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Abstract: The current study presents a morphed trailing edge methodology
applied to a Clark-Y airfoil in order to improve the effective stall angle of the
specific airfoil under definite conditions. A morph of 2° was provided to the
trailing edge of the Clark-Y airfoil in consideration. The performance of the
morphed wing was analysed by varying two parameters, the angle of attack
(AOA) and the freestream flow velocity. The AOA was varied from 0° to 50°,
while the flow stream velocity was 10 m/s and 12 m/s. The morphed airfoil
showed a maximum increase in the lift-to-drag ratio at 15° and 10 m/s flow
velocity. Although at the cost of lift force and a minor increase in drag, the stall
angle of the airfoil is improved from 22° to 25°. Numerical simulations showed
a maximum deviation of 12.7% with the experimental data, affirming the
reliability of the simulations and the methodology.

Keywords: morphed; trailing edge; airfoil; stall; angle of attack; AOA; drag;
lift.
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1 Introduction

The aviation sector has come under intense pressure in the last few decades to reduce
worldwide fuel consumption and emissions arising from its consumption (Bashir et al.,
2021). This has led the industry to implement modern technologies like advanced
propulsion techniques, air traffic management, and laminar flow techniques. Out of these
technologies, morphing and morphed wing technology is two of the most promising
technologies that display high potential for decreasing fuel consumption in the near future
(Pecora, 2021). A morphed airfoil serves different advantages over a symmetrical low
lift-drag ratio airfoil used in low velocity conditions as it provides passive control over
the flight performance. In 2018, a single deployable scissor-structural mechanism (SSM)
(Sahin and Yaman, 2018) was developed, synthesised, and analysed with six SLE’s,
which were analysed aerodynamically with XFLRS. A study conducted in 2019 (Geva
et al., 2019) developed and experimentally investigated an innovative mechanism for a
morphing aircraft that has the ability to vary between two discrete working points such
that its resulting endurance was enhanced by 50% when compared to conventional
aircraft wings. Recently in 2020 (Rajendran et al., 2020), a morphing airfoil was
additively manufactured with a variable camber by using a complaint rib mechanism.
More recently in 2021 (Bashir et al., 2021), an aerodynamic optimisation method was
established for a morphing trailing and leading edge for the UAS-S45 unmanned aerial
vehicle with the help of Bezier-PARSEC parameterisation. Their studies revealed that the
morphed trailing edge amplified the efficiency of C.¥?/Cp by 10.25% while also
demonstrating enhanced endurance of the structure. In 2022 (Mekonnen et al., 2022),
dielectric elastomer actuators (DEA) were implemented and, with the use of 3D printing,
a prototype was manufactured that made use of entrenched distributed actuators, enabling
wing morphing while also sustaining heavy loads.

Another study (Srinath et al., 2022) involved the use of Bezier curve parametrisation
along with synthetic jet modules to enhance flight properties of a morphing wing.

In 2016, a study (Yeong and Dol, 2016) experimentally validated the CFD results of a
modified propeller for a micro-aerial vehicle to enhance lift characteristics, along with
the formation of a design matrix for the selection optimisation of the most suitable airfoil.
This paper focuses on implementing morphed trailing edge methodology on airfoils
suitable for low-velocity flight conditions so as to increase stall angle and enhance the
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lift-to-drag ratio. With the enhancement of the wing’s stall angle, the safety of the
unmanned aerial vehicles (UAV) is improved as it provides an increased domain of
operation. With higher stall angles, the aerial vehicle can sustain harsh weather
conditions successfully while also reducing the chances of sudden drops in altitude due to
sudden pressure differences, thereby avoiding stall. Morphing technology mainly
includes two subdivisions: active morphing and passive morphing. Active morphing
technologies allow for a variety of dynamic wing shape modifications, involving
adjustments to the span and sweep, variations in twist or dihedral angle, airfoil camber, or
thickness distribution (Dhileep et al., 2020; Bashir et al., 2023). Whereas in a passively
morphed structure, only specific passive changes such as drooping the trailing edge or
leading edges are implemented in the design phase and stay constant throughout the
application of the airfoil. Both military and civilian aircraft typically fly at just one or a
few ideal flight conditions during the design phase; however, morphing is intended to
enhance the number of ideal operational regions for a particular aircraft (Communier
et al., 2019). Due to the limitations of the practical application of the dynamic morphing
technology, this study implements a passive morphed trailing edge airfoil that
encompasses a few advantages of the dynamic morphing while also preserving the
structural integrity of the orthodox airfoil, which is presently extensively used globally.

2 Materials and methods

2.1 Modelling and geometry morphing

The base airfoil was selected after shortlisting five airfoils from the global airfoil
database that are more commonly used for low velocities, low altitudes, and lightweight
flights, mainly in order to suit drone applications. The airfoils considered in this study
were NACA 0012-34, Eppler 423, NACAO0012H, SG6043, and Clark-Y. Out of these,
Clark-Y was chosen for its cambered geometry while also providing a high lift-to-drag
ratio for varied angles of attack. Recently in 2022 (Kapoulas et al., 2022), an airfoil
selection methodology was developed, especially for low Reynolds number airfoils, using
XFLRS software. Although the implementation of an airfoil selection methodology is
beyond the scope of this study. The selected airfoil’s coordinates were imported and
plotted using Creo Parametric, while to produce the appropriate morphed geometry,
morphing was accomplished using the shape morphing tool in CATIA V5. Figure 1
displays the comparison between the morphed airfoil and the unmorphed airfoil
geometry, represented by the red plotted line.

Figure 1 Morphed Clark-Y Airfoil geometry (colour) (see online version for colours)
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2.2 Computational analysis

A simple two-dimensional case, with a velocity inlet and a pressure outlet, was setup in
Ansys Fluent to analyse the lift and drag forces on the morphed and unmorphed airfoils.
A fine mesh was generated, and two spheres of influence were provided, one at the
trailing edge and one at the leading edge, respectively, to record the gradients.
Additionally, the mesh near the airfoil’s wall was kept finer to effectively capture the
boundary layer gradients. The domain was discretised using 150 grids along the width
and 300 grids along the length, with a total cell count of 48,000. A cell count of 48,000
was deemed appropriate for the present study considering its two-dimensional nature and
the simplicity of the fluid flow involved (Sahin and Acir, 2015). To ensure reliability on
the results obtained from a mesh of 48,000 cells, a single case with a cell count of 58,000
was run and its results were compared with those obtained from the domain with a cell
count of 48,000. The results showed a nominal difference. Thus, a cell count of 48,000
was used in the present study. Meshing of the domain is illustrated in Figure 2. Apart
from the inlet and outlet, all the other boundaries were set as a wall with no-slip boundary
condition. A pressure-based solver was used with steady flow conditions due to its
suitability for low velocities (Aftab et al., 2016). Turbulence intensity was fixed at 5%
with a turbulence viscosity ratio of 10. The SST k- (two equations) model, developed in
the 1990s by Menter (1992, 1994), was used as the turbulence model for the current
study. This turbulence model is one of the most widely accepted models as it combines
the advantages of both, the k- model (Wilcox, 1993) and the k-¢ model (Launder
and Spalding, 1983). The pressure based coupled scheme was chosen for the
pressure-velocity coupling owing to its suitability for low Mach number flows (Karimian
and Schneider, 1994; Chen and Przekwas, 2010; Denner, 2018). The solution was run
until successful convergence of the residuals was achieved. Similar methodology was
followed for both the unmorphed and morphed airfoils for all angles of attack and flow
velocities. This computational analysis was done as a preliminary step only to assess
feasibility and also served to verify if the morphed airfoil would provide positive results,
before proceeding to experimentation (Prasad et al., 2013).

Figure 2 Meshing of the domain (see online version for colours)

2.3 Additive manufacturing (AM)

The Ultimaker S5 3D printer was used to manufacture both the airfoils (Raibole and
Deshmukh, 2024). Tough PLA material was used with an infill density of 10%, as stress
or load bearing capacity was beyond the scope of this study. A total of 82 g of material
was used to make both the airfoils, resulting in a very lightweight and durable structure.
Figure 3 shows the printing process used to manufacture the airfoils. Figures 4 and 5
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show the cross-sectional view of the final product and the isometric view of the airfoils,
respectively.

Figure 3 3D printing in Ultimaker S5 (colour) (see online version for colours)

Figure 4 Cross-sectional views of morphed vs. unmorphed airfoil (colour) (see online version
for colours)

Figure 5 Final prototypes of the airfoils (colour) (see online version for colours)
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3 Experimentation

Essom’s MP315D subsonic wind tunnel was used as the setup to experimentally validate
the performance of the airfoils. Figure 6 shows the setup that was used, which has a
maximum limit of 30 m/s of flow velocity that was achieved with a fan of diameter
300 mm. The flow velocity was controlled by varying the power delivered to the fan and
is indicated with the help of an inclined manometer. The wind tunnel’s high contraction
ratio (9:1) ensures a uniform flow velocity across the transparent test section measuring
150 mm X 150 mm X 450 mm in length. Once the airfoil model was mounted in the
centre of the test section, so that it is equally spaced from every neighbouring wall, the
flow velocity was gradually increased till it reached the desired velocity of 10 m/s or
12 m/s. This was done in order to minimise any disturbances within the flow, thus
maintaining a uniform flow in the test section. Lift and drag forces acting on the morphed
airfoil were calculated using the setup, first for 10 m/s and then for 12 m/s. The setup
makes use of a two-component balance for measuring the lift and drag forces acting on
the model and the data is digitally displayed, which varies in almost real-time with
varying AOA. For every AOA, the values of lift and drag forces displayed were recorded
only after the flow velocity was observed to have stabilised. The mount on which the
airfoil is set up, includes a graduated dial on the outside of the test section through which
the AOA of the airfoil model can be varied. Low flow velocities of 10 m/s and 12 m/s
were chosen in the present study considering the application of the proposed
methodology which targets small scale drones or UAV which mostly fly below speeds of
15 m/s (Mohsan et al., 2023). Furthermore, at such velocities, the flow is mostly laminar
and would provide reliable and accurate results.

Figure 6 Experimental setup (colour) (see online version for colours)

A similar procedure was followed for the unmorphed airfoil. Figures 7 and 8 are
graphical representations of the obtained experimental data to show the relation between
AOA and the lift and drag forces acting on the morphed airfoil under flow velocities of
10 m/s and 12 m/s, respectively.

All the measurements for the lift and drag forces mentioned in this study are
measured in kg. While Figure 9 displays the experimental setup with the morphed airfoil
prototype inside the wind tunnel. Figures 10 and 11 are graphical representations of the
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obtained experimental data to show the relation of AOA with the lift and drag forces
acting on the unmorphed airfoil under flow velocities of 10 m/s and 12 m/s, respectively.
Figure 12 displays the experimental setup with the unmorphed airfoil prototype inside the
wind tunnel.

Figure 7 Lift and drag forces for morphed airfoil at 10 m/s (colour) (see online version
for colours)
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Figure 8 Lift and drag forces for morphed airfoil at 12 m/s (colour) (see online version
for colours)
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Figure 9 Morphed airfoil in subsonic-wind tunnel (colour) (see online version for colours)

Figure 10 Lift and drag forces for unmorphed airfoil at 10 m/s (colour) (see online version
for colours)
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Figure 11 Lift and drag forces for unmorphed airfoil at 12 m/s (colour) (see online version

for colours)
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Figure 12 Unmorphed airfoil in the subsonic wind tunnel (colour) (see online version for colours)

4 Results and discussion

The morphed airfoil showed considerable and promising outcomes, with the aim of
enhancing the flight performance of the Clark-Y airfoil. Under both flow stream
velocities of 10 m/s and 12 m/s, the morphed airfoil showed an increase in lift forces,
stall angle, and a substantial increase in the (Cp/Cp) under some AOA’s. The non-
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dimensional lift (Cp) and drag coefficients (Cp) are given by equations (1) and (2)
respectively:

€=t (1)

(Ja)er2a

b (2)
()

FL and Fp are the lift force and drag forces (N) acting on the airfoil, V' is the flow
velocity (m/s), p is the fluid’s density (kg/m?) and A4 is the swept area of the airfoil
(Contreras Montoya et al., 2021; Liu, 2021). Figure 13 displays the comparison of the
lift-to-drag ratio between the morphed and the unmorphed airfoil at 10 m/s. At an AOA
of 10°, C./Cp) increased from 2 to 2.5 for the morphed airfoil. Similarly, for 15° AOA,
(CL/Cp) increased from 2.5 to 3.5, and for 25° AOA, (C/Cp) increased from 2 to 2.67 for
the morphed airfoil, with the maximum increase of 1° at 15°. Past studies which have
implemented dynamic wing morphing techniques also showcased a similar result,
wherein with insignificant changes in the (C/Cp) ratio, morphed airfoils exhibited higher
lift values (Vale et al., 2011; Majid and Jo, 2021). Additionally, the reduced drag forces
on the morphed airfoil in the present study are in line with the trends observed by
previous researchers (Suzuki et al., 2010; Namgoong et al., 2012).

CDZ

Figure 13 C1/Cp comparison at 10 m/s (colour) (see online version for colours)
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A significant increase of 3° in the stall angle, from 22° to 25°, was achieved in the
morphed airfoil for a 10 m/s flow stream velocity, as can be seen in Figure 13. Similar
results were obtained for 12m/s as well, as seen in Figure 15, with the maximum increase
in (CL/CD) ratio at 25° AOA. For 10° AOA, (C./Cp) increased by 0.34. Figures 14 and
16 graphically demonstrate the % change in (C/Cp) ratio achieved for the morphed
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airfoil at 10 m/s and 12 m/s, respectively. Similar to 10m/s, at 12m/s too, an increase of
stall angle from 22° to 25° was observed. Experimental studies from the past have
reported a similar effect of wing morphing, wherein the stall angle of the airfoil is
observed to be delayed as a result of higher lift coefficients at the critical stall angles of
the airfoil (Gamble et al., 2017; Kan et al., 2020).

Figure 14 Percentage change in lift to drag ratio for 10 m/s (colour) (see online version
for colours)
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Figure 15 C1/Cp comparison at 12 m/s (colour) (see online version for colours)
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Computational simulations provided similar results for all angles of attack and both flow
stream velocities of 10 m/s and 12 m/s. Pressure and velocity contours were studied to
analyse the flight performance of the airfoils. A significant rise in pressure on the lower
surface of the morphed airfoil was observed as compared to the unmorphed airfoil. The
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reason for this sudden increase in pressure magnitude can be attributed to the morphed
structure which exerts a passive control on the flow separation, in line with the results
reported in earlier studies (Jones et al., 2018; Olivett et al., 2021).

Figures 17 and 18 show pressure contours for 8° and 25° AOA, with the lower edge
of the airfoil at 111.2 Pa while the upper edge being under negative pressure of up to
—62.4 Pa. This drastic change in pressure of more than 170 Pa, along with a controlled
flow separation, corresponds to the increased lift forces on the morphed airfoil.

Figure 16 Percentage change in lift to drag ratio for 12 m/s (colour) (see online version
for colours)
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Figure 17 Pressure contour for 25° AOA and 10 m/s (colour) (see online version for colours)
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Figure 18 Velocity contour for 25° AOA and 10 m/s (colour) (see online version for colours)

5 Conclusions

The present study demonstrates an effortless methodology that has been implemented to
improve the flight performance of certain airfoils, particularly at low flow velocities. This
study presents as a viable technique in improving the lift and stall angles of airfoils,
particularly for small scale drones and UAV’s which fly at low altitudes and velocities.
Two primary results were successfully obtained and demonstrated for the morphed
airfoil, which are an increase in the lift-to-drag ratio and a significant increase in the stall
angle. These advantages of passive morphing over active morphing were verified using
experimental methods which demonstrated how, without compromising the structural
integrity of airfoils by adding moving parts, flight performance can be enhanced. For
10 m/s velocity, a maximum increase of 1 in (Cr/Cp) was observed at 15° AOA, wherein
(CL/Cp) increased from 2.5 to 3.5. Whereas for a 12 m/s velocity, the maximum increase
in the (Cr/Cp) ratio of 0.4 was observed at 25° AOA. Thus, the morphed airfoil
showcased better enhancement in flight performance at the lower flow velocity of 10 m/s.
The capability of the passive geometry morphing proposed in this study with increasing
flow velocities above 12 m/s should be investigated in future studies. The percentage
difference between the simulation and experimental results was 12.7%. For all AOA and
flow velocities, a difference of 8%-12% was found between the simulated and
experimental data. For 25° AOA and 10 m/s inlet velocity, the experimentally calculated
(CL/Cp) was 2.67, whereas the lift-to-drag ratio obtained from the computational
simulation was observed to be 2.33. With the maximum difference between the simulated
and experimental (C/Cp) ratios being 0.34.

Furthermore, in the future, this methodology can be implemented to different airfoil
geometries in order to improve their performance, which could thereby provide a
comparative analysis showcasing the effect of passive morphing on a range of airfoils.
Future studies along the same lines, should also consider the effect of strong turbulent
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flows occurring at high Reynolds numbers which would further enhance the practicality
and viability of this methodology.

Data availability

The dataset supporting the conclusions of this article is included within the article and its
additional files.
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