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Abstract
Wing morphing can improve aircraft performance at various periods of flight. Furthermore, exploration was restricted due to
restrictions in aerodynamic performance parameters of the morphed wing from such a flexible trailing edge. The continuous
morphing of the variable trailing edge has been simulated using the computational fluid dynamic approach and java foil tools.
Current research has focused on stable aerodynamic features of morphing wings with morphing trailing edges. The influence
of (AoA)-the angle of attack and deflection angle of aerodynamic forces and moments has been studied. A technique for
delaying stalling was developed using the morphing trailing edge wing’s aerodynamic features. The computational results
indicate that the coefficient of lift in the deflecting process is less significant at a low AoA-angle attack than in the static
scenario. Increasing the deflection rate then increases the lift coefficient and decreases the drag coefficient. However, the
lift coefficients are more significant for greater angles of attack than in the static position and drag, and when it rises as the
deflection increases, the rate. Furthermore, the systematic deviation of the morphing trailing edge with a slight deflection
angle and a high deflecting rate can increase the lift, drag, and lift-to-drag ratio.

Keywords Aerodynamics efficiency · Reynolds number · Coefficient of lift and drag · Coefficient of pressure · Morphing
two-dimensional wing · The lift-to-drag ratio

1 Introduction

The morphing wing has lately received much interest thanks
to the development of innovative materials and sophisticated
control structures. Through individual phases of flight, such
as various segments, i.e., take-off, cruise, and descent, the
aerodynamic shape of amorphedwing can be altered. Several
morphed wing designs were developed to improve aircraft
efficiency. The aerodynamics, reap its benefits, actuation,
and optimization of altering wing configurations were all
investigated. Li et al. [1] came up with a list of very well-
morphed approaches and model construction and analysis
methods for morphed wings. Koreanschi et al. [2] studied
an airfoil with a morphing wingtip using a two-dimensional
CFD approach, and wind tunnel investigational data and
mathematical model results verified their findings. Gabor
et al. [3] discovered a reasonable understanding between
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CFD findings and a trial wind tunnel test for a morphed
airfoil or wing in the pressure distribution. Currently, inves-
tigators employ the CFD approach to analyze morphing
wings with extensible trailing edges. The CFD technique
was used by Abdessemed et al. [4] to investigate the flow
characteristics of the aerodynamics of morphing wings rely-
ing on the Naca 2412 symmetrical airfoil, and the results
revealed that the morphing behavior affects fluid flows. Ai
et al. [5] and Jawahar et al. [6] The RANS model was
combined well with SA turbulent model to investigate the
post properties of routine parameters and stalling of such a
Naca 0012 symmetric aerofoils to the adjustable trailing edge
and the DES was also used to investigate the aerodynamic
efficiency of the morphed wings. Lim and Kim [7] employed
an increased bidirectional local search method to improve
resolution. Jeong and Kim [8] employed a genetic algo-
rithm to optimize thick airfoils and the Akima curve fitting
method to parameterize them. They improved the lift-to-drag
ratio by 20–30% associated with the baseline airfoil. Tandis
and Assareh [9] employed a honeybee algorithm based on
genetics (GBBA). This approach used crossover and commu-
nity searching operators developed from the genetic and bee
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algorithms. It aids in the acceleration of convergence. Yang
et al. [10] experimented using Bézier curve characterization
and radial basis interpolation. For aerodynamicmodification,
they employed an optimization technique. Sun et al. investi-
gated the reversed geometry of airfoils. FinchamandFriswell
[11] examined a morphing program called Fishbone Active
Camber. The method enables the airfoil shape to respond
to a broad range of aircraft conditions, leading to optimal
results. They used a genetic algorithm for improvement and
radial basis interpolation for continuous shape changes.Della
Vecchia et al. [12] investigated improving the airfoil form by
combining PRS parameterization with a prepared-to-change.
The procedure entails determining the compromise solution
and the airfoil shape modification’s direction. Mukesh et al.
[13] improved the NACA 2411 airfoil geometry using the
PAR-SEC geometry prediction model, Panel method, and
optimization algorithm to enhance the lift force. They vali-
dated the improved airfoil in the wind tunnel. Salunke et al.
[14] explored the Bezier curve, PAR-Sec techniques, and
the combination of Bezier-PAR-Sec techniques for many
airfoils. Ebrahimi and Jahangirian [15] developed flexible
estimation and an optimization algorithm. Melin [16] used a
series of parameterized Bezier curves to define the airfoils.

CFD was used by Niu et al. [17] to analyze the aerody-
namic efficiency of airfoils in transonic conditions. However,
primarily when, low deflect angles and a consistent initial
position for the morphing portion at 0.7 x/c were accounted
for. Dumont [18] refined the aerodynamic shape of morph-
ing wings employing CFD at a Mach value of 0.75. At Cl
= 0.52, it was observed that enhancing the angle-of-attack
and trailing edge deflect culminated in a + 2.6% lift-to-drag
proportion increase. Recently, the theoretical implications of
morph techniques in the supersonic domain have also been
studied using CFD.

The primary goal of the research is to develop an initial
design that could be considered for occurrences based on how
the flow field interacts around the aerofoil. The airflow flow
can be analyzed utilizing this method, then the lifted devices’
aerodynamic characteristics will be obtained. The studies of
Zhou et al. [19], Woods et al. [20], and Huntley et al. [21],
while additional authors are generally focused on the analysis
of the aerodynamic behavior to establish a preliminary con-
cept of themorph aerofoil, but they all accept this assumption.
This research aims to offer an airfoil improvement strategy
and confirm the results of the CFD analysis. The Bezier slope
is created to make the model adjustable in this investigation.
The conceptualization method includes control points uti-
lized during the optimization technique. Two of these control
points are placed at the airfoil initiation and tip. The other
baselines are modified to create the optimized airfoil design
during theoptimization study.Despite the reality that asmuch
research has been done on morphing wings, more investiga-
tion into the aerodynamic efficiency of morphing wings on

a variable trailing edge appears to be needed to apply micro
aerial vehicle designs. The steady aerodynamics of the mor-
phed two-dimensional airfoil with a variable trailing edge
were simulated using the CFD techniques to bridge that gap.

These modification and optimization activities are car-
ried out using the Java foil and CFD tools. The instruments
utilized in this study are used for evaluation. The follow-
ing is a synopsis of the original research design. Section 1
describes themethod formodifying aerodynamic shape using
Bezier curves, an optimization method, and the procedure’s
deployment. Themesh generationmethod is given. Section 2
analyses and presents the findings of the CFD study. Finally,
the study findings are given as micro aerial vehicle applica-
tion.

2 Methodology

2.1 Methods for the optimization of the shape
and size of the airfoil

Most methods for altering the curvature of an aerofoil
or wing can effectively control micro aerial vehicles in
various settings during take-off and other combat phases.
Despite their differences in execution, most morphing meth-
ods were designed to operate or adjust the curvature profile
in two-dimensional configurations. Variations in the wing’s
curvature, such as the leading edge, might differ depending
on the procedures. The whole wing is a single control sur-
face for the vehicle’s leading edge’s morphing aerodynamic
profile. Like flaps and slats, other controls are utilized in a
typical wing configuration to unfold to have a lift coefficient
in an airfoil configuration.

2.2 Airfoil shape optimization

There are two structural approaches in the proposed aero-
dynamic methodology: the standard aerodynamic design
method and the inverted design method (Sun et al. [22]).
The first design technique involves obtaining aerodynamic
performance for a specific airfoil using CFD analyses or
experiments and then improving the airfoil shape. These
processes are usually performed until the intended results
are achieved. The airfoil geometry is determined using the
second design method, which would be based on supplied
aerodynamic performance. The conventional aerodynamic
design approach is applied in this investigation. Multi-
ple values are needed during the optimization method and
modifications to the airfoil shape. Darwin’s natural evolu-
tion hypothesis is the basis for evolutionary computation, a
population-based optimization technique. The primary foun-
dations of this philosophy are natural selection and survival.
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Natural selection processes are replicated by evolutionary
computation, selecting the best solutions ofMorphingwings.

2.3 Model and numerical methods

A two-dimensionalNACA0018 andNACA2312 airfoil with
a variable trailing edge was posed for simulation analysis.
Under the literature, the offset shape is conical, and the flex-
ible zone is 25% of the chord’s trailing edge (kaul et al.
[23]). In Fig. 1a, shown as a conventional and variable trail-
ing edge is depicted. Despite the reality that asmuch research
has been done on morphing wings, more investigation into
the aerodynamics of changing wings of (T.E) with an elas-
tic trailing edge appears to be needed to apply micro aerial
vehicle designs. The steady aerodynamics of the morphed
wing with a variable trailing edge have been investigated
using CFD techniques to bridge that gap. The content of
this work is arranged in the following manner. Discusses
the numerical methods and validation while discussing the
steady and different cases of deflection angles of trailing
edge airfoil aerodynamic properties of amorphing wing. The
study’s findings are reported in Sect. 3.

2.4 Geometry

An airfoil model of NACA-2312 with a length of the chord
c of 0.2 m and a span length of 0.4 m was created using
Java foil. Toward studying the two-element camber mor-
phing concept, NACA-0012, i.e., a conventional symmetric
airfoil, and NACA 2312, an asymmetric airfoil, were cho-
sen as base airfoil and test airfoils. Tests were performed
on many trailing-edge profiles and angles of the flap. In two-
dimensional airfoilswith orwithoutMTE, develop deflection
angles said to be the ratio between the morphing flap and
the trailing edge modeling. This study used a rigid rect-
angular cantilevered wing configuration of NACA 0012 to
develop a numerical model with chord length c= 0.2 m. The
trailing-edge section of the airfoil is interchangeable and has
a chord-wise length of 0.06 m. Camber morphing airfoils
were designed with a chord of 0.4 m and the same thickness.
NACA 0012 has no camber, while NACA 2312 has a camber
of 20%. A cubic curve to 15% of the chord makes up the
curvature of the mean camber line of NACA 2312. A mor-
phed airfoil was generated nearly identical in shape toNACA
2312 when the NACA 0012 airfoil was morphed. The steady
two-dimensional morphing trailing edge Profile NACA 2312

Fig. 1 a Two-Dimensional airfoil. b, c CATIA model design of NACA2312 and baseline NACA 0012 Aerofoil (right)
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and symmetrical aerofoil NACA0012 aremodeled inCATIA
V5, as shown in Fig. 1. The morphing portion length is 25%
from the trailing edge, and the total chord length is 150 mm.
However, a study by Chen [24] confirmed that the chordwise
variation in the cross-sectional area is essential.

Drela [25] developed Java Foil, an open-source flow sim-
ulation that analyses airfoil profiles and estimates airfoil
characteristics quickly. The java foil has low initial complex-
ity.As a result, the flow solvers prefer Java foil throughout the
optimization method (Mauclère [26]; Morgado et al. [27]).
For a particular (AoA), Reynolds number, andMach number,
Java foil calculates the lift and drag coefficients by Anitha
et al. [28]. No value is recorded to the output file if there
is no convergence when the software completes the solution
method (Mauclère [26]). The coefficients lift and drag for
the alpha sequence are computed in the Java FOIL program
using the automated genetic process airfoil models.

2.5 Mathematical formulae

2.5.1 Basic formulations

In this study, a dimensionless analysis is working with
Reynolds numbers.

Re = ρvc

μ
(1)

where ρ, density of the fluid; θ, velocity of a fluid; c, length of
the chord; μ, dynamic viscosity and ν, kinematic viscosity.

In most studies, coefficient of lift and drag are the two
used parameters to evaluate the aerodynamic performance
and are defined as:

Cl = 2L

ρv2s
(2)

Cd = 2D

ρv2s
(3)

where L, lift force; D, drag force and S, airfoil area.
The aerodynamic coefficient of forces is solved using con-

servation of equations., continuity, and momentum that are
denoted as:

Mass conservation:

∇ · u = 0 (4)

Momentum conservation

Du

Dt
= −∇ p + μ∇2 ∪ +ρ

Du

Dt
F (5)

where u, is the velocity vector, (pu = − ∇ + μ∇2u) rep-
resents the internal forces, and ρF represents the external
forces.

3 Computational setup and analysis

3.1 Grid generation

In this section, the mesh part describes and is based on
previous studies in CFD, whereas the different grids for
the morphed airfoil with its various deflections (δ). While
selecting structural grids, various authors have selected struc-
tured grids to improve mesh size and quality, and they can
be adapted to more complexity, as shown in Fig. 2. The
Spalart–Allmaras CFD model simulates the aerodynamic
performance of morphing wings based upon the pressure
Reynold Averaged Naiver-Stokes equation. A second model
upward scheme and a finite-difference technique have been
used for convective and dissemination terms. The numerical
domain’s boundary has been set up as the far-field pressure
barrier, and the surface has been designed as a no-slip-up sta-
tionary wall. Due to the trailing edge’s significant intensity
morphing, a local cell meshing approach and a spring-based
smoothness process were used to upgrade the mesh. Follow-
ing the method, the triangle types of cells were selected, and
the control grid was processed around the airfoil to enhance
the validity of the outcomes, as shown in Fig. 2.

We applied a mesh of local cell mesh generation approach
together with user-provided parameters in our research to
produce a continuous deviation of the trailing side. For exam-
ple, in the descending deflection situation, the deflection
angle changes from 0° to 10°, with f denoting its deflec-
tion frequencies (revolutions per second) and 0 indicating
the trailing-maximum canon’s deviation angle. During the
deflection procedure, the portion of the airfoil chord from
the remaining chord length is 25% unchanged. The grid node
(x(t), y(t)) of the morph airfoil may be determined with the
help of the following equations.

Fig. 2 Mesh generation of NACA 2312 2D airfoil model
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(6)

Based on Eq. (6) the position of each node on the fol-
lowing trailing edges of the airfoil boundary varies during
the morphing process, and the grid in the flowing fluid has
reconstructed correspondingly. In the end, the trailing edge
can extend continuously into the form of a curve. It is impor-
tant to note that the Angle of Attack (AoA) remains constant
during continuous trailing-edge deflection.

3.2 Model specifications, Mesh generation,
and independent study

The study’s analytical findings are compared to the origi-
nal and improved NACA 2312 airfoil profiles. The airfoil
(c) has a chord length of 0.1 m. The Reynolds number (R)
is set to 104, and Spalart–Allmaras with a standard set of
parameters is selected as a turbulence model. The SIMPLE
method is used to manage the pressure–velocity interaction.
All RANS equalities are discretized and used by a second-
order upwindmethod. The simulations’ residual convergence
level varies between 10–3 and 10–4, depending on the airfoil
angle of attack. Pressure far-field along the flow domain and
wall along the airfoil has been assigned boundary conditions.
Figure 2 illustrates the mesh parameters in the flow domain.
The accuracy and analytical time are both influenced bymesh
quality. It is broken into two components to create effective
mesh grids in the numerical domain. The airfoil is domi-
nated by a large mesh in the near-field area, with a radius of
5c. The term “far-field” corresponds to 12.5c from the com-
putation domain’s origin. The overall mesh has two sizing
possibilities: proximity and curvature. The edges are sized,

Table 1 Mesh independence study for optimized airfoil at 0° AoA

Inlet velocity V = 14.5 m/s

X component Y component

cos(α) sin(α)

Angle of attack − 4° to 16°

P0 at the inlet and outlet 0

Airfoil type Wall

Inlet Velocity inlet

Outlet Pressure outlet

Domain C mesh

and face sizing methods refine the mesh quality in the near-
field area and around the airfoil. The flow is believed to be
laminar, incompressible, stable, and two-dimensional. The
gauge pressure is 0, and the outlet domain is set to pressure
(Table 1).

4 Results and discussion

4.1 Most consistent aerodynamic physical
properties of trailing-edge deflection

The flow domains and pressure distribution profiles of the
morph and regular wings at 15° are determined to justify
the differences in lift and drag coefficients. In Fig. 4a, b, the
proportion on the top surface of the standard wing changes
abruptly around a rebound view of themorphed trailing edge,
whereas the coefficient pressures of both the morphed wings
changes slowly. As a result, the coefficient of pressure (cp)
contours of themorphedwing covers a higher area than those

Fig. 3 a, b Comparison of Cp between morphing trailing edge and convention wing at α = 15°
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Fig. 4 a, b Pressure fields conventional and morphing wings at α = 15

of a standard wing, resulting in a higher lift coefficient. In
Fig. 3a, b, powerful vortices attach to the conventional wing’s
trailing edge fromchanging locations.However, themorphed
wing has just a minimal vortex in the tail region. The flow
separation is achieved early and much more forcibly in the
conventional wing because of a sensible shift in the curve
of the trailing edge side. In contrast, the constant altering of
the rear edge can help to decrease the adverse difference in
pressure, trying to attach the streamline to the wing surface.
Research suggests that the morphed wing with a variable
trailing edge outperforms the regular wing’s aerodynamic
efficiency (Fig. 4).

Comparison between morphed and traditional wings. The
numerical properties of the varying MTE (morphing trail-
ing edge) wing and the regular wing were investigated. The
velocity flow is 14.5 m/s, respectively, while the morphing
trailing edge deflection angle ranged from δ = 2° to 10°.
Based on a micro aerial vehicle’s condition, the velocity,
considered about 14.5 m/s, is a deficient Reynolds number
of 102,062.

4.1.1 Pressure distribution

See Fig. 5.

4.1.2 Velocity fields

See Fig. 6.

4.1.3 Aerodynamic coefficient parameters

Figure 7a depicts the coefficient of lift curves of both stan-
dard and morphing wings. The changing or morphed wing’s
maximum lift slope is comparable to the regular wing. The
morphedwinggives amore significant lift coefficient than the
regular one, particularly near-crucial stalling angle. Conse-
quently, themorphingwing’sAoA and highest lift coefficient
is higher than the conventional wing.

Furthermore, Fig. 7b depicts the coefficient of drag, which
reveals that morphing wings with the lowest value are better
for micro aerial vehicles than conventional wings. Although
drag rises in subsequent wings, lift values are higher than
drag when compared to conventional and morphing wings.

The L/D ratio of the two wings increased to its highest, as
shown in Fig. 7c, then began to decline as the AoA (Alpha)
increased. The morphed wing surpasses the traditional wing
in provisions of the ratio L/D. The maximum L/D ratio of
a morphing wing is 22.5 at an angle of attack is 6°, which
would be 15.3% higher than a conventional wing’s 19% at
an AoA-angle of attack is 8°.

4.2 The influence of MTE-deflecting angle
on the aerodynamics of steady-state instances

At a deflection angle of 16°, Fig. 8a–c depicts the pres-
sure on the deployment of the morphed airfoil with various
trailing-edge deflection angles. The pressure allocations for
the bottom surface of the wing are almost identical. How-
ever, the pressure on the top surface varied noticeably. With
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Fig. 5 Pressure fields for different angles of attack α and without morphed deflection at velocity = 14.5 m/s

Fig. 6 Velocity fields for different angles of attack α and without morphed deflection at velocity = 14.5 m/s
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Fig. 7 a–c Comparison between conventional and morphing trailing
edgewings.aCoefficient ofLift versusAoA-angle of attack for standard
and morphing wing. b Coefficient of drag for standard and morphing
wing. c Lift-to-drag ratio for conventional and morphing wing

the downward deflection, the region enclosed by the Cp-
coefficient of pressure curves becomes more critical than a
baseline for the airfoil (δ = 0°).

Figure 9a, b depicts the aerodynamic forces at 0°, 5°, 7°,
and 10° following trailing edge deflection angles. The stall
angle is affected by the trailing-edge deflection, as illustrated
in Fig. 9a, and the maximum coefficient of lift is reduced as a
stalling angle of attack is reduced by the descending deflec-
tion of the trailing edge. The lift force coefficient and stalling
angle of attack from the other side are boosted by the MTE-
downward edge’s deflection, as shown in Table 2. On the
other hand, the downward deflection leads to an increasing
nose-down coefficient of the moment (Cm). The stronger the
deflection-δ angle, the greater the lift and pitch-down coef-
ficient pitch moment values. Additionally, the Fig. 9c shows
the optimum lift-to-drag ratio changes the angle of attack
attains 6°, and then when especially unlike standard aerofoil
(δ = 0°), the highest(l/d) proportion of the morphed wing
together along by β = 7° and β = 10° increases by 1.8%
and 12.5%correspondingly. The MTE descending deflection
helps increase lift-to-drag ratio properties, but an upwards
deviation also has the inverse result.

5 Conclusions

The static aerodynamics parameters with morphed and con-
ventional wings were investigated in this study, and the static
aerodynamic features of a morphed wing in a variable trail-
ing -edge. These two characteristics’ effects on the lift’s
stable coefficient were discussed with an MTE-morphing
trailing edge deflection angle.

• Before stall occurs, when such movable trailing edge
bounces lower, the morphed wing has a more significant
lift and drag coefficient and a higher lift-to-drag ratio than
a traditional wing.

• The steady streamlined flow parameters and the versatile
trailing edge’s deformation have a negligible impact on
aerodynamics at a small AoA. The trailing edge deflec-
tions affect at stall angle feature. Descending deflection of
the trailing edge enhances the stalling AoA. Furthermore,
increasing the downstream deflection angle improves the
morphing wing’s lift-to-drag ratio as the angle of attack
decreases.

• At a smaller AoA, the variable trailing edge’s deviation
has a negligible effect on stable aerodynamic perfor-
mance. The trailing-edge deflection primarily influences
the stall characteristics. The stall occurswhen the descend-
ing deflection of the morphed trailing edge increments
the AoA-angle of attack. Furthermore, the higher the
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Fig. 8 Flow field and Pressure contours with morphing trailing-edge deflections angle at alpha α = 15 deg. aMTE- deflection at δ = 5 deg, bMTE-
deflection at δ = 7 deg, c MTE deflection at δ = 10 degrees

downward deflection angle, the better its morphing wing’s
lift-to-drag (L/D) ratio is at a low attack angle.

• The coefficients obtained from the flow simulation and
optimization studies are the same. The Cl/Cd ratio has
been enhanced for AoA in the studies, although the study
is one objective to optimize. In conclusion, despite the
study being a single objective optimization study, many
results were obtained to boost the lift coefficient.

• In the future, we’ll start experimenting with actuation
mechanics to morph the trailing edge to employ more suit-
able or flexible materials to control the morphing wing
two-dimensionally for additional confirmation with sim-

ulated outcomes. The parameters determined via flow
optimization studies are the same.

• Despite the data from single optimization research, the
Cl/Cd ratios have improved for numerous AoA investi-
gations. Even though the study was a single objective
optimization study, several results were produced on
enhancing the lift coefficient.

• Finally, the same airfoil might be subjected to multi-
objective optimization research, and the results observed
in future work. The lift and drag coefficients may be deter-
mined experimentally using the optimized airfoil profile.
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