is increasingly popular.

An RC or autonomous model aircraft has been designed
for applications such as land surveying, imaging,
mapping, and damage assessment after natural disasters.
This model aircraft is equipped with a solar-powered
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system that stores energy, allowing for long-distance
flights without harming the environment. It is developed
to perform its flight along the given coordinates with an
eco-friendly approach. The aircraft can autonomously
complete its flight along designated coordinates, and it
can be controlled remotely via radio control.

The NACA 2412 airfoil is an ideal choice for training
aircraft, light sport aircraft, and certain unmanned aerial
vehicles due to its high lift capability and low drag
coefficient at low speeds. With moderate camber and a
12% thickness, it provides aerodynamic stability, making
it a safe and easy-to-handle option for novice pilots in
training. Economically advantageous, this airfoil reduces
operating costs by offering fuel efficiency, which is
particularly beneficial for training and recreational
aircraft. Its versatility also makes it suitable for both
commercial and private use. The 12% thickness ratio
enhances structural durability, offering a long-lasting and
robust option for light aircraft and UAVs. Thanks to these
characteristics, the NACA 2412 holds a significant place
in general aviation and UAV applications as an
economical, reliable, and versatile airfoil. In light of this
information, the NACA 2412 airfoil has been used on the
model aircraft.

2.1 Geometry

In this study, a model aircraft was designed with the aim
of conducting reconnaissance and observation flights at
low speeds. The fabrication and assembly processes were
completed, followed by flight testing. The design
commenced with the selection of one of the most critical
components of the aircraft — the airfoil. The reason for
selecting the NACA 2412 airfoil for solar cell placement
is its asymmetric structure, which provides a high lift
coefficient, enhancing efficiency in energy production.
This airfoil offers a broad upper surface area, allowing
solar cells to be positioned more effectively.
Additionally, the low drag coefficient of the NACA 2412
minimizes energy consumption during flight. The angled
upper surface can capture sunlight from a wider range of
angles, increasing its energy collection capacity.

The NACA 2412 airfoil’s asymmetric design differs
from symmetric profiles (e.g., NACA 0015 or NACA
0021). Asymmetric profiles generate higher lift than
symmetric ones. This is advantageous, especially when
carrying solar cells. While symmetric profiles provide the
same aerodynamic properties on both surfaces,
asymmetric profiles, like the NACA 2412, offer a larger
area and greater inclination on the upper surface,
enabling a more efficient placement of solar cells.
Furthermore, the ability of the NACA 2412 to produce
high lift at lower angles of attack supports energy
efficiency during flight, a feature typically unattainable
with symmetric profiles.

The model aircraft is a single-propeller design powered
by a DC brushless motor. It has a length of 140 cm, a
height of 50 cm, a wingspan of 250 cm, a wing width of
30 cm, and a total weight of 2.6 kg, including all internal
components. The aerodynamic body structure was

considered in the design of the mechanical assembly
(Figure 1). The selection of a DC brushless motor is
based on thrust values. Once the motor is chosen, other
electronic components are determined accordingly. The
amount of thrust required for the model aircraft's take-off
and flight should be between 1.3 and 1.8 times the
aircraft's weight. The minimum thrust value has been
calculated as 3380 g based on 1.3 times the weight, and
the maximum thrust value as 4680 g based on 1.8 times
the weight. Considering all calculations and component
selections, the combination of the Emax GT3526/05
(710KV) motor [45], a 5S 5000mAh 30C LiPo battery, a
13x7 inch propeller, and the Skywalker 60A ESC offers
a suitable system for an RC aircraft weighing 2.6 kg,
ensuring sufficient lift and thrust production. The wing
surface area (0.75 m?) and lift force support flight
stability and takeoff. With the 5S LiPo battery (18.5V)
and 13x7 inch propeller, this setup can generate 3500 g
of thrust. The aircraft's minimum thrust requirement is
3380 g, and the maximum thrust requirement is 4680 g.
The available thrust capacity meets the minimum
requirement, ensuring the system design is optimized to
deliver sufficient performance for flight (Table 1).

Table 1. Model aircraft components

Component Selection

Brushless DC Motor Emax GT3526/05 (710KV)

Propeller 13x7 inch

Battery 5S 5000mAh 30C LiPo

ESC Skywalker 60A ESC

Autopilot Ardupilot APM

Servo Motors 8g x5

Solar Panels 54 x Solar Cell (1 Watt)
Monocrystalline PV, STC 2A, 0.5V

DC/DC Converter MPPT (75 Watt)

The project incorporates a brushless electric motor, ESC
(Electronic Speed Control), APM (Ardupilot Mega), Li-
Po (Lithium-Polymer) battery, servo motors, remote
control, telemetry, solar cell, and MPPT components.
The model aircraft utilizes a photoboard (compressed
foam) material, which is both lightweight and more
durable than other foam materials. The system includes a
total of five servo motors: two on the wings, two on the
tail, and one on the front wheel. The ESC output
connected to the motor and the five servo motor outputs
are linked to the APM unit. This setup, with pre-
programmed software on the APM unit, ensures safe
takeoff, flight, and landing along specified coordinates.
Test flights have been conducted with manufactured
model aircraft, yielding positive results each time.

The operational structure of the model aircraft is as
follows: the DC motor is controlled by an ESC
(Electronic Speed Control), which regulates the voltage
supplied to the motor, thereby controlling its rotation
speed. The reference position and required coordinates
are provided to the ESC by the APM (autopilot) board,
enabling the model aircraft to perform its movements. To
supply energy, a total of 54 solar cells are mounted on the
wings. These cells are divided into two sets of 27, with
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each set connected in series. Each solar cell generates 0.5
V, resulting in a total voltage of 27 V. This 27 V output
is directed to a DC/DC converter known as a maximum
power point tracker (MPPT), which tracks the peak
power generated at specific intervals and directs it to the
load, supplementing the energy of the Li-Po battery.

(a)

250 cm

30cm

50cm

-

! 140 cm

Figure 1. (a) Length, height, and wingspan (b) Aircraft design

For protection, a transparent epoxy resin coating was
applied over the solar cells and the conductive wires
connecting them to prevent any damage. The model
aircraft's safe flight duration was initially determined to
be 2 minutes, which was extended to 2 minutes and 20
seconds with the addition of solar energy (Figure 2).

(b)

Figure 2. (a) Manufactured model aircraft (b) Model aircraft
test flight

3. METHODOLOGY

A substantial portion of the data presented in this study
was obtained from computational fluid dynamics (CFD)
simulations conducted using specialized software. In
addition, short-duration real flight tests were carried out
with the fabricated model aircraft, and relevant
observations were made.

3.1. Estimation of Annual Energy Output from
Photovoltaic Solar Installations

Aircraft motor power is typica

Ily supplied by fixed-capacity batteries. The flight
duration is directly related to the battery capacity. For the
produced model aircraft, the incorporation of solar cells
on the wing surfaces aims to extend flight duration or
optimize battery usage. The calculation of power that can
be obtained from the panels is provided in Equation 1.
The daily energy output of a photovoltaic (PV) solar
installation can be estimated using this equation [46]:

P=AxrxHxPR (1)

The power output (P) of a solar panel system is
determined using several key factors. These include the
total area of the solar panels (A) measured in square
meters (m?), the yield or efficiency of the solar panels (r),
which is expressed as a percentage, and the annual
average solar radiation incident on tilted panels (H),
given in kilowatt-hours per square meter per day
(kwh/m?/day), excluding shading effects. Additionally,
the performance ratio (PR), a dimensionless coefficient
accounting for various losses in the system, also plays a
crucial role. The performance ratio typically ranges
between 0.5 and 0.9, with a default value of 0.75 often
used for calculations. Together, these parameters provide
a comprehensive understanding of the solar panel
system's potential power output.

The general linearization equation for nonlinear
dynamics is expressed as x = F (x, u) where X represents
position and u represents velocity [47]. Taherinezhad et
al. [48] developed nonlinear equations as a function of
time steps. This approach can be directly applied to the
model for evaluating the flight angle for further
investigation.

3.2. Program Set Up and Mesh Independence Test

Establishing the fundamental requirements for solution
analysis, the initial and boundary conditions have been
defined for the system. Standard conditions for air at 1
atm pressure and 25°C were specified for the flow
domain. The solar radiation amount is defined in the
program as a regional average of 600 W/m2. This value
is also considered a global average for harnessing solar
radiation effectively. To create five distinct boundary
conditions, five different velocity values in the x-
direction (1, 5, 10, 13, and 20 m/s) were designated as
inlet velocity boundary conditions for the flow region.
The k-¢ turbulence model was employed for the analysis,
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as it was deemed sufficient to provide the flow lines in
the simulation results. It is possible to continue the
analyses for all variables and varying environmental
conditions [31-33].

All regions where the airflow interacts with the aircraft
are characterized as solid-fluid interfaces, which is
critical for determining flight effects. The remaining
surfaces of the flow domain were treated as open pressure
boundary conditions, which exhibit no direct influence
on the airflow region. In the external flow option,
cavitation regions devoid of flow were excluded. The
effects of gravity were taken into account. For the
solution analysis, forces and torque values were targeted,
as they were deemed to have a direct impact on flight.
Since the variation of the angle of attack was also of
interest, the aerodynamic angle option was not utilized.
Accurately determining the forces in the x, y, and z
directions is crucial for assessing the angle of attack. The
drag force (x) and lift force (y) values obtained within the
established Cartesian coordinate system were evaluated
for their impact on the aircraft's flight performance. All
target solutions were completed to an accuracy of 102,
The distribution of the mesh and cells over the airfoil is
presented in Figure 3a.
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Figure 3. (a) Mesh structure (b) Mesh independency

Creating a quality mesh structure for aerodynamic
problems is paramount. When determining the
fundamental mesh for outflow challenges of this nature,
a denser cell structure was employed in regions close to
the airfoil. The global mesh was set to a fourth-order
quality with a ratio factor of 5.5, emphasizing the need

for small cells enhancing resolution in areas affecting the
flow. An equidistant refinement mesh of third order
(offset distances of 0.1 and 0.5 mm) was applied in
sections near the solid-fluid interfaces to ensure reliable
calculations. To ascertain the independence of the
solution from the mesh structure and cell count,
comparisons were made using design points with 5
different cell counts (76,871; 195,324; 325,639; 489,291;
and 652,754), with a specific focus on the drag force
results. The solution obtained with a total of 925,208
cells at the fourth design point, including 489,291 cells in
contact with solid regions, was deemed sufficient. Since
increasing cell counts did not significantly affect the
solution outcomes, all subsequent analyses were
concluded under the conditions of design point 4, thereby
saving computational time. The relationship between cell
counts and drag force variations is illustrated in Figure
3h.

4. RESULTS AND DISCUSSIONS

While the integration of solar panels enhances the
aircraft's energy autonomy, it introduces certain trade-
offs. The additional weight of approximately 450 grams
due to the solar panels, protective epoxy coating, and
MPPT system increases the overall mass by nearly 17%.
This increase affects the lift-to-weight ratio and slightly
raises the minimum required thrust. Additionally, the
cost of integrating high-efficiency photovoltaic cells and
associated electronics contributes to the overall project
budget. However, the 15% contribution to flight energy
and the 16.6% extension in flight duration (from 120 s to
140 s) observed during test flights demonstrate that the
benefits of solar integration compensate for the added
weight and cost. Especially for UAV applications, where
extended loitering times are crucial, such trade-offs are
deemed acceptable considering the operational
advantages gained.

The observed 16.6% improvement in flight duration,
although seemingly modest, carries significant practical
implications, particularly for UAV missions such as
mapping, surveillance, or environmental monitoring. In
autonomous missions where every additional minute of
endurance extends the coverage area or operational
capacity, this improvement directly translates into
increased efficiency and mission success rates. For
example, in search and rescue operations or post-disaster
assessments, even slight increments in flight time can
provide critical additional data. Moreover, the reduction
in battery consumption due to solar contribution can
prolong battery life and reduce maintenance costs, further
supporting the operational benefits of solar integration.

In the present study, the flow was assumed to be steady,
incompressible, and laminar, which is a wvalid
approximation due to the low Reynolds number
associated with the flight speeds of the model aircraft.
The computational domain was subjected to five inlet
boundary conditions corresponding to freestream
velocities of 1, 5, 10, 13, and 20 m/s, uniformly applied
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at the inlet section to simulate different flight regimes.
The aircraft surfaces, including the wing, fuselage, and
solar panels, were modeled as no-slip walls, enforcing
zero velocity at the solid boundaries to accurately capture
boundary layer effects. The outlet boundary was defined
as a pressure outlet with a fixed atmospheric pressure
condition to allow for smooth flow exit without artificial
reflections. The far-field boundaries of the domain were
also treated as pressure outlets to emulate the undisturbed
external flow conditions. Gravitational acceleration was
incorporated into the simulations to account for its effect
on aerodynamic forces and torque. Standard atmospheric
properties of air were considered, with a density of 1.225
kg/m3 and a dynamic viscosity of 1.7894x107° Pa-s, at an
ambient temperature of 25°C and a reference pressure of
1 atm.

4.1. Flow Contours on Front Plane on The Origin
The velocity and pressure contours of the aircraft at a

planar flight speed of 10 m/s for a central flow layer are
presented in Figures 4a and 4b, respectively.
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Figure 4. (a) Flow contours (b) Flow streamlines

Notably, high velocity gradients were observed over the
airfoil. Regions of low pressure and turbulence, an
expected phenomenon, developed behind the airfoil and
at the rear of the aircraft fuselage. This indicates that the
results obtained around the airfoil suggest a particularly
advantageous geometry for the flow. The fuselage, being
appropriately aligned with the airfoil, did not generate
any significant velocity or pressure gradients that would
adversely affect the flow. The variation of velocity and
pressure showed similar trends across all specified speed
values. Determining streamlines alongside the formation
of pressure and velocity gradients during the motion of
the aircraft is also beneficial for understanding the overall
flow behavior. As illustrated in Figure 4-b, streamlines
provide valuable insights into the trajectory of airflow
around the aircraft, highlighting how the airflow interacts
with the surfaces of the wings and fuselage. The
significance of streamlines lies in their ability to visualize
the direction of fluid flow, which helps in identifying
regions of potential lift generation and drag. Moreover,
analyzing the forces acting on the aircraft, such as lift,
drag, and induced effects, is essential for optimizing
aerodynamic  performance. By studying these
streamlines, one can discern how the shape and
orientation of the aircraft influence the surrounding
airflow, ultimately informing design choices and
improving flight efficiency.

4.2. Streamlines on The Aircraft

The variations in Mach number at the interfaces between
the aircraft and the flow region are presented in Figure 5.
As shown in the figure, the formation of low-flow regions
behind the wings directly affects flight, and this
occurrence is consistent with the flight simulations
conducted by Khan et al. [50]. These changes in Mach
numbers are critical as they indicate the speed of the
airflow relative to the speed of sound in the local
medium. In areas where the Mach number approaches or
exceeds 1, compressibility effects become significant,
which can lead to changes in the aerodynamic
characteristics of the aircraft. For instance, regions of
supersonic flow can result in shock waves, which can
dramatically impact lift and drag forces, influencing the
overall performance and stability of the aircraft.
Additionally, the distribution of Mach numbers around
the aircraft surfaces provides insight into the flow
regime, allowing for the identification of areas that may
experience increased aerodynamic pressure loads or
potential flow separation. Understanding these Mach
number distributions is essential for predicting the
aircraft's behavior in various flight conditions and
ensuring optimal aerodynamic design.
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Figure 5. Flow trajectories on the aircraft

4.3. Solar Panel Power Evaluation

A 1200 W capacity battery was selected based on the
engine power that was chosen for the designed and
produced aircraft. To enhance flight duration and enable
economic operation, solar panels have been integrated
with systems capable of directly supplying the battery
systems. The average daily solar radiation values were
selected from the NASA Power database for the
conditions in Kirgehir (Latitude: 39.13, Longitude:
34.20) [49]. An assessment of the potential power
generation was performed for the range of solar radiation
values, based on the specifications of the panels.

Figure 6 illustrates the power output provided by the
solar panel and its contribution to the 1200 W battery
power under varying solar irradiation conditions (see eq.
10). Here, losses due to the inverter and temperature are
accounted for as 8%, cable losses as 2%, and other losses
(such as shading) as 3%. Considering a total panel area
of 0.55 m2 and an efficiency rating of 15%, the solar
power output ranges from 46 W under the lowest solar
radiation conditions to 186 W under the highest.
Considering the total battery capacity, the solar cells can
generate an additional power output ranging from 3.83%
to 15.5%. In the absence of other contributing factors,
this percentage should be acknowledged, as having a
direct impact on increasing flight duration. The flight
duration of the model aircraft, performed at maximum
speed (20 m/s), was extended from 120 seconds to 140
seconds with the support of solar cells. This
approximately 16.6% increase in flight duration was
found to be consistent with theoretical calculations. It is
clear that the relatively low efficiency of the solar panel
and the solar radiation values in the chosen region could
be improved, thereby enhancing energy generation. It is
recommended that this prototype be further developed.
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Figure 6. Power change according to solar radiation

4.4. Forces Affecting Flight and Torque Evaluation

The effects of variations in aircraft speed on drag (Force
X) and lift (Force Y) are illustrated in Figure 7. As
expected, an increase in speed leads to an increase in both
of these aerodynamic forces. In the context of validation,
the 3D computational analysis of UAV drones conducted
by Khan et al. [50] determined the forces acting on the
aircraft at a speed of 35 m/s based on the angle of attack.
At a zero angle of attack, corresponding to level flight,
the Y-normal force was measured at 50 N. The observed
increasing trend in the Y force illustrated in the figure
supports the possibility of yielding forces that are close
to this determined value.

In the conducted simulation, the takeoff and landing
conditions were not directly studied. This is because
additional factors, such as the geometric position of the
aircraft, come into play. Instead, the aim was to identify
the forces acting on the aircraft during free flight at low
speeds. Simulating the effects of weight during takeoff
and landing would be beneficial for future studies.
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The flight speed values provided, ranging from 1 to 20
m/s, are measurements taken for the model aircraft being
tested. Considerations for flights at higher speeds were
not included, as they exceed the specified motor power,
which necessitates the use of a stronger motor. Although
the increase in drag and lift forces below 10 m/s, shows
a similar trend, the growth in lift force values above this
speed is relatively more pronounced. This suggests a
positive contribution to the aircraft's ability to ascend.
Furthermore, the effects of acceleration can be
interpreted as directly proportional to the power provided
by the motor. This relationship highlights the importance
of thrust in enhancing both lift and overall aircraft
performance during flight. During level flight, the force
in the Y direction is greater than the force in the X
direction and this ratio increases with the acceleration of
speed suggesting a reduction in both gravitational and
angular effects. Furthermore, at the specified flight
speeds, it can be inferred that the Y force, when managed
by appropriate control systems, can enhance the aircraft's
capability for altitude gain. It should be noted that the
weight of the aircraft and, consequently, the effects of
gravitational forces will have a direct impact on this
context. Conversely, the X forces indicate that the ability
to yaw (rotate about the vertical axis) is inversely
proportional to the speed, thereby indicating limitations
(by about 60% compared to the altitude gain) in the
aircraft's maneuverability.
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Figure 7. Drag and lift forces

Similarly, the values of global drag forces are directly
related to flight speed, as shown in Figure 8. The
relationship between drag and speed consists of two
components: parasite drag, which is proportional to the
square of velocity, and induced drag, which is inversely
proportional to the square of velocity. The drag values in
other directions are generally higher compared to the
drag experienced during forward flight, as aircraft are
designed to minimize drag in that orientation. This is to
be expected in well-designed fuselage and wing
configurations, where the aerodynamic characteristics
are optimized for smooth airflow. Such a relationship has
been established across all speed conditions,
demonstrating the importance of minimizing drag to
enhance flight performance and efficiency. By reducing
drag, the aircraft can achieve better speed retention and
maneuverability, ultimately contributing to improved

operational effectiveness. In summary, the frictional
effects in the vertical direction are negligible, indicating
that the aircraft has an appropriate geometric design. On
the other hand, the horizontal drag force experienced
during level flight is directly related to the flight speed,
and flights at speeds exceeding 20 m/s are not
recommended for the specified design.
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Figure 8. Friction forces for global coordinate

It is also beneficial to determine the drag forces on the
surfaces of the selected airfoil type (NACA 2412). Figure
9 illustrates the effect of varying speeds on these forces.
It is evident that the forces experienced on the airfoil
surface are considerably lower compared to the global
drag forces. Such results are expected for this
standardized design, which is widely accepted under
typical flight conditions. The findings validate analytical
conditions, confirming that the chosen airfoil exhibits
favorable aerodynamic properties. This lower drag on the
airfoil surface contributes to enhanced flight efficiency
and performance, supporting the effectiveness of the
NACA 2412 design in various operational scenarios. For
the prototype designed in this study, the shear drag in the
Y-direction is negligible. Conversely, the shear drag in
the X-direction exhibits a tendency to increase at an
acceptable level within the specified speed range.
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Figure 9. Friction forces for the airfoil surface

In our simulation study of airflow effects during aircraft
flight, we specifically analyzed the drag and lift forces,
alongside global and surface friction forces. We
examined how these values varied within the specified
flight speed range and discussed the implications of these
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changes. Additionally, we determined the torque values
and their variations at different speeds. The analysis
revealed that torque plays a significant role in the overall
aerodynamic performance of the aircraft. Variations in
torque can influence the aircraft's stability and control,
particularly during maneuvers such as climbs, turns, and
descents. Higher torque values at increased speeds may
contribute to a greater rotational force, enhancing the
aircraft's responsiveness and agility. Conversely, at lower
speeds, reduced torque can lead to a less responsive
handling experience. Understanding the interplay
between torque and flight dynamics is crucial for
optimizing aircraft design and ensuring safe and efficient
operations, particularly in varying flight conditions. This
variation is illustrated in Figure 10. It was determined
that the increase in speed significantly affects the global
torque values that are valid for all computational domains
in the y-direction, demonstrating an inversely
proportional relationship. As flight speed increases, the
corresponding torque in the y-direction changes to
highlight the dynamics of the aircraft’s stability and
control. This relationship is critical, as it indicates that
higher speeds could lead to decreased stability in the y-
direction, necessitating careful management of control
inputs by the pilot. Understanding these torque changes
is essential for predicting the aircraft's behavior during
various flight profiles, aiding in the design of more stable
and controllable aircraft configurations. Adapting control
systems to account for these changes can enhance overall
flight safety and performance.
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Based on our analysis, it can be concluded that the
generated torque values are adequate for ensuring safe
flight conditions. Furthermore, the presence of negative
torque in the Y-direction is contributing sufficiently to
the aircraft's ability to ascend by changing the flight
angle. This suggests that the designed torque
characteristics are favorable for enhancing the aircraft's
lift during flight, thereby supporting the overall stability
and performance of the aircraft in various flight profiles.

5. CONCLUSION

This study has provided valuable insights into the
aerodynamic performance of a novel aircraft utilizing the
NACA 2412 airfoil, incorporating solar energy panels to
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enhance flight duration. By examining the interplay
between airflow dynamics, drag and lift forces, and
torque variations at various flight speeds, we have
established a comprehensive understanding of the
aircraft's operational characteristics. The effective
method employed for calculating the airfoil's surface
positions using cosine spacing, in conjunction with a
rigorous mesh independence test, has ensured accuracy
and reliability in aerodynamic analysis. The
advantageous velocity and pressure contours around the
fuselage indicated optimal airfoil-fuselage configuration,
demonstrating minimal turbulence and pressure
gradients. Additionally, the analysis revealed significant
trends in airflow characteristics, particularly related to
the Mach number, which is critical for understanding
potential supersonic flow and its impact on drag and lift.
The proportional relationship between flight speed and
aerodynamic forces was reinforced; with increased
speeds leading to enhanced drag and lift, including a
maximum lift of 10.68 N at 20 m/s. The integration of
solar panels contributed 15% of the required energy, with
potential power generation assessed against solar
radiation conditions in Kirsehir, Tiirkiye. Moreover,
during level flight, the predominance of the Y-direction
force over the X-direction force suggests an improved
capacity for altitude gain, while highlighting limitations
in yawing capability. The torque evaluation underscored
its dynamic role in aircraft stability, with findings
indicating that the designed torque characteristics support
enhanced lift and stability during various maneuvers,
necessitating precise control management. Overall, this
study confirms that the combination of aerodynamic
design and solar energy integration considerably
contributes to flight efficiency and performance, setting
the stage for future advancements in aircraft design and
aerodynamic optimization.

This research makes a significant and novel contribution
to the fields of aerodynamics and renewable energy
integration for aircraft by systematically filling key gaps
in the existing literature.

¢ Bridging simulation and experiment: While many
previous studies were limited to numerical or
theoretical analysis, this study integrates both CFD
results and real-world flight data, establishing a
validated correlation between simulations and actual
aircraft behavior under solar-assisted  flight
conditions.

Inclusion of torque in aerodynamic assessment:
Unlike conventional works, this study systematically
analyzed torque variations, providing a more holistic
understanding of the aircraft's stability and control
characteristics. It was determined that a torque of 7.8,
Nm could be produced at the specified maximum
speed of 20 m/s.

Quantification of real-time solar energy contribution:
Through MPPT-controlled solar energy management,
the research quantifies the operational benefits of
solar integration, verifying a 16.6% endurance
enhancement through experimental flight testing.
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e Minimization of aerodynamic penalties: Despite
surface modifications caused by solar panel
integration, the aircraft maintained a favorable
aerodynamic performance due to optimized design
using the NACA 2412 airfoil. The static friction force
increased with speed, reaching a maximum value of
0.38 N. For the normal friction force, this value was
found to be 0.69 N. At the maximum speed of 20 m/s,
the drag and lift forces were calculated to be 3.2 N
and 10.8 N, respectively.

Comprehensive and unified analysis: Combining
CFD-based aerodynamic evaluation, torque behavior
analysis, solar energy modeling, and experimental
verification within a single study provides a holistic
and practically applicable framework for future UAV
designs.

In conclusion, this work presents one of the most
complete and experimentally validated frameworks for
the aerodynamic and energetic evaluation of solar-
powered aircraft. The findings not only advance
academic knowledge but also provide valuable practical
guidelines for the development of sustainable, efficient,
and autonomous UAV systems. The combination of
validated aerodynamic performance, energy efficiency,
and flight stability confirms the feasibility and benefits of
integrating renewable energy sources into modern UAV
designs.

In future research, it would be highly valuable to examine
the integration of alternative photovoltaic technologies,
such as perovskite-based, CIGS, or multi-junction solar
cells, which offer superior efficiency to weight ratios
compared to conventional silicon-based systems.
Furthermore, the development of advanced integration
strategies including conformal, embedded, or
aerodynamically optimized solar panel configurations -
holds the potential to mitigate adverse aerodynamic
effects while maximizing energy harvesting capabilities.
The incorporation of hybrid power architectures,
combining solar energy with supplementary renewable
sources such as fuel cells or micro wind turbines, could
also be explored to enhance energy autonomy and
operational endurance under diverse flight conditions. In
parallel, future studies may focus on the structural
optimization of aircraft specifically designed for solar
energy integration, where aerodynamic performance,
structural integrity, and energy efficiency are
simultaneously considered. Lastly, the implementation of
intelligent and adaptive energy management systems
capable of dynamically optimizing the distribution of
solar, battery, and propulsion power according to flight
conditions may significantly improve the overall
performance and endurance of solar-assisted aircraft,
especially for autonomous and long-endurance
applications.

Furthermore, while this study employed only a lithium-
polymer (Li-Po) battery as the energy storage system,
future studies may explore hybrid energy management
architectures incorporating supercapacitors alongside
battery units. These hybrid configurations could
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effectively address the transient power demands
associated with solar energy input, while also offering
benefits in terms of smoothing power fluctuations and
extending battery lifespan.
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