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Abstract
The trailing edge morphing concept in aircraft wings has been utilized and implemented for a long time. Airfoil aerodynamic
investigation can be made to identify the optimal wing configuration for trailing edge morphing providing enhanced perfor-
mance but lacks sophisticated methods to identify and quantify these optimal wing configurations which shows a significant
challenge in aircraft wing engineering. In this paper, the aerodynamic performance of trailing edge morphing wing configura-
tions is investigated to determine the most effective wing configurations based on flight phases. Various wing configurations
created by the trailing edge morphing concept could bring aerodynamic advantages and disadvantages, hence the aerodynam-
ics understanding, and results remain unknown. Based on the flight conditions, the requirements for optimal aerodynamic
performance are different, which can be fulfilled by optimal configurations based on the morphing concept applied. Variable
trailing edge morphing concept used individually to run extensive performance analysis for obtaining optimal morphing
wing configurations. By changing the bending angle and bending location, morphing concepts are applied to symmetric and
asymmetric airfoils to generate 100 unique morphing wing configurations by changing the geometry coordinates using X-foil
and Javafoil. To support the sophisticated analysis, computational fluid dynamics testing was conducted at 303,100 Reynolds
numbers at subsonic speeds using ANSYS to evaluate lift and drag performance. Based on aerodynamic data, the optimal
wing configurations providing optimal aerodynamic performance for specific flight phases were highlighted. Drag reduction
and lift improvement efficiency at various ranges were identified and evaluated to identify optimal wing configurations for
cruise, take off and climbing flight phases.

Keywords Aerodynamics · Airfoil · CFD · Trailing edge morphing · Lift coefficient & drag coefficient

1 Introduction

The observation of birds flying inspired flight and aerody-
namics. Humans developed aircraft from that idea. Tradi-
tional aircraft wings have a fixed wing configuration, while
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birds can change their wing shape to achieve variable wing
configurations [1]. The bird typically changes its wing shape
by twisting, folding, and other transformation to manipu-
late the aerodynamic performance and stability to its optimal
level [2, 3]. Morphing technology in aircraft wings attempts
to match the aerodynamic performance of conventional
wings, but current technology limits wing shape transfor-
mation [4–6]. Therefore, the main aspect of morphing wings
is to obtain variable wing configurations in the conventional
wing. Big aerodynamic research centers like NASA MIT,
currently working endlessly to obtain as many optimal wing
configurations as possible using morphing technologies [7].

Themorphing concept can be applied in both conventional
and non-conventional wings. Achieving optimal aerody-
namic performance from these wing configurations requires
a lot of aerodynamic investigation and experiments [4].
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Fig. 1 Morphing categories [5]

Morphing technology can be used in conventional and uncon-
ventional aerodynamic air vehicle wings, drones, missiles,
UAVs, spacecraft, and more [5, 6]. Figure 1 shows three
types of morphing wings that identify and design all these
morphing concepts. Airfoil configuration changes are dif-
ferent and correlated between these categories. To optimize
performance, each wing morphing type changes the wing
configuration differently. Planform alternation, out-of-plane
transformation, and airfoil profile adjustment (airfoil-level
morphing) are morphing wings.

Now, that morphing concepts can create different wing
configurations, finding the best one for performance is the
hardest part. Thus, aerodynamic research is needed to test
and discover morphing wing configurations that are gen-
erated and modified for maximum performance before a
conventional wing with morphing technology can be built.
Airfoil aerodynamic analysis is the foundational study. Aero-
dynamic research on a full-scale or high-scale morphing
wing can be expensive and time-consuming. Since morph-
ing technology allowsmanywing configurations, it would be
difficult to find the best one for performance. Finding the best
morphing concept for specific flight phases may be difficult.
This research could benefit aerodynamicists by providing a
deeper understanding of the morphing concept and helping
the aircraft industry develop innovative conventional morph-
ing wings.

Morphing airfoils improve aerodynamics and fuel effi-
ciency. Morphing wings perform better because they can
change shape and geometry. For different flight phases, opti-
mal aerodynamic performance andwing configurations vary.
The optimal morphing wing configuration must be deter-
mined from morphing technology’s variation to design the
right one. Thus, evaluating the aerodynamic performance of
wing configurations with morphing concepts will help iden-
tify the best morphing concepts for an airfoil with optimal
aerodynamic performance and stability.

Aerodynamic analysis is needed before designing a con-
ventional wing with morphing concepts. Theory, compu-
tational fluid dynamics (CFD), and wind tunnel testing

determine lift and drag in aerodynamic analysis. Aerody-
namic analysis can range from low-speed airfoil testing to
supersonic analysis. Low-speed airfoil wing testing is the
first step in this study for each airfoil configuration. The anal-
ysis obtains Lift and drag coefficients (CL) (CD) at various
angles of attack (AOA) andReynolds numbers, leading to the
optimal morphing wing configuration. Morphing technology
optimized aircraft performance and stability. An aerody-
namic analysis is needed before designing a conventional
wing with morphing concepts. Theory, CFD, and wind tun-
nel testing determine lift and drag in aerodynamic analysis.
Aerodynamic analysis can range from low-speed airfoil test-
ing to supersonic analysis. Low-speed airfoil wing testing
is the first step in this study for each airfoil configuration
[8–10]. The focus of this research is to evaluate and inves-
tigate the key morphing concepts of a low-speed airfoil and
design of airfoils with optimal morphing wing configuration.
This avoids having to construct a full-scale wing and conduct
extensive aerodynamic analysis for every airfoil wing con-
figuration formed by morphing a wing [11]. Based on the
primary investigation, optimal wing configurations can be
implemented in a full-scale morphing wing and extensively
analyzed to determine aerodynamic efficiency. A 3D wing
will form from the morphing shape after the final transfor-
mation. From the morphing wing’s wing configurations, the
optimal one can be determined using CFD and wind tunnel
testing [8, 11, 12]. It will also help to determine the correct
method or approach to using a morphing wing designed to
implement the morphing concept. After optimal morphing
concepts are identified, multiple optimal configurations will
be implemented to understand and verify their integrated per-
formance. This study is limited to the analysis of CL andCD

to identify and build the optimal morphing wing configura-
tions.

This research will determine the best morphing wing con-
figuration for aerodynamic efficiency. It will also determine
the best way to use a morphing wing to implement the con-
cepts individually and in a wing configuration. This design
can achieve any wing configuration for better aerodynamic
performance in any flight condition or phase. Aerodynamic
results can be used to analyze fuel efficiency, simulation,
range, duration, endurance, and aircraft envelope. Design
fuel-efficient civil and commercial airplanes by implant-
ing optimal wing configurations in conventional wings. An
optimal morphing wing configuration will improve aircraft
performance and reduce fuel consumption and pollution.
This foundational study may help aerodynamicists under-
stand the morphing principle and help the aviation industry
develop unique conventional morphing wings.
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2 AIRFOIL Morphing Based on the Variable
Trailing Edge

An experimental analysis was made for a morphing structure
where trailing edges of the airfoil Wortmann FX63-137, as
shown in Fig. 2 [13]. The morphing structure deformed with
the help of an actuator to change the position of the trailing
edge. The deflection causes themorphing structure to deform
downward at an angle known as the morphing angle or flap
angle.

The structure was deformed, and the morphing angle var-
ied from a stationary position of − 30° to 40°. The wind
tunnel testing was conducted to determine the coefficient of
lift at various morphing angles and the angle of attack was
also varied as well. At Reynolds, no 1 × 106, the coeffi-
cient of lift is increased as shown in Fig. 3. At the lower
angle of attack, the lift coefficient is lower than the reference
value for the morphing angle below 10°. As the morphing
angle increases at a lower angle of attack, the lift coefficient
increases significantly. For example, at 0 angles of attack,
about 26° of morphing angle the lift coefficient is 1 while in
the unmorphed or the regular wing, the lift coefficient is 0.75.
The lift coefficient increased by 25%, which is a significant
improvement in aerodynamic performance. It shows similar
behavior for the angle of attack from 0° to 15°. After an AOA
of 10°, the change of lift coefficient reduces as the morphing
angle varies. At the angle of attack of 20°, the lift coefficient
of the morphing airfoil remains the same as the regular wing.

Fig. 2 Implementation of the morphing structure of FX63-137 [13]

Fig. 3 Results of the wind-tunnel experiment of morphed FX63-137 at
Re � 1 × 106 [13]

In terms of variable camber trailing edge, the morphing or
flap angle did not show significant improvement at a higher
angle of attack of more than 15°. But for the lower angle of
attack, below 15°, it shows improvement in higher morphing
or flap angle ranging from 10° to 30-° flap angle. Table 1
shows the ranges and estimate ofCL improvements, obtained
from the result in Fig. 3.

In another experiment, the trailing edge position of the
airfoil NACA 0012 varied using a morphing flap, where
the aerodynamic performance of the airfoil with a morph-
ing flap was compared with the wings with a conventional
flap using CFD simulation [14]. The objective of this inves-
tigation was to determine the improvement of aerodynamic
performance and stability. For wingswith conventional flaps,
the flap length Cf remains fixed. In terms of the morphing
flap, the flap length can be varied as shown in Fig. 4. The
use of flap is traditionally used to increase lift force during
take-off and increase drag during landing.

The experiment carried out a CFD simulation of a mor-
phing flap at variable length and compared it with a flap
with fixed flap length Cf the CFD simulation was run at
variable Mach no ranging from 0.4 to 0.875. The morphing
flap showed an increase in aerodynamic force and moment
compared to the fixed flap. This means a wing with a morph-
ing flap will require a shorter distance and time for take-off
and landing, leading to a reduction in fuel consumption and
shorter time. In terms of flutter frequency and velocity, it
demonstratedmore controlled behavior compared to conven-
tional flaps showing more stability. Having more controlled
flutter frequency and speed minimizes the risk of damaging
flaps and wing structure due to vibration and flutter produced
during flight [15–17].

The trailing edge showed significant improvement, after
reviewingmultiple studies it is clear, at lower angles of attack
there is a significant change in the increase of lift coefficient
and decrease in drag coefficient, resulting in lift-to-drag ratio
change. The range of trailing edge bending angle, or morph-
ing angle is yet to be identified for a symmetric airfoil and
an asymmetric airfoil. Another parameter that can be varied
is the morphing flap length. This will identify the optimal
flap length and gives optimal aerodynamic performance for
a fixed chord length.

In another study, the trailing edge concept was imple-
mented at a fixed bending location in asymmetric airfoil
NACA 23012 to improve CL and CD. According to Fig. 5,
the morphing location for trailing edge bending took place at
85% of the chord location and the bending took place from−
4° to 8°. NMCC 2 configuration according to Fig. 5, shows
anticlockwise trailing edge bending at− 4° andMCC4 shows
8° clockwise bending.

CFD simulation was conducted for this experiment to
measure aerodynamic coefficient for the trailing edge bend-
ing in 2D airfoil. According to Fig. 6 Cl results were plotted
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based on the trailing edge bending for NACA 23012. Based
on the results, it is clear that theNMCC2 airfoil, trailing edge
bending at− 4° shows the lowestCL andMCC4 airfoil, trail-
ing edge bending at 8° showed highest CL. But the bending
range for this study is quite low.But forAOAabove12-degree
variation occurs. According to Fig. 7, the CD results repre-
sented based on the AOA for airfoil configurations based
on the variable morphing concept. The drag for the higher
clockwise bending appears to be higher and followed for anti-
clockwise tailing edge bending the drag appears to be lower.
This evaluation is more significant when the AOA is above
5°, still few variations can be found.

Wing flap was evaluated in one study based on flap
designs. Figure 8, shows three airfoils, where the baseline
airfoil is the regular S809 airfoil, the conventional flap show-
ing the same airfoil with trailing edge bending of − 10° at
70% chord location and morphing flap is the similar like the
conventional flap but the flap has an wave like design in trail-
ing edge. That means within the flaps there is a modification
which can be seen S809 morphing flap airfoil. But aerody-
namic performance analysis based on the study showed that
conventional flapwhich consist of just trailing edgemorphing
showed better optimal performance compared to morphing
flap in terms of CL, CD and CL/CD [19].

Fig. 4 Schematics and measurement of a conventional flap with flap
length [14]

Fig. 5 Outline of Trailing edge bending of NACA 23012 [18]

Fig. 6 CL result of trailing edge morphing wings from − 4 degree till 8
degree bending angle [18]

Fig. 7 CD result of trailing edge morphing wings from − 4 degree till
8 degree bending angle [18]

Fig. 8 (i)WingdesignofS809airfoil, (ii)Conventional flapwith trailing
edge morphing in S809 airfoil and (iii) Trailing edge bending of S809
with morphing design on trailing edge [19]
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Fig. 9 Trailing edge morphing parameters of bending ranging from −
8° till 40° [20]

Trailing edge morphing was implement in a NACA 2412
airfoil in a study and aerodynamic analysis was conducted
using CFD ANSYS software, where CL and CD were evalu-
ated [20]. Figure 9 shows the trailing edge bending took place
at a fixed bending location and bending angle ranging from
− 8° to 40°. According to Fig. 10, CL increases as the bend-
ing angle increases for the AOA up to 10°; for CD, there is
variation as the trailing edge bending takes place; both coef-
ficients vary at different AOA; and for CL/CD improvements
found when the trailing edge bending ranges from − 8° to
8°. The bending range needs to be evaluated in different or
similar airfoil to narrow down specific wing configurations
that will show optimal aerodynamic performance according
to flight phases.

Although these studies introduced and showed aerody-
namic results based on small ranges of trailing edge bending
angle and fixed morphing location, there are still significant
gaps found in the reviewed studies. Overall research gaps
identified based on the reviewed studies:

• Ranges of trailing edge bending angle for both clockwise
and anti-clockwise are limited.

• Trailing edge bending locations in the reviewed studies
are fixed, bending location is a significant parameter to be
evaluated for optimal aerodynamic performance.

• Aerodynamic coefficient graphs shown, where variations
and minor significant aerodynamic relations are found in
respect to morphing parameters.

• No tabulated data included where percentage difference
of each trailing edge morphing airfoil configuration can
be evaluated for significant aerodynamic improvement for
specific flight phases.

The trailing edge showed significant improvement, after
reviewing multiple studies its clear, at lower AOA there is
a significant change in the increase of CL and decrease in
CD, resulting in CL/CD change. The range of trailing edge
bending angle, or morphing angle is yet to be identified for a
symmetric airfoil and an asymmetric airfoil. Another param-
eter that can be varied is the morphing flap length. This will
identify the optimal flap length and gives optimal aerody-
namic performance for a fixed chord length.

3 Understanding andMeasuring
Aerodynamic Performance

The root ofmeasuring the aerodynamic performance and effi-
ciency is lift and drag coefficients, these variables are part of

Fig. 10 Aerodynamic analysis of
trailing edge morphing based on
bending angle, a CL against
AOA, b CD against AOA and
cCL/CD against AOA [20]
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lift and drag forces induced respectively. This simple assess-
ment is based on the performance of a wing. Equations (1)
and (2) represents the lift and drag forces of a wing at a given
flight condition:

L � CLρV 2A

2
, (1)

D � CDrV 2A

2
. (2)

Based on the Lift and drag force equation, lift, and drag
coefficients can be deduced as shown in Eqs. (3) and (4)
respectively:

CL � 2L

ρV 2A
, (3)

CD � 2D

ρV 2A
. (4)

Based on the flight phases the impact of lift and drag
coefficient varied, Table 2 shows the equations of impor-
tant aerodynamic measures and their relationship with the
coefficients.

To achieve optimal level flight performance, the generated
forces or force coefficients can be used to determine lift and
drag increments. Table 3 showswhere to increase or decrease
lift and drag for optimal performance at each significant flight
phase and how this affects flight performance and economic
value.

Tables 2 and 3 show the CL and CD requirements for
flight phases for optimal performance. The CL and CD result
differences between the reference airfoils will be evaluated
after designing all the morphing airfoils based on individ-
ual concepts. The percentage difference will be tabulated
and sets of aerodynamic results will be plotted in a graph.
Table 4 shows methods to evaluate the simulated lift and
drag-coefficient results compared with the reference value to
identify optimal configuration and performance according to
each flight-phase requirement.

The initial step is to Choose a symmetric airfoil and
an asymmetric airfoil. Reference airfoils will have a chord
length of 1 m and a span of 1 m. The CFD simulation will
be similar to wind tunnel testing, where ANSYS software
is used to generate CL and CD of the airfoils within the
stall angle range [8, 10–12]. A conventional wing has a
higherwing areameaning the experimental airfoils are scaled
down to a smaller size using similarity rules [21, 22]. Aero-
dynamic results obtained from the designed and morphing
airfoils will be compared with the reference airfoil chosen
initially. The percentage difference between the lift and drag-
coefficient resultswill help identify the optimal configuration
suitable for the flight phases. The results will be evaluated on

the significant difference between lift coefficient results and
drag-coefficient results and based on the requirements for the
flight phases mentioned in Tables 2 and 3. The percentage
difference of any variables is calculated based on Eq. (10)
and percentage error based on Eq. (11).

(10)

Percentage difference

� morphing variable − reference variable

reference variable
× 100,

(11)

Percentage error

� Generated variable − theoretical variable

theoretical variable
× 100.

4 Designs of Morphing NACA 0012
and NACA 2415 and Reference Validation

ANSYS CFD simulation was conducted on both symmetric
airfoil NACA 0012 and asymmetric airfoil NACA 2415. The
results of theCL will be compared to verify the designed ref-
erence airfoils for CFD. The Reynolds number will be set at
303,100, which is the same reference as NACA 2415 refer-
ence airfoil data, and studies have shown that CFD analysis at
this Reynolds number range generated accurate aerodynamic
results for subsonic speeds [11, 12, 23]. The appropriate
fluent turbulent model was identified, and grid independent
meshing test (GIT) analysiswas conducted, before the valida-
tion of the reference airfoils to ensure accurate aerodynamic
results with percentage error less than 10%. After valida-
tion, the designedmorphing airfoils undergoCFD simulation
generating aerodynamic results under a similar setup. This
process was also applied to other morphing concepts, such
as variable scale and variable span; overall, each stage was
taken to ensure the CFD fluid simulation generated accurate
data [24].

4.1 Design of Airfoils with Trailing EdgeMorphing
Configuration

Based on the morphing concepts chosen, the airfoil configu-
rations of NACA 0012 and 2415 were modified by changing
the airfoil geometry coordinates, respectively. The design
will be verified by CFD simulation at an AOA. Prior to the
simulation, successful meshing and a fluent setup for the new
design were ensured.

Airfoil configurations consist of a variable trailing edge
obtained using an x-foil. Coordinates of each set of config-
urations of an airfoil at the morphing or bending angle of
the trailing edge, ranging from − 45° to 45°. The coordi-
nates of each set of airfoil configurations will be obtained
for every 10-degree morphing angle. Each set of coordinates
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Fig. 11 NACA 2415 morphing length at 80% of chord for 35°

Fig. 12 NACA 2415 morphing length at 60% of chord for − 35°

obtained will be used to design a 3D wing for each configu-
ration of the trailing edge. The same method used for CFD
simulation, except the input geometry will be the coordinates
obtained for each airfoil set of variable trailing edges. This
method will be repeated when the morphing flap length is
varied to obtain new sets of wing configurations based on the
morphing flap length. keynotes and parameters considered
for designing trailing edge morphing airfoils for the research
include:

• The morphing flap length varied from 90%, 80%, 70%,
60%, and 50% of the chord length. Figures 11 and 12 show
morphing trailing edge bending at two different locations.

• The morphing bending angle ranged from − 45° to 45°, at
each morphing length. Figures 11 and 12 show morphing
trailing edge airfoil at two different bending angles.

• There are 100 total wing configurations, 50 symmetric and
50 asymmetric.

4.2 Validation of NACA 0012 and 2415

AfterGITwas done,CFDsimulationswere run on symmetric
and asymmetric airfoils at different AOA. Table 5 compares
the NACA 2415 CFD simulation CL result to reference data
and is also plotted in a graph in Fig. 13. Figure 14 exhibits

a comparison between the NACA 0012 graph and the refer-
ence data graph. Based on the analysis, the reference airfoils
were validated with a percentage error of less than 10%.
Then, the set of aerodynamic data on CL and CD derived
from CFD analysis, which is called reference data and will
be compared to the morphing airfoils, will be presented. Fol-
lowing the validation of reference data for both symmetrical
and asymmetrical airfoils, a new set of reference data was
developed using CFD for a new set of attack angles ranging
from − 10° to 15°; this new set of attack angles will also be
comparable to the morphing wing configurations. The new
reference data for NACA 2415 and NACA 0012 based on the
new AOAs are shown in Tables 6 and 7.

4.3 CFD Limitation

The CD is expected to be higher due to the induced drag pro-
duced by finite wing spans [25]. Post fluent verification, the
reference data considered includes theCD generated from the
reference airfoils. The AOA range for each designed morph-
ing airfoil will be within the stall angle. CFD simulation will
be similar to wind tunnel testing and ANSYS is a CFD tool
used to generate CL and CD results and evaluate the percent-
ages of difference with reference airfoils [24]. 3D wing in
CFD simulation provides more realistic and accurate results
compared to the 2D airfoil. CFD simulation of a 2D airfoil
provides limited results and could not cover some aspects of
3D finite wing or wing-like trailing vortices and also when
simulation undergoes turbulent flow [26, 27]. The reference
airfoils scaled down to a chord length of 1 m, based on basic
similarity rule and Reynolds number can be higher consider-
ing the speed of the inlet velocity is under the subsonic speed
limit [21, 22].

5 Morphing Trailing Edge Airfoil CFD Results

The CL and CD results were reviewed to identify aero-
dynamic efficiency. The generated data from the designed
airfoils showed betterCL andCL/CD than the reference data.
Based on the comparison, the aerodynamic performance of
an optimal airfoil wing configuration was identified. Opti-
mal morphing configurations based on individual morphing
concepts are identified, and both concepts are combined to
obtain a hybrid airfoil optimal for a flight phase. The hybrid
morphing airfoils undergo wind tunnel testing for further
investigation to understand the implication of multiple opti-
mal concepts in an airfoil. The aerodynamic results were
compared in the same way with the reference airfoil and
showed improved performance.
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Fig. 13 CL result of fluent
verification NACA 2415 at
Reynolds number 303100
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Fig. 14 CL result of fluent verification NACA 0012 at Re � 303,100 compared with reference data

5.1 Trailing EdgeMorphing for Asymmetric Airfoil
NACA 2415

The CFD analysis established some distinguished findings
for trailing morphing for NACA 2415. This helped narrow
down the significant design points or wing configurations
preferred for the specific flight phases. Table 4 was used to
fulfill the requirement of CL and CD results and to find the
design points preferred for the flight phases. But initially,
it started with an individual assessment of each morphing
distance or bending distance based on chord location. The
CFD results were evaluated individually for each location to
determine the effect of the bending angle or morphing angle
on the CL and CD.

There are two versions of the graph of the CL. Figure 15
shows the original version of the CL graph for trailing edge
morphing, according to Fig. 3. In Fig. 15, the x-axis is the
morphing angle, and the y-axis is the CL, and each line
represents the AOA. From this graph, able to identify how
changing the bending angle affects theCL at eachAOA.Now

another graph in Fig. 16 shows similar data except the x-axis
is the AOA and each line represents a bending angle. When
compared to the graph in Fig. 15, this graph facilitates the
comparison. The CL results on the graph were assessed for
eachmorphing distance to clearly understand the variation of
morphing distance and other morphing parameters included
in the graph in Fig. 16, which showed a clear pattern.

Individual evaluation of trailing edge morphing in NACA
2415 provided important and useful findings regarding mor-
phing parameters. According to the results of the CL, when
the bending angle increases or bends clockwise, the CL also
increases. A review of the results reveals that the CL of the
positive trailing edge rose in comparison to the reference
NACA 2415 airfoil, whereas the CL of the negative trailing
edge decreased. This tendency is noticeable for a range of
attack angles, which are typically between − 5° and 10°. As
a result, when the wing is approaching stall, this occurrence
is both significant and consistent. At this range, identifying
the maximum and lowest coefficients will be easy and can be
used to input probable wing shapes for the preferred flight
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Fig. 15 CL result plotted graph
of NACA 2415 trailing edge at
morphing length at 60% of chord
location
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Fig. 16 NACA 2415 CL results
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phases, as shown in Table 4. This indicates that a satisfactory
CL can be achieved for a broad range of morphing bending
angles.

Upon additional evaluation of trailing edge morphing
bending, it was determined that position played a significant
role in the CL. Typically, the CL of NACA 2415 for trailing
edge morphing at a chord point of 50% was greater than at a
chord location of 90%. Table 8 shows the percentage differ-
ence between trailing edge morphing at 90% chord location
and other chord position comparisons at 90% chord location
for 0° AOA and significant morphing bending angles. This
makes it easier to select the wing designs with the optimum
performance with an AOA of 0° for all chord points. All per-
formance data for CL for alternative wing designs were also
analyzed.

The variation for the CD result is very significant but
decrease inCD was foundwhenmorphing trailing edge bend-
ing took place. Figure 17 shows theCD formorphing bending
at 90% of the chord location for NACA 2415. Table 9 is used
to measure the percentage difference in CD based on morph-
ing chord location.

To fully analyze the CD, Table 10 was formed to fully
understand the percentage difference of the CD for all wing
configurations and also the reduction of drag compared with
the CFD reference. The design points that are highlighted in

Table 10 showed reduced CD. Due to induced drag caused
by a finite wing, the CD is higher compared to the actual
reference data [23, 25, 26]. Despite the induced drag, the
negative percentage difference can be used to narrow the
down-wing configuration for reduced drag. It will also be
easier to narrow down the reduced drag required by the flight
phases.

Subsequently, a CL/CD was measured to identify the
design points or wing configurations significant for fuel
usage. Table 11 shows the CL/CD for the AOA, and the high-
lighteddesignpoints show the increasedCL/CDperformance
compared with the reference. Table 12 shows a similar table
to Tables 8 and 9 to show the changes in the CL/CD ratio for
morphing bending locations at 0°.

According to Table 10, the CD decreases when trailing
edge bending occurs. At 0° of attack, the lower CD results are
found for bending locationwhen the chord locationgoes from
90 to 70%. For AOA above 0°, a lower CD can be achieved.
Based on Table 10 drag improvement was found for wing
configurations with trailing edge bending angles from− 5 to
− 45°, but it is very significant when the TE bending angle
is between − 5° and − 35° for all bending chord locations.
Within that range, the CD increases significantly when the
bending location changes.
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Fig. 17 CD result plotted graph
of NACA 2415 trailing edge at
morphing length at 90% of chord
location
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Fig. 18 CL result plotted graph
of NACA 0012 trailing edge at
morphing length at 90% of chord
location
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Fig. 19 CL result plotted graph
of NACA 0012 trailing edge at
morphing length at 60% of chord
location
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Variation exists, however, in terms of the CL/CD ratio
and position of morphing bending. Despite the complexity,
all design points were evaluated based on each AOA loca-
tion concerning the intended flight phase. Tables 8, 9, 10,
11, 12 are utilized to determine the ideal wing configuration
for the chosen flight phase. For instance, in the cruise flight
phase, according to Tables 3 and 4, wing configurations with
reduced drag at zero AOA qualified as the ideal wing con-
figurations for the cruise flight phase. Table 10 trailing edge

morphing of NACA 2415 wing configurations with a morph-
ing bending angle of− 5° and chord location ranging from90
to 70% qualify for the cruise flight range, which consists of
three wing configurations. Table 13 shows the optimal wing
configurations of the trailing edge morphing of NACA 2415
for the cruise flight range, with an illustration of a morphing
airfoil in Fig. 18.

Primarily, a significant increase in CL/CD will be con-
sidered to determine the potential wing configurations for
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Fig. 20 CD result plotted graph
of NACA 0012 trailing edge at
morphing length at 50% of chord
location
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Fig. 21 NACA 2415 morphing trailing edge length at 70% of chord for
− 5° bending angle

Fig. 22 NACA 2415 trailing edge morphing length at 80% of chord for
15° bending angle

NACA 2415 trailing edge morphing, providing optimal per-
formance for the climbing phase. Table 14 shows all the
optimal wing configurations for the climbing flight phase.
Figures 19, 20, 21, 22, 23, 24, 25 show wing configurations
showing optimal CL/CD performance at each AOA, provid-
ing significant climbing flight-phase improvement.

For the take-off phase of flight, themaximum takeoff angle
can range from 10° to 15°. Assessing Tables 10 and 11 for
the increased CL/CD, followed by lower drag to allocate the
optimalwing configuration for optimal take-off performance.
Having these two criteria will reduce takeoff distance, lower
fuel consumption, and provide a quicker and more reliable
takeoff. Table 15 displays the best NACA 2415 trailing edge
morphing wing configurations for the take-off flight phase.

For the descending and landing flight phases, the require-
ment is an increase in CD and a negative CL. Based on theCL
assessment, when the trailing edge bending goes anticlock-
wise, the CL decreases, as shown in Figs. 15 and 16, and the
CD increases as well. For AOA below 0°, all the wing config-
urations of the NACA 2415 trailing edge morphing bending

Fig. 23 NACA 2415 trailing edge morphing length at 90% of chord for
25° bending angle

Fig. 24 NACA 2415 trailing edge morphing length at 70% of chord for
5° bending angle

Fig. 25 NACA 2415 trailing edge morphing length at 80% of chord for
5° bending angle

angle range from − 5° to − 45° and are also applicable for
all trailing edge bending locations. Overall, optimal NACA
2415 trailing edgemorphing wing configurations for optimal
flight performance were identified.

5.2 Trailing EdgeMorphing for Symmetric Airfoil
NACA 0012

Similarly, a CFD experiment was conducted on NACA 0012
for the trailing edgemorphing concept. For the same range of
attack angles, theCL andCD both increased and decreased in
a similar pattern. Figures 26 and 27 demonstrate that the CL
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Fig. 26 NACA 2415 trailing edge morphing length at 50% of chord for
− 5° bending angle

Fig. 27 NACA 2415 trailing edge morphing length at 60% of chord for
− 5° bending angle

Fig. 28 NACA 2415 trailing edge morphing length at 70% of chord for
− 5° bending angle

findings for the two CL graph types are comparable, while
Fig. 28 shows the CD results. However, the fluctuation of the
CL began when the AOA exceeded 5°. The NACA 0012 air-
foil was evaluated similarly for each AOA at each morphing
location (see Tables 8, 9, and 13). The effect of the morphing
bending angle and morphing location is identical to that of
NACA 2415.

To determine the best wing configuration for the NACA
0012 during preferred flight phases, percentage differences in
CD and CL/CD are calculated, along with other assessments
similar to the NACA 2415. Table 16 displays the percentage
differences in CD results when compared to the reference
CFDNACA0012data. Identifying the aerodynamically opti-
mal wing configuration, Table 17 shows the CL/CD ratio
compared with the reference NACA 0012.

After analyzing the entire data set, the optimal wing con-
figurations for NACA 0012 trailing edge morphing were
identified. According to Table 18, there is no improvement
in CD for cruise fight when it comes to trailing edge bend-
ing and morphing location. The CD significantly increased
despite the increase in CL, therefore the NACA 2415, which
is an asymmetric airfoil, showed better cruise performance
compared to the NACA 0012. This proves that trailing edge
morphing for the cruise flight phase, NACA2415 is preferred
over NACA 0012.

But despite this case, the optimal wing configuration for
NACA 0012 was identified for climbing flight and takeoff
flight phases using similar assessments used for NACA 2415

Fig. 29 NACA 0012 trailing edge morphing length at 90% of chord for
5° bending angle

Fig. 30 NACA 0012 trailing edge morphing length at 70% of chord for
5° bending angle

Fig. 31 NACA 0012 trailing edge morphing length at 80% of chord for
− 5° bending angle

Fig. 32 NACA 0012 trailing edge morphing length at 60% of chord for
− 5° bending angle

trailing edge morphing wings, as shown in Tables 19 and
20, respectively. For the climbing flight phase, increments
of CL/CD ratio were used to identify optimal wing config-
urations for the flight, and for the takeoff flight phase, both
CL/CD and CD were considered to determine the optimal
designs of the NACA 0012 trailing edge morphing wing.
Also, for the descending and landing flight phases, NACA
0012 showed a similar pattern, with all the wing configura-
tions ofNACA0012having a trailing edgemorphing bending
angle ranging from − 5° to − 45° and applicable for all
trailing edge bending locations. Figures 19, 20, 21, 22, 23,
24, 25 show wing configurations showing optimal CL/CD
performance at each AOA, providing significant climbing
flight-phase improvement.

The trailing edge morphing concept appeared to have
some similarities and differences between asymmetrical and
symmetrical airfoils. The asymmetric NACA 2415 trailing
edge morphing modification has a positive impact on the
cruising flight phase because the CD is reduced at 0° AOA.
Based on Table 21, a comparison was made between the
symmetric and asymmetric airfoils chosen for this research.
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Fig. 33 NACA 0012 trailing edge morphing length at 50% of chord for
− 5° bending angle

Overall, trailing edgemorphing on a trailing edge is preferred
for asymmetric airfoils compared to symmetric airfoils. But
in terms of climbing, descending, takeoff, and landing flight
phases, both types of airfoils are suitable.

6 Conclusion

NACA 2415 showed lowerCD results for trailing edge bend-
ing at 0° of attack at morphing bending locations from 90
to 70% of the chord, improving cruise flight phase overall.
NACA 2415 had the best cruise flight wing configurations
with a morphing bending angle of − 5° and bending loca-
tion of 90–70% of the chord. NACA 2415 was better for
this phase because NACA 0012 did not improve CD. For
climb and takeoff flight performance improvement, trail-
ing edge morphing wings with better CL/CD at each AOA

improved climbing flight. Trailing edge morphing configu-
rations identified optimal takeoff wing configurations with
increased CL/CD and lower drag. Possible and improved
landing flight phase CL results dropped when the trailing
edge bent anticlockwise, which meets descending and land-
ingflight-phase requirements for increasedCD anddecreased
CL. The optimal configurations and aerodynamic perfor-
mance, the extensive CFD simulations (over 1000 design
points) showed the potential to save time and money in the
design process. Similar CFD or wind tunnel testing methods
are recommended for other airfoils. Morphing wing design
usingX-FOIL, JavaFoil, or other computer-aided design soft-
ware and basing length or position on wing chord length can
save time andmoney. Findings on aerodynamic-performance
enhancements can help implement trailing edge morphing
technology in conventional wings for fuel-efficient commer-
cial and civil aircraft.

Appendix: Tables

See Tables 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16,
17, 18, 19, 20, 21.

Table 1 Key finding of wind-tunnel the experiment of morphed FX63-137 at Re � 1 × 106

Angle of attack
(Deg.)

Morphing angle θ showed
improved performance than
the reference value

Morphing angle showed
lower CL performance than
the reference value

Estimated maximum
percentage of CL
improvement

The minimum percentage
of CL l reduced

0 θ > 13 0 < θ < 13 25% Below 10%

5 θ > 12 0 < θ < 12 35% Below 10%

10 θ > 10 None 15% none

16 None None None None

20 None None None none
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Table 4 Percentage difference requirements of the aerodynamic results of morphing airfoil compared to reference airfoil for each flight phase

Required by flight
phase

AOA Highest positive Cl
difference

Highest negative
CD difference

Highest positive CD
difference required

Highest positive
CL/CD required

Cruise At 0° angle of
attack

Not required Required Not required Not required

Take-off Stall angle range Secondary Primary Not required Primary

Climbing Stall angle range Secondary Secondary Not required Primary

Decent and landing Stall angle range Not required Not required Primary Not required

Table 5 Tabulated result of CL
result of fluent verification
NACA 2415 at Reynolds number
303100

AOA/° CL from reference data for
NACA2415 [23]

CL from CFD simulation Percentage difference (%)

− 4.87° − 0.263 − 0.30522 4.22

− 3.43° − 0.139 − 0.16769 2.87

− 1.79° 0.017 − 0.01041 2.74

− 0.29° 0.165 0.161737 0.33

1.25° 0.344 0.318106 2.59

2.82° 0.541 0.479688 6.13

4.35° 0.72 0.629845 9.02

5.87° 0.853 0.785902 6.71

7.41° 0.96 0.925433 3.46

8.92° 1.051 1.060511 − 0.95

10.44° 1.13 1.191561 − 6.16

Table 6 New reference data for
NACA 2415 3D wing AOA/° CL from CFD simulation for reference point CD from CFD simulation for reference point

− 10° − 0.5927 0.0500

− 5° − 0.3090 0.0262

− 2.5° − 0.0495 0.0221

0° 0.2304 0.0211

2.5° 0.5052 0.0234

5° 0.7661 0.0285

7.5° 0.9720 0.0369

10° 1.1042 0.0490

12.5° 1.1249 0.0782

15° 1.0964 0.1235
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Table 7 New reference data for
NACA 0012 3D wing AOA CL from CFD simulation for reference point CD from CFD simulation for reference point

− 10° − 0.7265 0.0984

− 5° − 0.5496 0.0224

− 2.5° − 0.2864 0.0169

0° − 0.0083 0.0153

2.5° 0.2695 0.0169

5° 0.5324 0.0224

7.5° 0.7400 0.0339

10° 0.7967 0.1342

12.5° 0.6364 0.1217

15° 0.7031 0.2304

Table 8 Percentage difference of CL for NACA 2415 trailing edge morphing bending angle compared to 90% chord location at 0° AOA

Trailing edge morphing
location/type of data compared
with (%)

Data compared with Morphing bending angle

− 25
(%)

− 15
(%)

− 5 (%) 5 (%) 15
(%)

25
(%)

35
(%)

90 (Compared with reference
data)

− 302 − 217 − 79 67 194 267 329

80 90 chord location 69 104 − 205 25 33 25 26

70 90 chord location 108 177 − 353 44 57 38 44

60 90 chord location 128 229 − 469 58 76 47 57

50 90 chord location 145 270 − 565 70 90 53 68

Table 9 Percentage difference of CD for trailing edge morphing bending angle compared to 90% chord location at 0°

Trailing edge morphing
location/type of data compared
with (%)

Data compared with Morphing bending angle

− 25
(%)

− 15
(%)

− 5
(%)

5 (%) 15
(%)

25
(%)

35
(%)

90 (Compared with CFD reference
data)

32 7 − 3 2 22 56 95

80 90 chord location 44 14 1 4 22 52 70

70 90 chord location 100 32 2 8 45 112 160

60 90 chord location 169 53 4 11 69 191 283

50 90 chord location 258 75 5 14 93 291 446
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Table 10 Percentage difference
of CD results for NACA 2415
trailing edge morphing

Morphing Bending angle/°AOA/° 45 -35 -25 -15 -5 5 15 25 35 45
-10 188% 148% 73% 28% 2% -18% -29% -25% -17% -7%

-5 139% 97% 61% 29% 4% -9% -11% 7% 31% 59%

-2.5 130% 89% 51% 20% 1% -4% 5% 32% 65% 102%

0 106% 68% 32% 7% -3% 2% 22% 56% 95% 136%

2.5 67% 37% 9% -8% -8% 6% 32% 69% 108% 148%

5 32% 11% -11% -18% -10% 9% 37% 73% 109% 146%

7.5 5% -8% -23% -24% -11% 10% 38% 72% 108% 139%

10 -9% -17% -28% -27% -9% 14% 42% 78% 114% 155%

12.5 -27% -32% -41% -37% -17% 7% 32% 106% 110% 148%

15 -33% -39% -44% -42% -20% 7% 35% 63% 149% 151%

-10 390% 243% 140% 133% 8% -23% -39% -21% 10% 41%

-5 323% 223% 135% 60% 10% -12% -6% 52% 121% 195%

-2.5 324% 217% 122% 45% 4% -4% 20% 101% 184% 278%

0 286% 183% 91% 22% -2% 6% 49% 137% 232% 335%

2.5 214% 126% 47% -4% -10% 13% 67% 151% 243% 343%

5 139% 73% 2% -23% -15% 17% 73% 147% 233% 323%

7.5 76% 25% -26% -34% -18% 19% 71% 138% 218% 301%

10 30% -5% -41% -38% -17% 22% 68% 149% 243% 367%

12.5 -17% -35% -55% -46% -26% 18% 49% 172% 217% 299%

15 -42% -47% -62% -47% -25% 14% 50% 141% 239% 311%

-10 917% 598% 251% 103% 19% -28% -45% -10% 54% 125%

-5 608% 393% 217% 101% 17% -14% 0% 106% 239% 386%

-2.5 593% 380% 207% 75% 9% -4% 37% 176% 336% 523%

0 527% 328% 165% 41% -1% 10% 77% 231% 408% 612%

2.5 405% 236% 99% 4% -12% 19% 104% 249% 417% 615%

5 275% 146% 35% -23% -19% 24% 113% 242% 396% 573%

7.5 167% 74% -18% -39% -22% 27% 110% 226% 366% 536%

10 89% 27% -43% -47% -21% 33% 109% 231% 380% 577%

12.5 11% -22% -62% -56% -29% 27% 90% 228% 383% 609%

15 -32% -50% -71% -59% -30% 29% 84% 240% 347% 520%

-10 1373% 914% 374% 202% 29% -32% -48% -4% 111% 233%

-5 1529% 628% 333% 151% 23% -16% 9% 177% 388% 641%

-2.5 971% 597% 317% 114% 13% -3% 55% 274% 540% 857%

0 862% 521% 256% 63% 1% 13% 106% 354% 647% 998%

2.5 669% 386% 171% 16% -13% 24% 146% 379% 663% 997%

5 468% 250% 91% -19% -21% 31% 165% 365% 628% 926%

7.5 298% 141% -4% -40% -26% 36% 160% 343% 596% 871%

10 173% 65% -39% -51% -26% 46% 150% 361% 651% 987%

12.5 56% -7% -64% -63% -35% 38% 137% 426% 605% 975%

15 -8% -45% -76% -68% -32% 38% 123% 353% 540% 743%

-10 1979% 1254% 672% 341% 42% -35% -49% 7% 184% 383%

-5 1853% 969% 487% 213% 29% -17% 19% 243% 583% 992%

-2.5 1466% 907% 455% 162% 17% -2% 74% 408% 804% 1313%

0 1308% 782% 374% 87% 2% 16% 136% 510% 965% 1518%

2.5 1021% 578% 269% 30% -13% 30% 209% 551% 992% 1517%

5 721% 382% 129% -13% -23% 38% 234% 530% 932% 1410%

7.5 464% 223% 14% -40% -29% 45% 220% 492% 869% 1317%

10 282% 113% -33% -54% -30% 59% 208% 516% 947% 1777%

12.5 115% 21% -64% -67% -40% 45% 176% 584% 942% 1365%

15 22% -35% -78% -73% -38% 40% 151% 444% 718% 1022%

= Morphing bending location at 90% of chord location

= Morphing bending location at 80% of chord location

= Morphing bending location at 70% of chord location

= Morphing bending location at 60% of chord location

= Morphing bending location at 50% of chord location

X% = Reduction of CD at low range by X%

X% = Reduction of CD at medium range by X%

X% = Reduction of CD at high range by X%
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Table 11 Percentage difference
of CL/CD for trailing edge
morphing of NACA 2415

Morphing Bending angle/°AOA/° 45 -35 -25 -15 -5 5 15 25 35 45
0 -249% -253% -252% -210% -78% 64% 141% 135% 120% 100%

2.5 -148% -143% -135% -100% -31% 22% 39% 30% 19% 8%

5 -109% -99% -88% -57% -15% 8% 10% 1% -7% -15%

7.5 -76% -64% -53% -30% -5% 4% 1% -8% -18% -23%

10 -41% -30% -29% -12% 1% 1% -5% -17% -26% -38%

12.5 11% 16% -1% 20% 17% 6% -2% -31% -30% -39%

15 26% 38% 14% 38% 20% 6% -6% -5% -46% -39%

0 -229% -247% -278% -297% -123% 97% 163% 94% 63% 42%

2.5 -156% -162% -177% -161% -51% 30% 31% 1% -15% -26%

5 -134% -134% -147% -104% -24% 9% -3% -21% -34% -43%

7.5 -120% -115% -119% -61% -6% 1% -12% -28% -40% -48%

10 -104% -90% -82% -27% 5% -4% -14% -37% -52% -65%

12.5 -71% -44% -28% 15% 30% -7% -6% -48% -48% -55%

15 0% 25% 17% 32% 32% 10% -4% -41% -52% -57%

0 -200% -220% -258% -331% -154% 119% 162% 53% 21% 1%

2.5 -148% -157% -180% -197% -66% 35% 17% -22% -37% -48%

5 -135% -139% -162% -141% -32% 9% -17% -40% -52% -60%

7.5 -129% -130% -162% -95% -10% -2% -27% -45% -57% -65%

10 -124% -120% -142% -50% 5% -11% -33% -51% -62% -71%

12.5 -120% -104% -102% 10% 31% -9% -24% -53% -64% -74%

15 -95% -58% -24% 42% 36% -15% -22% -54% -60% -68%

0 -176% -195% -229% -336% -178% 134% 151% 19% -10% -27%

2.5 -138% -148% -169% -215% -79% 38% 4% -41% -55% -63%

5 -129% -136% -156% -167% -39% 7% -32% -55% -65% -72%

7.5 -127% -133% -181% -125% -13% -7% -41% -59% -70% -76%

10 -128% -131% -183% -77% 6% -20% -42% -64% -75% -81%

12.5 -135% -135% -178% -8% 41% -17% -39% -71% -75% -82%

15 -138% -129% -123% 74% 31% -19% -35% -64% -70% -75%

0 -159% -174% -204% -332% -197% 143% 137% -8% -32% -45%

2.5 -130% -138% -155% -222% -90% 38% -14% -55% -66% -73%

5 -124% -130% -156% -184% -45% 6% -45% -66% -74% -80%

7.5 -124% -130% -187% -150% -16% -11% -53% -69% -77% -82%

10 -127% -131% -206% -103% 6% -27% -53% -73% -81% -89%

12.5 -138% -143% -236% -34% 49% -22% -47% -76% -82% -85%

15 -152% -162% -228% 69% 54% -20% -40% -68% -75% -80%

= Morphing bending location at 90% of chord location

= Morphing bending location at 80% of chord location

= Morphing bending location at 70% of chord location

= Morphing bending location at 60% of chord location

= Morphing bending location at 50% of chord location

X% = Showing positive or increased CL/CD by X%

Table 12 Percentage difference of CL/CD for NACA 2415 trailing edge morphing bending angle compared to 90% chord location at 0° AOA

Trailing edge morphing
location/type of data compared
with (%)

Data compared with Morphing bending angle

− 25
(%)

− 15
(%)

− 5 (%) 5 (%) 15
(%)

25 (%) 35 (%)

90 (Compared with reference
data)

− 252 − 210 − 78 64 141 135 120

80 90% chord location 17 79 − 204 20 9 − 18 − 26

70 90% chord location 4 110 − 347 33 9 − 35 − 45

60 90% chord location − 15 115 − 456 43 4 − 49 − 59

50 90% chord location − 32 111 − 541 48 − 2 − 61 − 69
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Table 13 Optimal wing
configuration of NACA 2415
trailing edge morphing for cruise
flight phase

AOA Percentage of drag
reduction (%)

Morphing Location Bending angle Wing design example

0 − 3 90 − 5° Figure 21

0 − 2 80 − 5°

0 − 1 70 − 5°

Table 14 Optimal wing configuration of NACA 2415 trailing edge morphing for climbing flight phase

AOA Range of increased
CL/CD/%

Morphing location/% of
chord location (%)

No of
designs

Bending angles/angle
range showing optimal
performance

Wing design example of
optimal performance for a
specific AOA

0 64–141 90 5 5° till 45° Figure 22

42–163 80 5 5° till 45°

1–162 70 5 5° till 35°

19–134 60 3 5° till 25°

143–137 50 2 5° and 15°

2.5 8–39 90 5 5° till 45° FIGURE 23

1–31 80 3 5° till 25°

35 and 17 70 2 5° and 15°

38 and 4 60 2 5° and 15°

38 50 1 5°

5 1–10 90 3 5° till 25° Figure 24

9 80 1 5°

9 70 1 5°

7 60 1 5°

6 50 1 5°

7.5 4 and 1 90 2 5° and 15° Figure 25

1 80 1 5°

10 1 90 2 − 5° and 5° Figure 26

5 80 1 − 5°

5 70 1 − 5°

6 60 1 − 5°

6 50 1 − 5°

12.5 8–20 90 5 − 45°, − 35° and − 15°
till 5°

Figure 27

15 and 30 80 2 − 15° and − 5°

10 and 31 70 2 − 15° and − 5°

41 60 1 − 5°

49 50 1 − 5°

15 6–38 90 6 − 45° till 5° Figure 28

10–32 80 5 − 35° till 5°

42 and 36 70 2 − 15° and − 5°

74 and 31 60 2 − 15° and − 5°

69 and 54 50 2 − 15° and − 5°
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Table 15 Optimal wing configuration of NACA 2415 trailing edge morphing for take-off flight phase

AOA Percentage of drag
reduction (%)

Percentage of
increased CL/CD
(%)

Morphing
location/% of
chord location

Number of wing
designs

Bending angles
showing optimal
performance

Wing design
reference of
optimal
performance for a
specific AOA

10 − 9 1 90 1 − 5° Figure 18

− 17 5 80 1 − 5°

− 21 5 70 1 − 5°

− 26 6 60 1 − 5°

− 30 6 50 1 − 5°

12.5 − 17 17 90 4 − 5° Figure 23

− 37, 20 − 15°

− 32 16 − 35°

− 27 11 − 45°

− 46 30 80 2 − 5°

− 26 15 − 15°

− 56 31 70 2 − 5°

− 29 10 − 15°

− 35 41 60 1 − 5

− 40 49 50 1 − 5

15 − 20 20 90 5 − 5° Figure 25

− 42 38 − 15°

− 44 14 − 25°

− 39 38 − 35°

− 33 26 − 45°

− 25 32 80 4 − 5°

− 47 32 − 15°

− 62 17 − 25°

− 47 25 − 35°

− 30 36 70 2 − 5°

− 59 42 − 15°

− 32 31 60 2 − 5°

− 68 74 − 15°

− 38 54 50 2 − 5°

− 73 69 − 15°
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Table 16 Percentage difference
of CD for trailing edge morphing
of NACA 0012

Morphing Bending angle/°AOA/° -45 -35 -25 -15 -5 5 15 25 35 45
-10 138% 130% 65% 55% -33% -49% -60% -60% -50% -38%

-5 236% 120% 163% 72% 31% 5% -4% 11% 46% 82%

-2.5 238% 117% 169% 67% 31% 14% 18% 52% 102% 155%

0 209% 93% 145% 46% 24% 24% 46% 95% 154% 217%

2.5 147% 53% 96% 19% 15% 31% 66% 121% 182% 249%

5 76% 11% 42% -4% 6% 31% 68% 124% 186% 247%

7.5 20% -15% 0% -18% -3% 24% 59% 181% 219% 341%

10 -62% -70% -68% -70% -54% -45% -31% 17% 113% 73%

12.5 -17% -35% -45% -5% -22% 26% 65% 67% 162% 199%

15 -25% -45% -51% -49% 24% -10% 4% 40% 77% 100%

-10 302% 166% 91% 111% -21% -53% -67% -68% -47% -30%

-5 1261% 346% 224% 123% 41% -1% -7% 51% 142% 229%

-2.5 533% 369% 231% 112% 38% 12% 31% 131% 251% 374%

0 490% 332% 198% 77% 27% 27% 77% 202% 341% 488%

2.5 374% 244% 133% 31% 12% 39% 112% 242% 380% 520%

5 229% 136% 43% -7% -1% 41% 119% 245% 363% 482%

7.5 105% 48% -18% -31% -10% 33% 106% 311% 430% 448%

10 -49% -62% -77% -76% -63% -43% 0% 114% 147% 198%

12.5 -36% -51% -65% -56% -27% 4% 84% 181% 241% 333%

15 -42% -55% -68% -48% 20% -9% 39% 96% 143% 196%

-10 513% 286% 201% 63% -13% -57% -72% -69% -30% 5%

-5 1299% 876% 363% 185% 51% -5% -3% 94% 260% 432%

-2.5 926% 618% 377% 169% 46% 11% 50% 222% 427% 671%

0 858% 563% 321% 111% 30% 31% 116% 333% 564% 876%

2.5 673% 426% 212% 48% 11% 46% 175% 386% 622% 983%

5 431% 255% 98% -3% -5% 50% 190% 390% 583% 1025%

7.5 223% 114% -4% -35% -18% 45% 365% 415% 722% 971%

10 -24% -49% -78% -80% -68% -40% 51% 133% 264% 323%

12.5 -20% -45% -74% -59% -28% 28% 109% 259% 378% 549%

15 -56% -67% -79% -64% -2% -5% 60% 145% 224% 325%

-10 804% 298% 534% 122% -3% -60% -76% -68% -7% 52%

-5 1932% 951% 1369% 267% 61% -8% 4% 153% 404% 700%

-2.5 1890% 576% 971% 246% 54% 11% 68% 317% 658% 1086%

0 1436% 476% 876% 153% 34% 34% 148% 478% 888% 1417%

2.5 1099% 327% 665% 70% 11% 53% 234% 578% 1010% 1574%

5 711% 159% 409% 4% -8% 59% 253% 556% 1003% 2251%

7.5 387% 50% 204% -36% -22% 59% 249% 522% 1028% 2059%

10 13% -77% -30% -82% -71% -19% 77% 173% 354% 569%

12.5 16% -76% -32% -73% -20% 51% 147% 320% 567% 809%

15 -42% -86% -65% -61% -32% -2% 84% 191% 336% 472%

-10 1151% 757% 406% 118% -1% -63% -78% -63% 23% 117%

-5 3371% 1985% 766% 360% 71% -10% 14% 235% 603% 1080%

-2.5 3323% 1524% 778% 344% 60% 11% 93% 460% 986% 1674%

0 2232% 1322% 670% 207% 38% 38% 196% 655% 1330% 2227%

2.5 1670% 978% 456% 96% 12% 60% 324% 736% 1536% 2992%

5 1070% 601% 247% 14% -11% 69% 343% 716% 1818% 2924%

7.5 590% 307% 39% -35% -25% 71% 329% 725% 1710% 2859%

10 58% -10% -73% -83% -73% -26% 80% 211% 511% 824%

12.5 58% -13% -75% -77% -48% 33% 196% 400% 758% 1117%

15 -24% -60% -87% -81% -29% 4% 108% 248% 450% 652%

= Morphing bending location at 90% of chord location

= Morphing bending location at 80% of chord location

= Morphing bending location at 70% of chord location

= Morphing bending location at 60% of chord location

= Morphing bending location at 50% of chord location

X% = Reduction of CD at low range by X%

X% = Reduction of CD at medium range by X%

X% = Reduction of CD at high range by X%
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Table 17 Percentage difference
of CL/CD for trailing edge
morphing of NACA 0012

Morphing Bending angle/° for NACA 0012AOA/°
-45 -35 -25 -15 -5 5 15 25 35 45

2.5 -192% -203% -198% -173% -67% 27% 71% 57% 39% 24%

5 -133% -125% -130% -90% -34% 0% 9% -5% -17% -26%

7.5 -96% -77% -87% -48% -15% -3% -4% -40% -44% -63%

10 42% 62% 74% 105% 86% 134% 80% 10% -24% -8%

12.5 -8% -26% 53% -37% 11% -24% 23% 16% -11% -24%

15 3% 13% 60% 33% 35% 9% 32% 16% 5% 1%

2.5 -180% -195% -222% -248% -99% 45% 70% 22% 2% -10%

5 -144% -150% -173% -150% -47% 4% -5% -31% -40% -46%

7.5 -133% -133% -157% -94% -20% -3% -19% -57% -59% -55%

10 -146% -120% -145% 54% 144% 107% 31% -34% -13% -37%

12.5 -53% -7% -22% 53% 53% -7% -16% -29% -31% -38%

15 48% -46% -25% 8% 13% 38% 20% -2% -5% -13%

2.5 -163% -177% -212% -283% -124% 56% 42% -6% -23% -42%

5 -139% -146% -178% -191% -59% 5% -27% -48% -54% -69%

7.5 -136% -142% -196% -140% -23% -7% -70% -60% -72% -75%

10 -199% -203% -368% -49% 165% 106% -14% -37% -41% -47%

12.5 -163% -144% -220% -5% -2% 30% -23% -39% -44% -53%

15 -83% -18% -60% 16% 62% 31% 5% -12% -19% -30%

2.5 -148% -191% -161% -294% -143% 62% 27% -27% -47% -59%

5 -131% -173% -140% -216% -69% 5% -36% -58% -71% -86%

7.5 -132% -171% -139% -178% -28% -14% -55% -65% -79% -88%

10 -203% -508% -224% -165% 170% 55% -7% -20% -51% -61%

12.5 -195% -442% -204% -4% 59% -17% -27% -43% -55% -62%

15 -213% -351% -209% 47% -17% 27% 2% -18% -33% -42%

2.5 -137% -148% -176% -290% -158% 65% 3% -38% -62% -76%

5 -126% -133% -159% -228% -78% 3% -49% -65% -83% -87%

7.5 -128% -135% -210% -205% -33% -18% -64% -74% -87% -90%

10 -196% -221% -560% -276% 180% 67% -4% -38% -60% -69%

12.5 -201% -228% -577% -76% 138% 4% -33% -48% -62% -69%

15 -249% -294% -675% -23% 52% 23% -7% -26% -42% -52%

= Morphing bending location at 90% of chord location

= Morphing bending location at 80% of chord location

= Morphing bending location at 70% of chord location

= Morphing bending location at 60% of chord location

= Morphing bending location at 50% of chord location

X% = Showing positive or increased CL/CD by X%

Table 18 Percentage difference of CD for NACA 2415 trailing edge morphing bending angle compared to 90% chord location at 0°

Trailing edge morphing
location/type of data compared
with (%)

Data compared with Morphing bending angle

− 25
(%)

− 15
(%)

− 5
(%)

5 (%) 15
(%)

25
(%)

35
(%)

90 (Compared with CFD reference
ata)

145 46 24 24 46 95 154

80 90% chord location 21 53 56 55 52 35 37

70 90% chord location 38 88 97 95 84 53 61

60 90% chord location 82 112 128 127 112 70 78

50 90% chord location 55 125 153 153 129 79 93
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Table 19 Optimal wing configuration of NACA 0012 trailing edge morphing for Climbing flight phase

AOA Range of increased
CL/CD/%

Morphing location/% of
chord location (%)

No of
designs

Bending angles/ angle
range showing optimal
performance

Wing design of maximum
performance for a specific
AOA

2.5 24–71 90 5 5° till 45° Figure 29

2–70 80 3 5° till 25°

56 and 42 70 2 5° and 15°

27 and 67 60 2 5° and 15°

65 and 3 50 2 5° and 15°

5 9 90 1 15° Figure 30

4 80 1 5°

5 70 1 5°

5 60 1 5°

3 50 1 5°

10 10–134 90 8 − 45° till 25° Figure 31

31–144 80 4 − 15° till 15°

165 and 106 70 2 − 5° and 5

170 and 55 60 2 − 5° and 5

180 and 67 50 2 − 5° and 5

12.5 53, 11,23 and 16 90 4 − 25°,− 5°, 15° and 25° Figure 32

53 80 1 − 15° and − 5°

30 70 1 5°

59 60 1 − 5°

138 and 4 50 2 − 5° and 5°

15 1–60 90 10 − 45° till 45° Figure 33

8–48 80 5 − 45°, − 15 till 15°

5–62 70 4 − 15° and − 5°

47, 271 and 2 60 3 − 5°, 5 and 15°

52 and 23 50 2 − 5° and 5°
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Table 20 Optimal wing configuration of NACA 0012 trailing edge morphing for take-off flight phase

AOA Percentage of drag
reduction

Percentage of
increased CL/CD

Morphing
location/% of
chord location

Bending angles
showing optimal
performance

Number of wing
designs

Wing design
reference of
optimal
performance for a
specific AOA

10 − 62% 42% 90 − 45 7 Figure 29

− 70% 62% 90 − 35

− 68% 74% 90 − 25

− 70% 105% 90 − 15

− 54% 86% 90 − 5

− 45% 134% 90 5

− 31% 80% 90 15

− 76% 54% 80 − 15° 3

− 63% 144% 80 − 5°

− 43% 107% 80 5°

− 68% 165% 70 − 5° 2

− 40% 106% 70 5°

− 71% 170% 60 − 5° 2

− 19% 55% 60 5°

− 73% 180% 50 − 5° 2

− 26% 67% 50 5°

12.5 − 45% 53% 90 − 25° 2 Figure 31

− 22% 11% 90 − 5°

− 56% 53% 80 − 15° 2

− 27% 53% 80 − 5°

− 20% 59% 60 − 5° 1

− 48% 138% 50 − 5° 1

15 − 25 3 90 − 45° 4 Figure 33

− 45 13 90 − 35°

− 51 60 90 − 25°

− 49 33 90 − 15°

− 42 48 80 − 15° 3

− 48 8 80 45°

− 9 38 80 5°

− 64 16 70 − 15° 3

− 2 62 70 − 5°

− 5 31 70 5°

− 61 47 60 − 15° 2

− 2 27 60 5°

− 29 52 50 − 5° 1
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Table 21 Findings and comparisons of trailing edge morphing for NACA 2415 and NACA 0012

Flight phase Total number of optimal
wing
configuration/preferred
designs

Wing design Reference of
NACA 2415 for optimal
performance

Wing design Reference of
NACA 0012 for optimal
performance

Findings

Cruise NACA 2415: 3 Figure 18 None At zero AOA, NACA
2415 showed 3
potential wing
configurations showed
drag reduction, while
NACA 0012 showed
no improvement for the
cruise flight phase.
Asymmetric airfoil has
a better impact when
the trailing edge
morphing concept
applied for the cruise
flight phase

NACA 0012: 0

Climbing flight phase NACA 2415: 77 Figure 19 Figure 29 Both symmetric and
asymmetric airfoils
showed significant
improvement in the
climbing flight phase

NACA 0012: 70

Take-off flight phases NACA 2415:30 Figure 23 Figure 31 Both symmetric and
asymmetric airfoils
showed significant
improvement in the
take-off flight phase

NACA 0012:35

descending and landing
flight phase

bending angle ranging
from − 5° till − 45°,
for all morphing
bending location

Figure 25 Figure 32 Both symmetric and
asymmetric airfoils
showed significant
improvement for the
descending and landing
flight phase
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