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Abstract

This study proposes a novel design concept of SMA wire technology that is applied to an Eppler E397 morphing airfoil. The
study suggests replacing a conventional flap like structure which is typically located at 75% chord with a smooth geometry
morphing flap positioned at 65% chord. The morphing flap is assumed to be actuated by a shape memory alloy wire and
compliant structure mechanism instead of a conventional hydraulic system. The design concept is studied and verified by
conducting a finite element analysis to check the structural integrity. A parametric study was then conducted on the number
and position of the wire within the airfoil to investigate the amount of downward deflection that can result from the proposed
mechanism. As a result, the amount of deflection angle increased directly as the position of the wire approached the upper
surface of the airfoil (up to 8.2°). In addition, aerodynamic parameters resulting from the deflected geometries were evaluated
using Athena vortex lattice methods (AVL) and then compared to a conventional airfoil with hinged flap-like-structure. The
results showcased an increase in lift coefficient, a decrease in drag coefficient, and enhanced aerodynamic efficiency of the

morphing flap-like-structure.

Keywords Aerodynamic - Corrugated - FEM - Morphing - SMA

1 Introduction

In aims of achieving a wide range of flight regimes and to
enhance overall performance, researchers have been study-
ing and investigating morphing structures that can easily
shapeshift and change their geometries without the dis-
advantage of having discontinuities or sharp bend angles.
Conventional control surfaces such as flaps, slats, or ailerons
usually come with disadvantage of having kinks and sharp
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bend angles [1]. Morphing aircraft structures have the advan-
tage of creating smooth continuous geometry changes while
contributing in reducing the overall weight of the wing as
well as providing enhanced aerodynamic performance [2—4].
A variable camber within an airfoil can have the ability to
enhance aerodynamic efficiency which consequently results
in an effective reduction of fuel consumption.

Different types of morphing concepts and design propos-
als were both studied theoretically and experimented with
in several previous studies in aims of achieving improved
flight efficiency [5—8]. Morphing structures need to possess
the stiffness to bear external loads and enough flexibility
to introduce smooth geometry changes, therefore, advanced
materials that have impressive characteristics are usually
used to cover both constraints. Morphing structures or design
concepts are grouped with other supporting mechanisms that
can aid in weight reduction and flexibility of the structures.
In most cases, linear actuators or compliant mechanisms are
integrated within the design. A very common type of linear
actuators or smart materials that are used within the morphing
field, are shape memory alloys (SMAs).

Shape memory alloys have the advantage of existing in
two phases, namely martensite and austenite where they can
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exhibit impressive mechanical characteristics such as supere-
lasticity or shape memory effect. Additionally, they have
the ability to recover large strains up to 8% and can han-
dle large stresses as well [13, 30]. Shape memory alloys
are mainly controlled by their four transformation temper-
atures and depending on which temperature they are loaded
and unloaded at the respective behavior is presented [9, 10].
Surely using SMA as an actuating mechanism is promising
since it can replace the use of conventional hydraulics and
mechanical joints [11]. Using only a wire as the actuating
mechanism can greatly affect weight of the structure as men-
tioned in [12]. Because of their benefits, SMAs have been
thoroughly studied and implemented in the aerospace indus-
try as a linear actuator that can be used to morph the airfoil
into the desired altered configuration.

For instance, Almedia et al. [13] studied the possibility
of designing a morphing rib with a base airfoil of NACA
0012 that can be actuated by a trained NiTi shape mem-
ory alloy that can exhibit the two-way-shape memory effect.
The study used two different lengths of wires to investigate
the amount of deflection the trailing edge can exhibit con-
sequently then studied the aerodynamic performance of the
cambered configurations, where the results showed better
aerodynamic performance. Ko et al. [14] proposed the use
of a SMA spring instead of a wire along with the use of
multiple elements grouped together in which it allows rele-
vant movements hence allowing the airfoil to camber. The
proposed mechanism showcased impressive aerodynamic
enhancements of up to 72% increment in the lift-to-drag ratio
compared to the conventional mechanized flap. Moreover,
the use of compliant structures, which can provide flexible
and elastic deformations, are also concentrated on since it
provides the airfoil structure enough stiffness to bear external
loads in direction of span and flexibility in chord direction.
Corrugated structures have the ability to bear high loads
which can be supported by its stiffness and have the abil-
ity to smoothly deform in the chord direction, hence is why
they are studied and used in some morphing airfoil applica-
tions. Woods et al. [15] implemented the concept of using
a bio-inspired compliant structure similar to that of a fish
(FishBAC). The integrated structure resembled the skeletal
structure of a fish and allowed the airfoil to deform its trailing
edge smoothly. Experimental testing showcased a significant
increase in lift-to-drag ratio compared to the conventional
airfoil. Corrugated structures were used both in the trailing
edge and leading edge of a cambered morphing airfoil which
was designed by Takahashi et al. [16], in which wind tunnel
testing proved enhanced aerodynamic performance.

Very few studies have implemented the use of both shape
memory alloy along with corrugated structures. Addition-
ally, most studies focus on designing symmetrical airfoil
structures. Therefore, in this present study, the conceptual
feasibility of a camber morphing airfoil design that intends

to use both a shape memory alloy wire grouped with corru-
gated structures to imitate the deflection of a conventional
hinged flap is investigated. The main aim is to shift the loca-
tion of the conventional hinged flap to a morphing flap that is
mechanized by a wire-pulling mechanism while simultane-
ously being supported by corrugated structures in the trailing
edge. The design is implemented on an unsymmetrical base
airfoil, where the design is verified by finite element analysis.
Additionally, a parametric study is done on the number and
positions of wires that can affect the amount of deflection cre-
ated by the proposed mechanism. After that, the position of
the wire that had the most effect on the resulting deflections
were then implemented and the resulting deflected config-
urations with their respective angles were studied by using
Vortex Lattice Methods. The study done on the morphing flap
using Vortex Lattice Methods aims to evaluate the enhance-
ment of aerodynamic parameters compared to that of ahinged
plain flap structure.

The main aim of this study is to investigate morphing cam-
ber concepts using SMA and corrugated structure to improve
aerodynamic performance of an aircraft. Therefore, the paper
will be organized as follows, the proposed design concept
along with the numerical model of the designed morphing
airfoil as well as preliminary results and the parametric study
is described in Sect. 2. The aerodynamic analysis and the
methodology used to compare the enhancement in aerody-
namic parameters is described in Sect. 3. Finally, in Sect. 4,
conclusion and ending remarks are provided.

2 Methodology and Numerical Methods
2.1 Design Concept

The airfoil model used for this study is Eppler e397 with
1-m chord, which has a maximum thickness ratio of 13.5%
and a camber ratio of 5.3%. The Eppler €397 airfoil is typi-
cally used for human powered aircrafts (HPAC) as they have
high camber and a high maximum lift coefficient [29]. A
typical plain flap is usually located at 75% chord position
[17] which is used to alter the camber when deflected down-
wards. Additionally, the rear spar in a typical wing is located
at about 65-75% chord [33], therefore, the design imple-
mented the idea of placing the beginning of the morphing
section at exactly 65% chord. Although the morphing flap
could have been placed at the same exact location as a typi-
cal main flap, the earlier shift of the morphing section should
allow the structure to have the required seamless bend as well
as provide more surface area that can bend downwards when
deflected allowing a smooth flow transition.

The 3D model was then created in a Computer Aided
Design software (Autodesk Inventor) with the required
design constraints. The drawn airfoil had a 1-m chord and
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Fig. 1 Schematic view of the
designed morphing airfoil
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Table 1 Geometric dimensions of the morphing airfoil

Parameters Dimension
Chord 1000 mm

Cross section area 1.5 mm x 50 mm
Radius of corrugated structure 12.5 mm
Diameter of corrugated structure 25 mm

Length of horizontal flat plate (93.5-100%) 65 mm

Number of semi-circular sections 12

Length of morphing section 350 mm
Thickness of corrugated structures 1.5 mm

Fig.2 Schematic view of the morphing section

a rib-cross section of the whole wing is being considered to
test the structural integrity and feasibility of the design in
FEA. As indicated in Table 1, the drawn airfoil design has
an extrusion length of 50 mm and skin thickness of 1.5 mm
as seen in Fig. 1. The morphing section starts from 65%
chord till 100% chord; however, the corrugated structures
were designed to start at 65% chord till about 93.5% chord
then an additional flat plate structure with length of 65 mm
was added from 93.5 to 100% chord to increase structural
rigidity and prevent the end of airfoil from heavily deforming
when it is deflected downwards. The very end of the trailing
edge part can be considered as a rigid part, as seen in Fig. 2.
The corrugated structures are made of uniform semicircular
cross section joined continuously with flat vertical plate sec-
tions. The diameter of each semi-circle was set to be 25 mm
and the spacing between each 2 consecutive loops is 25 mm.
The vertical plates are equally positioned at 25 mm spacing
with respect to the diameter of the semi-circular cross sec-
tions. Since the enveloped area between the upper and lower
surface is getting narrower towards the end of the airfoil, no
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more vertical plates were added.The variable lengths of the
vertical plates connecting the semi-circular loops were based
on the enveloping area between the upper surface of the air-
foil and lower surface of the airfoil, however in this study the
lower part of the airfoil surface in the morphing was not con-
sidered in the design and will rather be replaced by a sheet
made of flexible skin as [16] suggested in order to facilitate
the bending process. The morphing section does not have a
hinge axis unlike the conventional plain flap configuration,
therefore, the amount of deflection angle that it produces is
defined as 8, which is the amount of rotation the morphing
section rotates when its deflected downwards.

2.2 Morphing Mechanism and Numerical Model
2.2.1 Morphing Methodology

The proposed morphing mechanism that is suggested is as
follows, the corrugated structures in the trailing edge section
in the morphing airfoil model will act as structural support
that can help the design bear external loads and perform flex-
ible downward deflection. To actuate the morphing section
as shown in Fig. 3, a wire actuating mechanism is inserted.
The mechanism will rely on the use of a NiTi shape mem-
ory alloy wire since it has the ability to bear large amounts
of strain and return back to its pre-strained condition. An
assumed actuator as shown in Fig. 3 will be placed in the
spar located at 50% where it will be providing the needed
pulling action. The pulling mechanism alongside the addition
of corrugated structures will manage to generate a flap-like
downward deflection but with a smoother seamless bend
compared to that of a conventional hinge. The position of
the wire in Fig. 3 is an initially suggested position. It should
be noted that the finalized 3-D model that will be studied is
the one shown in Fig. 4, where the wire will be inserted dur-
ing the structural analysis and presented as beam elements,
spars and actuators were not included in the structural anal-
ysis, Fig. 3 is provided for illustration purposes.
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Fig. 4 Finalized 3D model of the proposed morphing airfoil

Table 2 Ti-50.8 at%Ni—NiTi wire material properties [22-24]

Property Value
Austenite elastic modulus (MPa) 51,700
Martensite elastic modulus (MPa) 46,000
Poisson’s ratio 0.3
Hardening parameter, H, (MPa) 145
Elastic limit, R, (MPa) 167
Temperature scaling parameter 8 (MPa C°~1) 5.6
Maximum strain (mm/mm) 0.04
Density (kgm ™) 6450
Martensite finish temperature, M (°C) — 65
Martensite start temperature, M¢ (°C) —95
Austenite finish temperature, As (°C) —55
Austenite start temperature, Ar (°C) —15
Reference temperature (°C) — 100

2.2.2 Numerical Model of the SMA Wire

Before integrating the shape memory alloy wire into the
designed airfoil model, its behavior is simply studied using a
commercial finite element method (FEM) software (ANSYS
Mechanical 2022 R2) to understand the expected behavior.
The chosen material properties that were used as a material
input in the analysis is for a NiTi (Ti-50.8 at %Ni) wire which
was taken from [22-24] and presented in Table 2. ANSYS
software, has a built-in constitutive model which is based on
the equations of Aurrichio and Petrini [18, 19] that can simu-
late the behaviors of shape memory effect and superelasticity,
given the right conditions and valid material properties and
which was also studied and verified by [20-22].

The wire like structure was presented by a solid cylindrical
geometry of 100 mm in length and 1 mm in radius and mod-
elled by 20-node 3-D quadratic solid elements seen in Fig. 5.

SMA wire

One of the cylinder ends was held fixed by a fixed support.
Since the chosen material can handle maximum recoverable
strain of 4%, a displacement condition was applied to the
other end of the wire of about 4 mm. The analysis uses a
sparse direct solver paired with a Newton—Raphson option
and starts with loading the wire with a 4 mm displacement
and held for 1 s then it is unloaded. Two main simulations
were done to understand the behavior at two loading temper-
atures the first one had a thermal condition set at reference
temperature of about 7 = 173.15 K which is also less than
the martensitic finishing temperature and defined as (S1) and
the second one had the thermal condition set to a tempera-
ture 7 = 265 K, which is higher than that of austenitic finish
temperature, at loading and unloading, defined by (S2). To
accomplish an accurate and suitable mesh size and also to
reduce computational memory and time required to run the
simulation, grid refinement tests were conducted on vari-
ous mesh sizes and total number of elements ranging from
about 2000 elements to about 11,000 elements. It was noted
that convergence was reached after 8000 elements as seen in
Fig. 5.

2.3 Numerical Analysis of the Proposed Morphing
Design

After simulating the shape memory alloy wire and under-
standing how it reacts, the structural analysis to test the
structural integrity and validity of the proposed design was
also studied by using the commercial finite element method
(FEM) software (ANSYS Mechanical 2022 R2). The struc-
tural analysis is considered a very critical step in which it
will provide information about the structure’s flexibility and
investigate the feasibility of the proposed morphing design
as well as the amount of deflection the SMA wire can achieve
as well as the effect of the position of the wire on the obtained
results. To begin the simulation first the 3D-model presented
in Fig. 4 was converted to CATIAvS [31] to be imported into
ANSYS. To integrate the wire into the 3D model, the model
was adjusted in SpaceClaim design modeler [32] where the
wire was modelled by a circular cross-sectional beam with
a radius of 1 mm. The wire was inserted through the cor-
rugated structure near the lower surface of the airfoil at an
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Fig. 6 Wire insertion position

initially selected position of 20 mm with respect to the ver-
tical Z-axis and a length of 150 mm as shown in Fig. 6. The
length of the SMA wire depended on its position. A short wire
configuration was initially chosen to cover only half of the
corrugated structure which was assumed to be sufficient to
act like the conventional flap and provide the required down-
ward deflection as shown in Fig. 6. Large deformations and
contacts between the wire and the corrugated structure are
taken into account while estimating the morphing section’s
deformation and the wire’s pulling action.

The airfoil structure was modeled by three-dimensional
10-Node structural solid elements, three-dimensional 4-node
structural shell for the corrugated structure, and 2-Node
structural beam elements for the wire. The material chosen
for the corrugated structure and the airfoil structure was car-
bon fiber (CF) with material properties listed in Table 3, the
wire had the same material properties of nickel titanium as
mentioned as listed in Table 1. Since the trailing edge is only
the part considered that will be morphing, the rest of the air-
foil starting from 0% chord till 65% chord with respect to the
leading edge was held fixed, hence fixed boundary condition
was selected as indicated by A in Fig. 7a. Next, corrugated
structures were namely bonded to the upper surface of the
airfoil at contact points as seen in Fig. 7b, hence creating a
unified structure that can move and deform together. Indi-
cated as C in Fig. 7a, one end of the wire beam was tied to

@ Springer
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Table 3 Material properties for carbon fiber
Property Values
Density (kg m—3) 1800
Poisson ratio XY 0.2
Poisson ratio XZ 0.4
Poisson ratio YZ 0.2
Tensile strength (GPa) 2.5
Young’s modulus X (GPa) 395
Young’s modulus ¥ (MPa) 6000
Young’s modulus Z (MPa) 6000
Shear modulus XY (MPa) 8000
Shear modulus XZ (MPa) 8000
Shear modulus YZ (MPa) 2142.9

the corrugated structure making the wire constrained in the
airfoil thickness direction but allowed to move in the wire
axis direction except the end of the wire. Indicated as B,
the other end of the wire namely its vertex was exposed to
a displacement in the opposite Y-direction according to the
shown axis in Fig. 7a. It should be noted that friction effects
were neglected between the shell elements and the wire ele-
ments for simplicity, additionally aerodynamic forces were
not considered in the structural analysis.

The boundary conditions applied to the wire beam was
the same as that of Sect. 2.2 except the displacement was
set to 6 mm equivalent to a 4% percent strain of the SMA
wire’s length which was set as 150 mm. One cycle of pseu-
doelasticity was conducted. The actuation process consists of
displacing the wire 6 mm in the opposite Y-direction, with
respect to the shown axis, holding it for 1 s at thermal condi-
tion above the austenite finishing temperature of 7 = 265 K.
The first vertical plate, at which the morphing section begins
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Fig. 8 Meshed 3D model of the morphing airfoil and mesh refinement analysis

and where the beginning of the wire is placed and subjected
to the pulling movement, was also held fixed to avoid any
separation of the corrugated structure or structural yielding.
Similarly, to achieve an accurate and suitable mesh size and
also to reduce computational memory and time required to
run the simulation, grid refinement tests were conducted on
various mesh sizes and total number of elements ranging
from 45,000 elements till about 80,000 elements. To reduce
computational time and memory, the finalized properties of
the chosen mesh were 49,722 elements with contact elements
included and 78,378 nodes as seen in Fig. 8.

2.4 Preliminary Results

Obtaining results from the wire study can be presented in
Fig. 9, which shows once cycle of super-elasticity presented
when the wire is loaded and unloaded at a temperature
higher than the finishing austenite temperature, which is the
typically expected behavior required to demonstrate pseudo-
elasticity. The other simulation conducted at the reference
temperature is only for comparison purposes to understand
how the super elastic behavior since it requires the working
temperature to be above the austenite finishing tempera-
ture. S1 which is the simulation conducted at reference
temperature, demonstrates that the wire does not return to
its pre-strained condition S2 demonstrates the return of the

1500

1000 /J

500 / p- /

Force reaction N

=500 7

-1000 '
Displacement mm

Fig. 9 Wire study results for behavioral check (S1 at 7 = 173.15 K, S2
at T = 265 K)

wire to its pre-strained condition after unloading. After the
wire simulation was conducted to understand its mechanism,
structural analysis of the proposed morphing airfoil was then
conducted.

The structural analysis considered the boundary condi-
tions mentioned in Sect. 2.3. The main aim of developing a
numerical model from the proposed morphing concept is to
study the feasibility of the use of shape memory allow wires
as an actuating mechanism while using corrugated structures
as an additional structural support tool that can aid in mor-
phing deflections as well. The first analysis uses a shape
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Fig. 10 Schematic view of the
resulting deflection and strain
distribution

Fig. 11 Close-up of the amount
of downward deflection

memory alloy wire at low position of 20 mm with respect
to the Z-axis and at exactly in the center of the airfoil of
width 50 mm making it positioned at 0 mm with respect to
the X-axis as displayed in Fig. 6.The results obtained from
the initially proposed wire position placement which was at
20 mm with respect to the Z-axis, were as follows: (1) The
morphing section of the airfoil was able to deflect downwards
as similar to the downward deflection of the that of a flap. (2)
The resulting geometry showcased a smooth seamless curved
bending of the airfoil structure with no structural separation
or wire separation as illustrated in Fig. 10. (3) The amount of
downward vertical displacement of the airfoil that the wire
was able to achieve in the first studied wire position was found
out to be 29.008 mm in the Z direction as seen in Fig. 11. The
B angle, which is equivalent to the amount of rotation the
morphing section travelled downwards deflection angle, is
obtained as 5.69°. The maximum effective stress occurred at
the upper surface of the morphing section at position between
65% chord to about 69% chord and this is due to the fact that
the beginning of the morphing section starts its downward
bending from 65% chord position creating a smooth curved
bend unlike that of the hinged control surface. The maxi-
mum stress yielded with a value of 69.071 MPa was within
the allowed range of (CF) which ensured no structural yield-
ing of the material during actuation. The maximum elastic
strain reached by the morphing airfoil when fully deflected
was 2.55e—03 mm/mm. From the initial results obtained; the
proposed methodology deemed feasible.

@ Springer
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2.5 Parametric Study

A parametric study was conducted on several different con-
figurations where the main objective of simulating and testing
several airfoils with different configurations of positions and
numbers of SMA wires is to compare and determine the most
suitable configurations of SMA location so that the actua-
tion of the airfoil produces a sufficiently large trailing edge
deflection while still having a smooth surface deformation.
The cases studied can be summarized in Table 4 where dif-
ferent positions and number of wires were tested to evaluate
which configuration can yield a greater deflection angle and
to study the relation between the tip deflection and the wire
position.

2.5.1 Parametric Study Results

After running the simulations and studying about nine dif-
ferent wire configurations, it is found out that the amount
of deflection seemed to increase with respect to its vertical
position with respect to the Z-axis, as the wire approaches the
upper surface of the airfoil the greater the deflection. As seen
from Table 5, S6 wire configuration caused very high stress to
the structure and also demonstrated structural failure near the
beginning of the morphing section where the skin between
two consecutive corrugated loops caused lateral buckling as
seen in Fig. 12. Additionally in Fig. 13, Fig. 14, it is noted
that placing two or three wires adjacent to each other as in
the cases of M1 and M2 did not have a significant effect on
the amount of deflection but rather caused increased values
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Table 4 Case studies of different wire configurations

Wire Description Conditions

configuration

S6 Six small wires positioned each in one of the upper 1 mm displacement which accounts for 4% strain was
corrugated structures with length of 25 mm each applied to one end of each wire while the other end was

held fixed to the corrugated structure

Ml Two wires placed 25 mm apart adjacent to each other at the Same length and loading conditions as mention in
same elevation of 20 mm with respect to the Z-axis Sect. 2.3

M2 Three wires placed 12.5 mm apart adjacent to each other at Same length and loading conditions as mention in
the same elevation of 20 mm with respect to the Z-axis Sect. 2.3

M3 Two wires placed on top of each other with 5 mm spacings, Same length and loading conditions as mention in
positioned at 20 mm and 25 mm respectively with respect to Sect. 2.3
the Z-axis

M4 Two wires placed on top of each other with 10 mm spacings, Same length and loading conditions as mention in
positioned at 20 mm and 30 mm respectively with respect to Sect. 2.3
the Z-axis

P1, P2, P3, P4, One wire positioned at different elevations with respect to the ~ Same length and loading conditions as mention in

P5 Z-axis of 20, 25, 30, 35, and 40 mm where they represent Sect. 2.3

P1, P2, P3, P4, P5 respectively

Table 5 Result summary of wire

configuration case studies Wire Stress results Strain results x 1073 Tip deflection mm  Result
configuration MPa mm/mm
S6 633.13 9.99 7.66 Structural
failure
M1 70.53 2.62 29.031 p=5.6°
M2 71.89 2.68 29.045 p=5.6°
M3 168.46 2.78 31.39 B =6.07°
M4 260.42 3.13 34.34 B =6.63°
P1 69.071 2.55 29.008 B =5.69°
P2 76.06 2.85 31.54 B =6.02°
P3 84.572 3.13 34.525 B = 6.66°
P4 95.07 3.58 38.098 p =135°
P5 108.33 4.01 42.42 p =8.172°

Fig. 12 S6 wire configuration
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Fig. 13 M1 wire configuration 70,522 Max
62,686
54,85
47.015

Fig. 14 M2 wire configuration 71.889 Max

Fig. 15 M3 wire configuration 168,46 Max

149,74
131,02
112,3
93,587
oo e ol o 74,87
ol 56,152
37,435

717 o
0 Min

Fig. 16 M4 wire configuration 4

260,41 Max
231,48
202,54
173,61
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Table 6 Steel properties
Property Value
42.42 mm
Density (kg m™3) 7850
IS Young’s modulus Pa 2E+11
Poisson’s ratio 0.3
Bulk modulus Pa 1.66E+11
Shear modulus Pa 7.69E+11
Tensile yield strength Pa 2.5E+08
Fig. 17 PS5 wire configuration Compressive yield strength Pa 2.5E+08

of structural stress if it’s compared to the initial wire config-
uration which was studied in Sect. 2.4. Moreover in Fig. 15,
Fig. 16, it is noted that placing two wires above one another
with either 5 mm or 10 mm spacing as in the cases of M3
and M4, resulted in a slight increase in the amount of tip
deflection. In fact, it was noticed that it is obtained mainly
from the wire placed at a higher elevation.

In addition, the wires seemed to deform on top of each
other which caused added stress to the structure, which can
cause additive damage to the corrugated structure with repet-
itive cycles of flap activation. The results obtained from
M3 and M4 provided some information on how the eleva-
tion can affect the number of deflections, consequently four
more configurations were studied at four different positions
with respect to the Z-axis as provided in Table 4. Further-
more, the results demonstrated that with increasing elevation
the deflection also increased where the largest deflection
obtained was at wire configuration P5 and this is because
it is very near the upper surface of the airfoil which imi-
tates the effect of the hinge of a conventional flap as seen in
Fig. 17.Therefore wire configurations P1, P2, P3, P4, and P5
and their respective deflection angles were used to validate
the proposed morphing design by an aerodynamic analysis
in Sect. 3.

2.6 SMA Wire and Steel Wire Comparison

The aim of this comparative study is to investigate the bene-
fit of using a shape memory alloy and compare the resulting
parameters with that of another wire made from a conven-
tional material. Since the obtained angle of deflections from
the chosen wire positions P1, P2, P3, P4, and P5 will be
studied under aerodynamic conditions, hence the same wire
positions were used for a steel wire in order to compare it
with the results obtained from P1, P2, P3, P4, and P5. A steel
wire with properties labeled in Table 6 was studied under
same loading conditions excluding the addition of thermal
condition.

As seen in Figs. 18 and 19, it can be concluded that the
use of shape memory alloy wire has an advantage over its
conventional opponent. The obtained maximum stress of the
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Fig. 18 Comparison of maximum stress in the airfoil between SMA and
Steel wire
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Fig. 19 Comparison of deflection angles obtained for SMA and steel
wires

airfoil at maximum downward deflection was almost dou-
ble for all positions when a steel wire was used, similarly
the maximum elastic strain followed also the same trend. In
addition, the values of obtained airfoil deflection angle when
the SMA wire is implemented are slightly larger than the
value obtained when the steel wire is implemented. This is
because the SMA wire can handle great amounts of defor-
mation. The obtained results showcased that the use of SMA
holds an advantage over the use of a conventional material
such as steel. Although the obtained morphing parameters
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E infinitesimal vortex segment and U , is the given freestream
- .

- Bound Vortices velocity.
,v"“ﬂ‘ Panel i . .
X 3.2 Computational Setup and Numerical Model
x / Control Points

Fig. 20 Schematic view of panels and bounded vortices [28]

such as deflection angles and vertical downward deflection
were somehow similar, the SMA wire has the advantage of
being easily manipulated and altered because it can exist at
two phases and also has the ability to handle large deforma-
tions.

3 Aerodynamic Validation of the Proposed
Morphing

3.1 Methodology

The aerodynamic analysis conducted on the proposed
morphing concept of a morphing flap will be compared to
its conventional opponent of hinged flap configuration to
validate the improvements in aerodynamic performance.
The aerodynamic modeling presented uses the panel method
integrated in AVL. AVL is a numerical software pack-
age which was initially coded in by Younger and further
improved by Drela [26]. Modelling is performed by dividing
the wing into panels, bound vortices, and control points as
seen in Fig. 20. To account for the shape changing geometry
parameter which is the trailing edge flap angles, the relevant
aerodynamic panel grids are also deflected into the desired
angle chosen. One way to showcase the variance in lift
is as a step shift between panels. By applying the flow
tangency condition, the control points are positioned at 3/4
chord for each panel at the halfway position in the spanwise
direction to produce the necessary vortex strength, where the
mentioned equation represents the linear sum of the effects
of each surface panel’s strengths can be created using the
Biot—Savart law for each panel

dF = pUy x Idl,

where dF is a force acting on an infinitesimal vortex segment,
p is air density, I is a displacement vector along an infinites-
imal vortex segment, d/ is a displacement vector along an

@ Springer

To evaluate the obtained enhancements in aerodynamic
coefficients which are lift coefficient, drag coefficient, and
aerodynamic efficiency, three simulations were conducted
where the first one was conducted on un-deflected airfoil
model (no flap deployed), the second on the morphing airfoil
configuration with a seamless morphing section positioned
at 65% chord, and the third on the conventional airfoil with
a hinged flap configuration at 75% chord as seen in Fig. 21.
It should be noted that the second and the third simulations
were conducted at the same deflection angles which were
obtained from wire configurations P1, P2, P3, P4, P5, which
are B = (5.7°, 6°, 6.7°, 7.4°, 8.2°) respectively to account
for the change in aerodynamic parameters. It should be noted
the angles obtained from the wire configurations were esti-
mated to one decimal place to avoid excessive computational
errors during the simulation. The aerodynamic analysis is
then conducted over the range of 4 main angle of attacks
which namely are (¢ = 0°, @ = 4°, o = 8°, o = 12°) with
respective free stream velocity of 40m/s and airfoil configu-
ration of 1 m chord and 10-m span [27]. The model used for
this study was Maule M-7235B wing model [34]. The flap
was defined all over the span of the wing, where the wing
planform is equals to 10m?. It should be noted that the stud-
ied conventional airfoil and morphing airfoil had five AVL
models each, where each model has its own varying angular
geometry such as deflection angles of (5.7°, 6°, 6.7°, 7.4°,
and8.2°) and studied at four angles of attack.

Next, a grid refinement study was conducted initially at
a =0°, to be computationally efficient. Panel grid refinement
study was conducted to define the best number of panels to
be used to obtain reliable acrodynamic parameters as well as
reduce computational cost. Lift and drag coefficients were
observed over a several range of panel densities to figure out
the sensitivity with respect to the number of panels. As it can
be seen from Fig. 21, drag coefficient reached panel insensi-
tivity starting from 1300 panels, however, for lift coefficient
it was noted that insensitivity takes place after 1500 pan-
els, hence 1500 panels were considered thereafter to account
for both insensitivities. Additionally, all computations there-
after were based on 20 horseshoe vortices along the wing
and winglet chord and 75 along the semi-span of the base-
line wing and winglet as in Fig. 22.

3.3 Results of Aerodynamic Analysis
The conventional hinged flap model has its hinge axis located

at 75% chord, and it was evaluated at the corresponding
deflections angles which were = (5.7°, 6°, 6.7°, 7.4°, 8.2°).
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Fig.22 Schematic view of undeflected airfoil cross-section

Similarly, the morphing flap model had its flap located at
65% chord corresponding with the beginning of the corru-
gated structure, and it was evaluated at the same deflection
angles. They were both evaluated at the same range of angles
of attack (¢ = 0°, « =4°, « = 8°, « = 12°) and same deflec-
tion angles to compare between them as well as investigate
the enhancement in aerodynamic coefficients. It should be
noted that undeflected flap means that the deflection angle is
B = 0° and the flap is not activated.

The lift coefficient, drag coefficient, and aerodynamic effi-
ciency which is the ratio between lift coefficient and drag
coefficient, were evaluated for the five deflected configura-
tions for the proposed morphing design that were obtained
from wire configurations P1, P2, P3, P4, P5. Figure 23 rep-
resents the schematic comparison between the undeflected
airfoil, airfoil with conventional flap at 75% chord, and mor-
phing airfoil with flap located at 65% chord. The morphing
flap has an earlier introduced flap beginning at 65% chord as
previously mentioned which is why it will provide a larger
surface area that will be deflected, hence is why the morphing
airfoil has better geometry as indicated in Fig. 24. Therefore,
to clarify, both studied airfoils namely the conventional and
morphing flap were both studied at the same range of angles
of attack and deflection angles. The aerodynamic study was
conducted to compare between the obtained aerodynamic

coefficients and to investigate the improvements that will be
yielded from the morphing flap.

c L D
b %,onS b= %,onS’

where L is the lift force, D is the drag force, p is the air density,
V is the freestream velocity, and S is the wing reference area.

The parameters were then compared to the original aero-
dynamic coefficients obtained for a conventional hinged plain
flap configuration to validate the design from an aerodynamic
point of view and provide how the morphing airfoil can obtain
better aerodynamic performance. According to the results
obtained, it can be noticed that there is an increase in the
generated lift coefficient and a decrease in the induced drag
coefficient for the morphing flap at all the studied deflection
angles B when compared to the values of the conventional
flap. Additionally, an increase of the aerodynamic efficiency
parameter CL/CD was noticed at all angles of attack, «. To
investigate the performance, CL coefficient was evaluated
for all deflection angles 8. The best enhancements in lift
coefficient were obtained mainly at small angles of attack,
however, it is still noticed that there were improvements in
lift coefficient even at high angles of attack. The maximum
percent increase in lift was obtained at 8 = 5.7° and at zero
angle of attack. Additionally, it was noted that as the deflec-
tion angle increases the percent increase in lift coefficient
decreased from 8.65% at « = 0 and § = 5.7° as seen in
Table 7 to almost 6.65% at « = 0 and S = 8.2° as seen in
Table 11.

Similarly, the drag coefficient obtained for the studied
deflection angles demonstrated a noticeable drop with a max-
imum decrement of 2.79% in induced drag obtained at» = 0
and B = 5.7° which was compared between the conventional
flap and morphing flap. The least amount of decrement in
induced drag was about 1.17% obtained at « = 12 and =
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Fig. 23 Trailing edge deflection
at B = 5.7° comparison between
morphing flap, hinged
conventional flap, and
undeflected airfoil

--------- Comventional Flapi~ 3.7
Morphing Flap - 5.7 *
Undeflected airfoil

©

@

Fig. 24 Schematic representations of the aerodynamic analysis conducted on the undeflected flap, morphing flap, and conventional flap at deflection

anglesa f=6°b g =67°%cpB=74°dp =82°

Table 7 Comparisons percentages between morphing airfoil and con-
ventional airfoil at 8 = 5.7°

Table 8 Comparisons percentages between morphing airfoil and con-
ventional airfoil at 8 = 6°

«, angle of Percent Percent Percent «, angle of Percent Percent Percent
attack (°) increase in decrease in increase in attack (°) increase in decrease in increase in
CL (%) CD (%) aerodynamic CL (%) CD (%) aerodynamic
efficiency efficiency
CL/CD (%) CL/CD (%)
8.65 2.79 11.44 7.79 2.46 10.25
4 741 2.46 9.86 4 6.84 2.19 9.03
6.02 2.04 8.07 5.65 1.82 7.47
12 5.1 1.52 6.63 12 4.85 1.37 6.22

8.2°, the decrease in drag proves enhanced aerodynamic per-
formance since drag coefficient is considered one of the main
factors that affect fuel consumption. Similar to the lift coef-
ficient, the CD increment is directly related to the increasing
angle of attack as well as increasing flap deployment. The
increase in drag resulting from increased deflection angles
and angles of attack is seen for both studied flaps, however
because of the change in the hinge position and as provided
in Tables 7, 8, 9, 10, and 11, the morphing flap had lower
values of drag when compared to its conventional opponent
at all studied angles « and g, but the increase in drag that
comes with lift is still noticed for all the cases. Therefore,

@ Springer

Table 9 Comparisons percentages between morphing airfoil and con-
ventional airfoil at 8 = 6.7°

a, angle of Percent Percent Percent
attack (°) increase in decrease in increase in
CL (%) CD (%) aerodynamic
efficiency
CL/CD (%)
7.39 2.31 947
4 6.56 2.06 8.63
5.47 1.71 7.18
12 4.72 1.30 6.02
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Table 10 Comparisons percentages between morphing airfoil and con-
ventional airfoil at § = 7.4°

«, angle of Percent Percent Percent
attack (°) increase in decrease in increase in
CL (%) CD (%) aerodynamic
efficiency
CL/CD (%)
7.13 2.19 9.33
4 6.39 1.97 8.36
5.34 1.64 6.98
12 4.62 1.25 5.88

Table 11 Comparisons percentages between morphing airfoil and con-
ventional airfoil at g = 8.2°

«, angle of Percent Percent Percent
attack (°) increase in decrease in increase in
CL (%) CD (%) aerodynamic
efficiency
CL/CD (%)
6.65 2.0 8.65
4 6.05 1.81 7.86
5.11 1.51 6.61
12 445 1.17 5.62

the percent decrement in the drag coefficient in the morphing
flap should cause a significant improvement in the aerody-
namic performance. Since the results yielded an increase in
lift coefficient as well as a decrease in the drag coefficient,
the corresponding lift-to-drag ratio showcased an impressive
increment especially at low angles of attack such as o = 0°
and o = 4°. Improvements in aerodynamic efficiency can aid
in reduced fuel consumption [25]. Due to increased angle of
attack for morphing and conventional flap surfaces, the incre-
ment of both lift coefficient and drag coefficient was observed
as seen in Tables 7, 8,9, 10, and 11.

The reason behind the drop in both CL percent increment
and CD percent decrement when comparing flap configu-
rations can be justified and explained as follows. The main
purpose of deploying flaps, which are high-lift devices, and
creating changes in camber by deflection angles is to increase
lift. Additionally, the increase in angle of attack causes an
increase in lift coefficient and corresponding induced drag.
However, when flaps are deployed in the case of the con-
ventional flap model, the increase in lift is not large because
of the geometry consideration of having the flap located at
75% chord when the flap is deflected. In the case of the mor-
phing flap the increase in lift coefficient is slightly larger
when compared to the value of the conventional flap since
the morphing flap has an earlier introduced flap position at
65% which consequently results in a larger deflected surface
area.

2.8

16

~
)
1.2
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0.4
0
0 4 8 12
Angle of Attack
—&— MF-5.7 - MF-6 MF-6.7 MF-7.4
—o— MF-8.2 —e—CF5.7 wepees CF-6 —e—CF6.7
--0--CF-7.4 - % CF82 =@ Undeflected

Fig.25 Comparison of lift coefficient vs. AoA evaluated at all 8 =
(5.7°, 6°, 6.7°, 7.4°, 8.2°) between conventional flap (CF) and mor-
phing flap (MF)

Moreover, the morphing flap has a larger surface area that
will be deflected downwards unlike the conventional flap.
This is why even at increasing angles of attacks and max-
imum deflection B angle the morphing flap had enhanced
aerodynamic parameters. Figures 25, 26, and 27 show the
lift coefficient, drag coefficient, and aerodynamic efficiency
graphs for the five studied deflection angles g for both the
morphing and conventional flap. In Fig. 25, the lift coef-
ficient was seen to be improved at all deflection angles as
well as angles of attack, but the greatest percent increase was
obtained mainly at o = 0° for all 8. Figure 26 showcases
that the induced drag was increasing because of increas-
ing o, however results deemed that even with large angles
of attack the designed morphing airfoil was able to achieve
reduced percentages in induced drag for all studied deflection
B angles. Similarly, in Fig. 27, the results proved enhanced
aerodynamic efficiency because of the obtained increase
in lift coefficient and decrease in induced drag coefficient.
The best noticeable increment of CL/CD was obtained at
B = 5.7° and o = 0. The improvement in CL/CD for both
airfoils between angles of attack « = 4 and o = 8 for all
deflection B angles was significantly small which is why
Fig. 27 appears to have a constant line between the men-
tioned angles of attack. Additionally, due to sudden drag CD
increase after 8 degrees of attack, the aerodynamic efficiency
tends to showcase a plateau in results.

4 Conclusion
In this present study, the design methodology associated

with morphing flap development was investigated in aims
of achieving better aerodynamic performance and to possibly
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Fig. 26 Comparison of induced
drag coefficient vs. A0A
evaluated at all B = (5.7°, 6°,
6.7°, 7.4°, 8.2°) between
conventional flap (CF) and
morphing flap (MF)
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Fig. 27 Comparison of aerodynamic efficiency vs. AoA evaluated at all
B = (5.7°, 6°, 6.7°, 7.4°, 8.2°) between conventional flap (CF) and
morphing flap (MF)

replace a hinged conventional flap configuration for the stud-
ied range of deflection angles = (5.7°, 6°, 6.7°, 7.4°, 8.2°).
The proposed design with a smooth deformable morphing
flap was studied and compared to its conventional oppo-
nent. The design implemented the use of a shape memory
alloy wire along with supporting corrugated structures as the
actuating mechanism. The proposed design was studied and
tested in finite element environment where it proved its feasi-
bility, additionally it was noted that the vertical placement of
the wire affected the resulting deflection angle. Although the
obtained results seemed to be promising, it should be noted
that to deem total feasibility of the design the results obtained
in this study needs to be experimentally validated and com-
pared against the computational results. Additionally, the
SMA actuation mechanism needs to be studied carefully
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under the right working temperatures and to be tested in
practical application to ensure the validity of the actuation
mechanism.

Moreover, the design studied showed that a morphing flap
yields better results only for the studied angles, therefore,
to implement it for bigger angles another comparison study
should be conducted. Next, the aerodynamic performance
was evaluated, where it showcased improvements in CL, CD,
and aerodynamic efficiency for the design morphing airfoil
compared to its conventional counterpart especially at small
angles of attack. The improvement was seen for all deflection
angles evaluated at the given range of angle of attacks. The
highest achieved increment in lift coefficient, decrement in
drag coefficient, and increment in aerodynamic efficiency
was obtained at deflection angle 8 = 5.7° and o = 0°, when
comparing a morphing airfoil to conventional airfoil.
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