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Advances in smart materials have made it possible to develop shape-changing wing concepts as alternatives to
traditional high-lift systems. In this study, the aerodynamic effects of linear beam extension on a NACA 0015 wing
profile with an initial beam length of 150 mm were numerically investigated. The linear actuation mechanism
applied along the chord direction resulted in a reduction in the camber ratio. The aerodynamic performance
of the conformable configurations was evaluated using CFD analyses conducted under low Reynolds number
conditions and employing the k- SST turbulence model. The results indicate that chordwise deformation can
improve aerodynamic performance under various operating conditions. This approach offers significant potential
for enhancing maneuverability and reducing energy consumption in low-Reynolds-number aircraft, presenting a
promising solution for future adaptive wing designs.

� 2026 University of Al-Qadisiyah. All rights reserved.

1. Introduction
Variable wing technologies have become one of the rapidly emerging

trends in recent years, particularly in the aerospace and renewable energy
sectors. In parallel with technological advancements and developments in
materials science, conventional manufacturing methods have gradually been
replaced by innovative production techniques and smart materials. The imple-
mentation of innovative designs in these fields has enabled both aircraft and
wind turbine blades to operate more efficiently under varying environmental
conditions. As a result, higher energy output can be obtained from wind turbi-
nes under the same operating conditions, thereby contributing positively to
green energy production. The primary objective of wind turbines is to extract
the maximum possible energy from the wind available in their operating envi-
ronment. For this reason, the design of wind turbine blades constitutes one of
the most critical factors in effectively harnessing wind energy. To evaluate the
aerodynamic performance of such designs during the pre-production design
phase, Computational Fluid Dynamics (CFD) methods are widely employ-
ed. Adaptive (morphing) airfoil concepts have been developed to address the
conflicting aerodynamic requirements associated with different flight missi-
ons. One of the pioneering studies in this field was conducted by Secanell
and Suleman [1], who identified optimal airfoil geometries for stall, takeoff,
climb, cruise, and loiter conditions, demonstrating that a single fixed airfoil is
unable to provide sufficient performance across all flight regimes. This finding
highlighted the necessity of morphing airfoil concepts. Optimization-based
morphing studies have primarily focused on reducing aerodynamic losses over
a wide flight envelope. Gabor et al. [2] demonstrated, through their study on
an S4-type UAV airfoil, that very small surface displacements (on the order of
2.5 mm, approximately 2%) could yield drag reductions of up to 14% under
different angles of attack and velocity conditions. These results revealed the
high sensitivity of aerodynamic performance to camber morphing. From a

structural perspective, Wu et al. [3] investigated morphing mechanisms using
a compliant trailing-edge structure with multiple degrees of freedom and conti-
nuous curvature. The developed composite structure was shown to increase lift
and lift-to-drag ratio over a wide range of angles of attack, while also enabling
independent control of the pitching moment. Fusi et al. [4] introduced a novel
uncertainty-aware optimization approach to examine the relationship between
morphing degrees of freedom and achievable aerodynamic gains, providing
a foundation for mechanical design approaches in rotor and adaptive lifting
surfaces. Jawahar et al. [5], through experimental and numerical investigations
on a NACA 0012 airfoil, demonstrated that camber morphing delays flow
separation and enhances lift performance. Similarly, Abdessemed et al. [6]
reported that continuous trailing-edge morphing yields an average lift-to-drag
ratio improvement of approximately 6.5% compared to hinged systems. In
the study conducted by Zi et al. [7], it was shown that leading-edge morphing
significantly improves the aerodynamic performance of a NACA 0012 airfoil
under both static and dynamic (5–10 Hz) conditions. Baghdadi et al. [8] applied
continuous geometric transformations to a NACA 0021 airfoil using Bernstein
polynomials and free-form deformation (FFD)-based morphing techniques,
demonstrating substantial improvements in aerodynamic performance. Jolibois
et al. [9], in an experimental study on a NACA 0015 airfoil, actively controlled
boundary layer behavior using dielectric barrier discharge plasma actuators
and showed that the stall angle could be increased up to 17°. Their findings
also indicated that plasma actuation is particularly effective near natural flow
separation points and that unsteady actuation strategies can significantly reduce
power consumption. Ismail and Vijayaraghavan [10] investigated geometric
modifications of a NACA 0015 airfoil for use in vertical-axis wind turbines and
reported that combinations of Gurney flaps integrated into the lower surface
increased both the lift coefficient and lift-to-drag ratio, resulting in performan-
ce improvements of up to 35% under steady conditions and up to 40% under
oscillatory conditions in terms of rotor torque.
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Nomenclature
Cp Specific heat J/(kg K) X Non-dimensional X-coordinates
C Chord length (mm) Y Non-dimensional Y-coordinates
CL Lift coefficient y+ Dimensionless wall distance
CD Drag coefficient Greek Symbols
CL/CD Aerodynamic efficiency α Thermal diffusivity (m2/s)
CP Pressure coefficient (m) αa Angle of attack (°)
g Gravitational acceleration (m/s2) ω Specific dissipation rate of turbulent kinetic energy (1/s)
G Production term of turbulent kinetic energy. νt Turbulent viscosity (m2/s)
K Thermal conductivity W/(m K) β Thermal expansion coefficient (1/K)
k Turbulent kinetic energy (m/s)2 φ Solid volume fraction
kr Thermal conductivity ratio, kw/k f Θ Dimensionless temperature
L Length of the enclosure (m) Φ Baffle inclination angle
Lb Baffle length (m) τi j Reynolds stress tensor (N/m2)
Nul Local Nusselt number along with the heat source µ Dynamic viscosity kg/(m s)
Nu Average Nusselt number Subscripts
p Pressure (kg/m2) av Average
P Non-dimensional pressure b Baffle
Pr Prandtl number c Cold
Ra Rayleigh number f Fluid (pure water)
Si j Reynolds number h Hot
Re Strain-rate tensor components (1/s) n f Nanofluid
T Dimensional temperature p Nanoparticle
U Non-dimensional velocity component X-direction s Solid
V Non-dimensional velocity components Y-direction w Wall
wb Baffle width (m)

Uddin et al. [11] conducted experimental and numerical studies on a NACA
0015 airfoil across various Reynolds numbers and angles of attack. Their
results indicated that increasing Reynolds number leads to a reduction in drag
coefficient, while the lift coefficient increases up to a certain point, reaching
a maximum value at approximately a Reynolds number of 1.410. Healy [12]
evaluated the performance of NACA 0009, 0012, 0015, and 0018 airfoils for
straight-bladed vertical-axis wind turbines and demonstrated that thicker air-
foils provide higher power coefficients at low Reynolds numbers. Additionally,
it was reported that reducing drag could lead to an approximate 8% increase in
turbine power coefficient. Wang et al. [13], through numerical investigations
on symmetric and asymmetric airfoils with varying maximum thickness and
camber locations, demonstrated that geometric parameters play a decisive role
in determining power coefficient and that appropriate thickness and camber
distributions significantly enhance turbine performance, particularly at low
Reynolds numbers. Khani Aminjan et al. [14], demonstrated that adaptive wing
geometry mechanisms can self-optimize aerodynamic performance across a
wide range of angles of attack, providing improved efficiency compared to
conventional airfoil configurations. Su et al. [15], have demonstrated that high
aerodynamic performance can be achieved throughout the entire flight regime
by adopting appropriate configuration strategies. Aly et al. [16], have noted
that shape-changing aircraft structures offer the advantage of enabling smooth
and continuous geometric changes while contributing to a reduction in the total
weight of the wing, which in turn provides improved aerodynamic performance.
In this study, a NACA 0015 airfoil model, commonly used in wind turbine
applications, is investigated. The effects of a chordwise morphing approach
applied to this airfoil on aerodynamic performance are systematically exami-
ned using parametric geometry modeling and CFD-based numerical analyses.
Morphed configurations labeled P0–P4 were generated by incrementally incre-
asing the chord length from the reference configuration with an initial chord
length of 150 mm up to 154 mm in 1 mm steps. The influence of morphing
level on aerodynamic characteristics was evaluated as a function of angle of
attack, and the obtained results are presented.

2. Materials and methods
Nowadays, airfoil designs are generally developed to perform a single or a limi-
ted number of specific missions. This limitation negatively affects the efficient
operation of energy-producing systems such as aircraft and wind turbines. For
instance, unmanned aerial vehicles (UAVs) are designed for specific missions
and demonstrate good performance under those particular flight conditions;
however, their performance is not optimal over multi-point flight envelopes.
In addition, during various flight conditions, UAVs may experience sudden
pitching attitude changes due to the requirement for aggressive maneuvers
or unexpected external disturbances such as vertical wind gusts. Similarly,
wind turbine blades exhibit high performance under specific wind conditions;
however, since their blade geometries are fixed and standardized, they cannot
fully utilize wind energy under varying atmospheric conditions. While current

UAV designs involve a large number of actuators and limited adaptability, the
proposed approach enhances efficiency by achieving broader aerodynamic
adaptability with fewer components, resulting in reduced weight and improved
aerodynamic performance. In this study, the aerodynamic performance of a
NACA 0015 airfoil with a variable chord length is numerically investigated at
angles of attack of 0°, 5°, 10°, and 15°.

2.1 Geometric design and computational domain
In this study, morphing airfoil models based on a NACA 0015 airfoil with
shape-changing capability were investigated. The morphed configurations
corresponding to each 1 mm increment in chord length were parametrically
modeled using CATIA V5 CAD software. The aerodynamic performance
of each configuration was independently evaluated through Computational
Fluid Dynamics (CFD) analyses conducted in the ANSYS Fluent environment.
Based on the CFD results, the lift coefficient (CL), drag coefficient (CD), and
aerodynamic efficiency (CL/CD) were calculated. The effects of morphing
level on aerodynamic characteristics were systematically analyzed through
comparative assessments with the reference configuration. The variation of the
airfoil geometry along the chordwise direction was dynamically modeled in a
three-dimensional CAD environment using a parametric morphing approach.
The reference configuration, shown in Fig. 1, was selected as a NACA 0015
airfoil with an initial chord length of 150 mm and was defined as Position-0.

Figure 1. CAD model of the NACA 0015 airfoil at Position 0.

The morphing process was implemented through controlled geometric defor-
mations applied along the mean camber line of the airfoil. The chord length
was progressively increased in 1 mm increments, resulting in four distinct
morphed configurations: Position-1, Position-2, Position-3, and Position-4.
Technical drawings of the baseline and all four morphed airfoil configurations,
with chord lengths of 150 mm, 151 mm, 152 mm, 153 mm, and 154 mm respec-
tively, are presented in Fig. 2. Figure 3 presents the airfoil configuration at the
maximum chord length (Position 4). Due to the camber effects induced by the
morphing mechanism on the airfoil geometry and the requirement to preserve
surface continuity, the maximum attainable chord length was limited to 154.0
mm. Exceeding this limit resulted in local curvature increases and surface
discontinuities, particularly in the trailing-edge region. Therefore, the scope
of this study was restricted to configurations within this geometric limitation.
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In this study, a C-type computational domain, which is widely adopted in the
literature, was employed to ensure an accurate numerical solution of the flow
field around the airfoil while minimizing boundary effects. This topology al-
lows the flow to develop smoothly around the airfoil and reduces the influence
of far-field boundary conditions on the aerodynamic coefficients. The flow
enters the computational domain through a semi-circular inlet boundary and
exits through a downstream cylindrical outlet section. The dimensions of the
computational domain were selected to ensure that boundary effects remain
negligible, and the domain geometry is presented in detail in Fig. 4.

Figure 2. Visualization of airfoil shape variations resulting from chord length
extension.

Figure 3. Airfoil configuration at the maximum chord length (Position 4).

Figure 4. Flow domain and boundary regions.

All numerical simulations were performed using the ANSYS Fluent software.
In the initial stage, all airfoil configurations corresponding to different mor-

phing levels were solved separately. The freestream turbulence intensity in the
computational domain was defined as 10%. For all configurations, the inlet
flow velocity was set to 10 m/s, corresponding to a characteristic Reynolds
number of Re = 1×105. The interaction between the fluid and solid surfaces
was modeled by applying a no-slip boundary condition on all solid walls. This
condition ensures the physically accurate development of the boundary layer
over the airfoil surface. A pressure outlet boundary condition was prescribed
at the outlet, and turbulence parameters for possible backflow were specified
to be consistent with the inlet conditions.

2.2 Mesh generation
The mesh was generated using the Fluent Meshing module within the AN-
SYS software. The computational domain was discretized using a polyhe-
dral–hexahedral hybrid meshes to achieve high numerical accuracy and com-
putational efficiency. To accurately capture velocity and pressure gradients
within the boundary layer, prismatic inflation layers were generated along the
airfoil surface. To verify the grid-independence of the numerical solution, a
Grid Convergence Index (GCI) analysis was performed using grid structures
at three different resolution levels. The fine grid structure used as the reference
grid in this study contains 5,539,224 cells, and the lifting coefficient for this
grid was calculated as CL=0.14009. In contrast, the medium and coarse grid
structures used approximately 2.46 million and 1.09 million cells, respective-
ly, and the corresponding removal coefficients were calculated as 0.14098,
0.14098 and 0.14235, respectively. The systematic decrease in the lift coef-
ficient as mesh density increases indicates that the solution exhibits regular
convergence behavior. The GCI evaluation revealed that the discretization
uncertainty for the fine-mesh solution is approximately 1.8%. This result in-
dicates that the fine-mesh solution provides sufficient accuracy in estimating
the lift coefficient—an aerodynamic performance parameter—and that using a
finer mesh would yield only a limited improvement in the results. To enhance
near-wall resolution, the mesh density was adjusted to maintain the dimen-
sionless wall distance (y+) below 1. This approach was adopted to satisfy the
low y+ requirements of the turbulence model employed in the study and to
ensure accurate representation of the laminar sublayer and transition regions.
The mesh structure and detailed view of the elements generated around the
airfoil are presented in Fig. 5.

2.3 CFD Simulation
This section presents the turbulence model employed in the study and the
Reynolds-Averaged Navier–Stokes (RANS) equations used as the governing
equations. The RANS equations provide numerical solutions for both simple
and complex problems involving laminar or turbulent flows in fluid mechanics
and dynamics. The RANS approach is based on the Reynolds decomposition
of the Navier–Stokes equations, in which turbulent flow is represented as a
random fluctuation around a mean value. In accordance with the objectives
of this study, the k–ω Shear Stress Transport (SST) turbulence model was
employed to more effectively identify and analyze flow separation regions
over the airfoil surface. The k–ω SST model is known to provide superior
performance compared to other turbulence models in predicting boundary
layer behavior and accurately capturing flow separation phenomena. The con-
servation of mass and the Navier–Stokes equations are given in Eqs. (1) and
(2), respectively.

(a) 2D-Mesh structure. (b) 3D-Elements around leading edge the airfoil.

Figure 5. The mesh structure and details of the elements around the airfoil.
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∂Ui

∂xi
= 0 (1)

ρ
∂Ui

∂ t
+ρU j

∂Ui

∂x j
=− ∂P

∂xi
+

∂

∂x j

(
2µS ji −ρu′ju

′
i

)
(2)

Here, ρ denotes the fluid density, P represents the static pressure, and the
terms ui and u j denote the velocity components expressed in tensor form. The
Reynolds stresses, ρu′ju

′
i are defined as ρu′ju

′
i = ρ τi j , where τi j represents

the Reynolds stress tensor. The strain-rate tensor Si j is given in Eq. (3).

Si, j =
1
2

(
∂ui

∂x j
+

∂u j

∂xi

)
(3)

The k–ω SST model employs two transport equations: one for the turbulent
kinetic energy (k) and the other for the specific dissipation rate (ω) of the
turbulent kinetic energy. The specific dissipation rate, defined as the rate of
dissipation of turbulent kinetic energy per unit mass, is used to compute the tur-
bulent viscosity in the model. As reported by Lorenzon et al. (2018), the k–ω

SST model provides more accurate predictions for both separated flows and
free-shear flows. Eqs. (4), (5), and (6) present the formulations for the turbulent
viscosity, turbulent kinetic energy, and specific dissipation rate, respectively.

vt = a1
k

max(a1ω,b1F23S)
(4)

D
Dt

(ρk) = ∇.(ρDk∇k)+ρG− 2
3

ρk(∇.u)−ρβ
∗
ωk+Sk (5)

D
Dt

(ρω) = ∇.(ρDω ∇ω)+
ργG

v
− 2

3
ργω(∇.u)−

−2ρβω −ρ(F1 −1)CDkω +Sω (6)

In these equations, the model constants αk1 ,αk2 ,αω1 ,αω2 ,β1,β2,γ1,and γ2
were assigned values of 0.85, 1.0, 0.5, 0.856, 0.075, 0.0828, 5/9, and 0.44,
respectively. In the solution of fluid mechanics problems, the Finite Volume
Method (FVM) provides more efficient and accurate results compared to other
numerical approaches, such as the finite difference and finite element methods.

Therefore, the governing equations for each model were discretized using the
FVM. A coupled solution algorithm was employed, and second-order upwind
schemes were applied for the discretization of pressure, momentum, turbulent
kinetic energy, and specific dissipation rate equations. The study conducted by
Rubel et al. [17], shows a high degree of similarity to the boundary conditions
defined in this study. For this reason, a model consistent with the related stu-
dy was first developed and validated. Subsequently, analyses of the original
geometries designed within the scope of this study were performed. As a
convergence criterion for numerical solutions, it was assumed that the residual
values for all governing equations solved within the framework of the k–ω

SST turbulence model would decrease to the order of 10-4.

3. Results
In this study, the aerodynamic performance of each morphing configuration of
a NACA 0015 airfoil equipped with a variable-geometry morphing mechanism
was investigated in detail. A mechanically morphable structure was designed
through controlled variations in chord length, and new airfoil configurations
were defined for each 1 mm increment in chord length. Accordingly, the base-
line NACA 0015 airfoil was designated as P0, while the subsequent morphed
configurations were labeled P1, P2, P3, and P4, respectively. All configurations
were analyzed numerically, and the lift coefficient (CL), drag coefficient (CD),
and aerodynamic efficiency (CL/CD) were evaluated as the primary perfor-
mance metrics for each model. The results were analyzed graphically through
comparative assessments with the reference configuration, and the effects of
morphing level on aerodynamic performance were systematically interpreted.
In addition, since morphing yielded the highest aerodynamic gains at a 5°angle
of attack, velocity contours and pressure coefficient distributions were presen-
ted in detail only for this condition. Table 1 presents a comparative summary
of the aerodynamic performance of the five morphed configurations (P0–P4)
resulting from chord length variation. The results indicate that the chordwise
morphing level affects the aerodynamic characteristics of the airfoil differently
depending on the angle-of-attack regime. At zero angle of attack, although the
lift coefficients remained close to zero for all configurations, significant impro-
vements were observed in profile drag. In particular, the approximately 21%
reduction in the CDo value for the P3 configuration with a chord length of 153
mm indicates that morphing positively influences boundary-layer development
and pressure recovery at low angles of attack.

Table 1. Aerodynamic performance data for each position and angle of attack.

AoA (°) Configuration CL CD CL/CD CL Change (%) CD Change (%) CL/CD Recovery (%)

0

P0 (150 mm) 0.002450 0.020050 00.12 —– —– —–
P1 (151 mm) 00.00281 00.02140 00.13 +14.70 +06.70 +07.50
P2 (152 mm) 00.00285 00.01896 00.15 +16.30 05.40 +23.00
P3 (153 mm) 00.00283 00.01582 00.18 +15.50 21.10 +46.40
P4 (154 mm) 00.00284 00.01702 00.17 +15.90 15.10 +36.60

5

P0 (150 mm) 00.12739 00.02959 04.31 —– —– —–
P1 (151 mm) 00.13456 00.02917 04.61 +05.60 01.40 +07.00
P2 (152 mm) 00.14009 00.02825 04.96 +10.00 04.50 +15.10
P3 (153 mm) 00.14303 00.02616 05.47 +12.30 11.60 +26.90
P4 (154 mm) 00.14765 00.02573 05.74 +15.90 13.00 +33.30

10

P0 (150 mm) 00.25377 00.05195 04.88 —– —– —–
P1 (151 mm) 00.26283 00.05184 05.07 +03.60 00.20 +03.90
P2 (152 mm) 00.26332 00.05146 05.12 +03.80 00.90 +04.90
P3 (153 mm) 00.26427 00.05124 05.16 +04.10 01.40 +05.70
P4 (154 mm) 00.28083 00.05071 05.54 +10.70 02.40 +13.40

15

P0 (150 mm) 00.35292 00.08713 04.05 —– —– —–
P1 (151 mm) 00.35593 00.08941 03.98 +00.90 +02.60 01.70
P2 (152 mm) 00.35860 00.08859 04.05 +01.60 +01.70 +00.00
P3 (153 mm) 00.36306 00.09106 03.99 +02.90 +04.50 01.50
P4 (154 mm) 00.36985 00.09196 04.02 +04.80 +05.50 00.70

At low and moderate angles of attack (5°and 10°), systematic increases in lift
coefficient accompanied by simultaneous reductions in drag coefficient were
observed as the chord length increased. Under these conditions, aerodynamic
efficiency (CL/CD) improved by approximately 33% and 13%, respectively.
These improvements suggest that the strengthened suction peak near the lea-
ding edge and the more balanced pressure distribution along the upper surface

enhance lift generation while suppressing flow separation. At a high angle of
attack of 15°, although lift continued to increase with morphing, the drag coef-
ficient also increased, resulting in no significant improvement in the (CL/CD)
ratio. This behavior indicates that, at high angles of attack, the adverse pres-
sure gradients intensified by morphing weaken boundary-layer stability and
promote flow separation. Consequently, it can be concluded that the propo-
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(a) P0 configuration-Velocity contour (b) P0 configuration-pressure coefficient

(c) P1 configuration-Velocity contour (d) P1 configuration-pressure coefficient

(e) P2 configuration-Velocity contour (f) P2 configuration-pressure coefficient

(g) P3 configuration-Velocity contour (h) P3 configuration-pressure coefficient

(i) P4 configuration-Velocity contour (j) P4 configuration-pressure coefficient

Figure 6. Velocity contour and pressure coefficient distribution for the P0, P1, P2, P3, and P4 models.

sed morphing approach provides substantial aerodynamic gains primarily at
low-to-moderate angles of attack, while performance saturation is reached
at higher angles of attack. To analyze the flow field characteristics, velocity
contours and pressure coefficient (Cp) distributions at an angle of attack of
5°, where the highest aerodynamic efficiency was achieved, are presented in

Fig. 6 for the P0–P4 configurations, respectively. The velocity contours and
pressure coefficient distributions indicate a strengthened suction peak in the
leading-edge region and the formation of a more pronounced low-pressure
region along the upper surface. This physical mechanism demonstrates that the
morphing approach enhances lift generation while simultaneously suppressing
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flow separation tendencies, thereby contributing to a reduction in aerodyna-
mic drag. An examination of the velocity contours indicates that, for the P0
profile, the flow velocity along the upper surface remains relatively limited,
and a broad, irregular wake structure with high energy loss develops in the
trailing-edge region. As the morphing level increases—particularly for the
P2 and P3 configurations—the maximum velocity magnitudes over the upper
surface increase, the flow streaklines become more orderly and nearly parallel,
and the wake region significantly thins. This reduction in wake thickness leads
to a decrease in pressure drag, constituting the primary physical mechanism
behind the approximately 13% reduction in the drag coefficient (CD). For the
reference P0 configuration, the Cp distributions exhibit a shallow suction peak
around the leading edge (Cpmin ≈ 0.45) accompanied by a relatively early
pressure recovery along the upper surface. As the morphing level progresses
to P1 and P2, the Cpmin values reach increasingly negative levels (≈ 0.60 to
0.70), and the low-pressure region extends over a larger portion of the upper
surface. At the highest morphing level, P3, Cpmin values approach approxima-
tely 0.80, with the low-pressure region spanning a substantial fraction of the
chord. This behavior clearly indicates a marked increase in local flow velocity
over the upper surface and a corresponding enhancement in lift generation.
Furthermore, the Cp distributions reveal that, with morphing, the pressure
recovery downstream of the leading-edge suction peak occurs with a smoo-
ther gradient. This promotes the development of the boundary layer at higher
momentum levels along the upper surface and mitigates the effects of adverse
pressure gradients, thereby delaying the onset of flow separation. As a result,
an approximately 16% increase in the lift coefficient and a simultaneous 13%
reduction in the drag coefficient are achieved, yielding an overall improvement
in aerodynamic efficiency (CL/CD) of about 33%. These comprehensive Cp
and velocity-field analyses clearly confirm that the proposed chordwise mor-
phing approach not only provides numerical improvements in aerodynamic
coefficients but also introduces a fundamentally improved flow-physics-based
aerodynamic reshaping mechanism.

4. Conclusion
This study numerically investigated the effects of chordwise morphing applied
to a NACA 0015 airfoil on its aerodynamic characteristics under varying angles
of attack. Evaluations conducted on the morphed P0–P4 configurations revea-
led that the morphing level has a pronounced influence on the aerodynamic
characteristics, strongly dependent on the angle of attack. The main findings
are summarized as follows:

• At an angle of attack of 0°, while the lift coefficients remained at ne-
gligible levels, reductions in the profile drag coefficient were observed,
indicating that morphing provides an effective drag-reduction mecha-
nism in this regime.

• At angles of attack of 5°and 10°, increasing the chord length resulted in
significant increases in the lift coefficient accompanied by simultaneous
reductions in the drag coefficient, leading to an overall improvement in
aerodynamic efficiency.

• At an angle of attack of 15°, the effect of morphing on lift enhancement
remained limited, and the increase in the drag coefficient prevented any
meaningful improvement in aerodynamic efficiency.

• Overall, the chord-wise morphing approach offers an effective aerodyna-
mic performance enhancement strategy, particularly at low to moderate
angles of attack, whereas a performance saturation limit is reached at
higher angles of attack.

• Velocity and pressure coefficient distributions reveal that chord-wise
morphing accelerates the upper-surface flow, smooths the pressure re-
covery, thins the wake structure, and consequently increases lift while
simultaneously reducing drag.

• These results demonstrate that adaptive airfoil designs have the potenti-
al to optimize performance under multi-regime flight conditions and
provide

• a strong scientific foundation for future experimental validation studies
and further investigations over a wider range of Reynolds numbers.

• The lift-to-drag ratio (CL/CD) exhibited substantial improvements at
α = 5°and 10°, confirming the effectiveness of the morphing strategy
in these regimes.
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