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Abstract. Shape memory alloy (SMA) suffers phase transformations due to temperature or stress variations,
responding to these variations in much more intense way than other materials. This characteristic and the large energy
density of these transformations lead these materials to be used as actuators on certain applications, especially those
where the transformation velocity is not a critical factor. Besides, the aerospace engineering looks forward to find
solution that improves the lift capabilities of a wing without the conventional mechanical actuators, gaps and hinged
surfaces. One of the possible solutions is to use SMAs on the wing structure in order to allow it to change its shape,
mostly changing the camber, improving the lift for take offs and landings and returning to the original shape during
the cruise flight. The characteristics of the SMA inserts are optimized combining the finite element analysis, which
defines the deformed shape of a given configuration, the panel method, which defines the aerodynamic performance of
the resultant shape, and the gradient method, combining these results, evaluating them and seeking better
configurations until a local minimum is reached. After a reasonable number of runs, one can define the best result
among these local minima as the best configuration in a given domain.
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1. INTRODUCTION

Aerospace applications have several challenges. The airfoil profile selection is an important one since the airfoil is
designed for one flight situation and ancillary accessories are designed to cover the others. These accessories add
complexity, weight and reduce the overall airplane wing reliability and efficiency. Besides, they also add
discontinuities, becoming a source of noise and vibration.

This paper describes the development of an alternative solution, morphing airfoil and wing. This is not a new
concept; morphing airfoils and wings have been used before in order to change the wingspan, the chord and other wing
characteristics. These previous devices were commonly based on complex mechanical systems, having the same
problems related on the previous generation described (Sofla et al., 2009).

Shape memory alloys (SMAs) belong to the class of smart materials and offer an alternative solution for morphing
wings, reducing the mechanical complexity of the mechanisms. They can be placed on the airfoil structure, eliminating
the discontinuities and costing less in terms of weight than the traditional solutions.

The main goal of this contribution is to find the best geometries to a case study, attending two different flight
situations. Finite element analysis is employed to investigate the system behavior. Panel method and gradient method
are employed to evaluate flight conditions.

2. CASE STUDY
The airfoil investigated is related to a case study of a long-range heavy bomber, the Boeing B-29 Superfortress.
This kind of airplane requires a high payload capacity and high flying efficiency in order to improve the flight range.

However, the final airfoil selection shall compromise these two requirements. Table 1 shows the airplane specifications
that lead the following analysis (Boeing).
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Table 1: Boeing B-29 technical specifications.

Length 30,18 m
Wing span 43,06 m
Height 8,5m
Wing plain area 161,3 m?
Aspect Ratio 11,5
Empty weight 33.800 kg
Takeoff weight 54.000 kg
Maximum takeoff weight 60.650 kg
Power 4x1.640 kW
Maximum speed 574 km/h
Cruise speed 350 km/h
Stall speed 170 km/h
Flight range 5.230 km
Flying ceiling 9.710 m

Table 2 shows the two different flight situations contemplated by this study: the takeoff and the cruise flight
(Incropera et al., 2008). The takeoff condition requires the highest lift coefficient possible while the cruise flight
requires the smallest drag possible. Therefore, there is always a compromise, because an airplane with an airfoil with
huge lift coefficient and huge drag coefficient does not have enough power to reach the correct flight speed, besides,
higher drag forces implies on higher power demand, resulting in higher fuel consumption, for instance.

Table 2: evaluated flight conditions.

Properties Takeoff Cruise flight
Altitude 0Om 7283 m
Speed 56,7 m/s 94,4 m/s
Specific Mass 1,225 kg/m? 0,5714 kg/m?
Dynamic viscosity 17,894 pPas 15,516 puPas
Kinematic viscosity 14,61 m?/s 27,17 m?/s
Pressure 101325 Pa 39520 Pa
Sound speed 340 m/s 311 m/s
Reynolds 15,5x106 13,9x106
Mach 0,17 0,30

In order to simplify the airfoil selection, this study is restricted to the NACA 4 digit series. These airfoils are used
on many aerodynamics studies for years, resulting on a broad database available (Marzocca, 2004.). The main geometry
change proposed herein is to produce an increased camber for the takeoff, reproducing the effect of the flaps and a
reduced camber on the cruise flight.

The cruise flight airfoil selected is the NACA 4415 and as a first evaluation of this paper idea, the takeoff airfoil is
the NACA 8415. Using the flight conditions previously defined, one can plot the takeoff polar, as shown in Figure 1. At
this situation the airfoil with the higher camber, NACA 8415, has higher lift coefficients on the low drag area, being
more adequate to the takeoff condition than the lower camber airfoil, NACA 4415.
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Figure 1: NACA 4415 x NACA 8415 Cl x Cd takeoff polar.
Following the same methodology, one can plot the cruise flight polar, as shown in Figure 2. When at lower lift

coefficients, below 1.2, the lower camber airfoil has smaller drag coefficients, representing a better option on the cruise
flights.

Figure 2: NACA 4415 x NACA 8415 Cl x Cd cruise flight polar.

The ideal airfoil selection would have the following aerodynamic performance, as shown in Figure 3. The airfoil
geometry on takeoff will be closer to NACA 8415, with higher lift coefficients and the cruise flight would be on NACA
4415 with lowest drag coefficient for low lift coefficients. Figure 4 shows this concept.

Figure 3: Morphing airfoil Cl x Cd polar.
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Figure 4: Conceptual representation of the camber change.
3. SHAPE MEMORY ALLOYS

The interest on the shape memory alloys relies on the phase transformation phenomenon. The nickel-titanium alloys
present two distinct phases, martensitic, found at low temperatures, with higher flexibility, which can be found as
twinned and de-twinned variants; and austenitic phase, found at higher temperatures, with superior stiffness (Silva,
2005).

The phase change occurs both ways, but they are triggered at different temperatures. When a sample are at low
temperature, maintaining the stress constant, and its temperature increases, the sample stays on martensitic phase until it
reaches the austenitic start temperature, when the phase transformation is triggered, and goes until the temperature
reaches the austenitic final, when the sample is completely austenitic (Hartl and Lagoudas, 2007; Lagoudas, 2008). The
opposite phase transformation is similar, but at different temperatures. Figure 5 shows the schematic picture of this

behavior.
>

Temp

Figure 5: SMA behavior

Phase transformations change the material properties as Young modulus, yield and ultimate tensile strength;
however, this study focuses on the strain capabilities of this transformation. When properly trained, Ni-Ti alloy reaches
8% strains, a value much higher than the thermal strain to the same temperature variation.

The addition of copper on these alloys increases the fatigue resistance, the response speed and the damping
capability; it also reduces the temperature hysteresis and the temperature sensitivity due to the composition. NiTiCu
alloys are also more predictable than NiTi alloys (Li et al., 2005; Jones and Dye, 2013). These characteristics are highly
desirable on actuators, which also benefits on the high energy density of these phase transformations.

The finite element method is employed to investigate the initial and final states of the SMA. It also considers the
SMA pieces fully trained with homogeneous properties along the part; the strain model is a temperature strain due to a
temperature unitary step. Martensitic and austenitic different mechanical properties are considered.
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4. AERODYNAMIC PERFORMANCE

In order to characterize the aerodynamic performance, dimensionless coefficients are employed. The lift coefficient,
drag coefficient and glide ratio are used herein.

The lift coefficient is the dimensionless value represented by the lift force of the airfoil at specific flight conditions,
per medium specific mass, squared speed and chord (Abbott, 1950; Ruijgrok, 2009):

C=2l/(p V*¢) (1)
The same can be done on the drag coefficient (Abbott, 1950; Ruijgrok, 2009):
C=2d/(p V2 ¢) 2)

The glide ratio is the lift coefficient divided by the drag coefficient. This ratio is also dimensionless.

For the sake of simplicity, a two-dimensional panel method is employed instead of the complex three-dimensional
evaluation using computer fluid dynamics. The first step for the application of this method is to divide the outer surface
of the airfoil in panels (Oueslati et al., 2005). Plane panels are employed, followed by the calculation of the tangential
velocities on each panel (Manson, 1998). Since this case study has Mach number smaller than 0.3, the flow is
considered incompressible and the pressure can be evaluated using Bernoulli (Fox and McDonald, 1981). Once the
pressure is known, it can be integrated through the whole airfoil and decomposed on the lift and drag components.

This study uses 100 panels for the discretization, as showed in Figure 6. The use of more panels changes just
slightly results (Mason, 1998; Oueslati et al., 2005).

The panel method does not have the reliability to predict the drag forces on real application; however, as this study
kept the same number of panels and same boundary conditions, these results can be used to identify the trends and, later
on, used to find the smallest drags on the studied airfoils.

Figure 6: Number of panels’ analysis.

5. WING GEOMETRY

The finite element method is employed for the wing analysis. A two-dimensional model is employed to represent
the three-dimensional wing as an infinite span wing (Abbot, 1950). Under this assumption, the flow phenomenon is
evaluated to the effects that can be described on the chord plane. This simplification evaluates effects neither described
on spar plane nor complex three-dimensional effects. Figure 7 shows the employed model.
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ﬁ STRUCTURE

D-BOX SPAR

Figure 7: Proposed geometry.

A box spar gives the wing the necessary stiffness, both flexural and torsional. It also transfers the flight loads from
the wings to the airplane fuselage. The box geometry results in a spar with larger inertia moment than a similar mass,
full beam, maximizing the compromise weight versus functionality. The D-box is a secondary spar that, besides the
wing stiffness function, also guarantees the preservation of the leading edge geometry, once this airfoil portion suffers
the highest flying loads and is the most sensitive airfoil portion to shape change. These two devices go through the
whole wingspan. These two structures are made in aluminum, the green material on Figure 7, which mechanical
properties are presented in Table 3 (Callister Jr, 2008; Budynas and Nisbett, 2011; Norton 2004). Another wing feature
is the internal profile structure, responsible to transfer the flight loads from the wing skin to the spars and hold the SMA
inserts into the designed position.

Table 3: Aluminum mechanical properties.

Aluminum 7075 T6

Young modulus 71,7 GPa
Poisson coefficient 0,33

Yield strength 503 MPa
Ultimate tensile strength | 572 MPa

The wing has a polymeric skin responsible to conduct the flow and allow the shape change. As it is supported by
the airfoil structure, the main requirement for this feature is to resist the SMA actuators strain, the Tecoflex 80-A fits for
this purpose, represented by the blue color skin in Figure 7. Table 4 shows its mechanical properties (Kikuta, 2003).

Table 4: Tecoflex 80-A mechanical properties.

Tecoflex 80-A
Young modulus | 71 kPa
Maximum strain | 30%

The red and the gray features in Figure 7 represent the twelve SMA inserts. All the red inserts will suffer the
martensitic-austenitic phase transformation while the gray ones will go through the austenitic-martensitic phase
transformation, and vice-versa. In other words, these groups have antagonistic phase transfomation. Since phase
transformations occur, the SMA strain modifies the whole airfoil geometry, increasing or decreasing the camber. Table
5 shows the SMA properties employed (Shape Memory Applications, Inc, 1999).
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Table 5: SMA mechanical properties.

SMA TiNiCu
Strain | 4%
Martensitic
Young modulus 40 GPa
Poisson coefficient 0,3
Yield strength 500 MPa
Ultimate tensile strength | 895 MPa
Austenitic
Young modulus 83 GPa
Poisson coefficient 0,3
Yield strength 130 MPa
Ultimate tensile strength | 895 MPa

The following insert denomination is adopted to describe the result, the upper surface names start with S and the
lower surface names start with I, followed by its number, counted from leading edge to trailing edge. The internal
inserts have the letter E and their number. For example, the insert named 12 is the second lower insert. Figure 8 shows
the schematic representation.

Figure 8: SMA insert names.
6. OPTIMIZATION ALGORITHM

An optimization algorithm is employed to evaluate the SMA positions. The optimized variable is the length of the
inserts. The number and the position of the center are fixed, together with the mechanical properties. It begins with the
shotgun method that creates multiple random start points; an optimization run begins on each of them, increasing the
reliability of the minimum found. Bigger number of starting points means more paths evaluated, increasing the
probability of the local minimum found to be the smallest minimum on the domain.

After the definition of the pivot, the next step is to create the neighbors, points with a small offset on one direction
from the pivot, used to estimate the gradient at the pivot. These points represent different configurations of the airfoil; a
finite element software evaluates each of them and exports the resulting shape back into the algorithm.

The algorithm allows two different approaches: a shape comparison; and the aerodynamic performance comparison.
Here, the second approach is of concern. The shapes imported from the finite element analysis are then, repositioned, in
order to avoid inaccurate results due to and attack angle not taken into account. Then a panel method analysis returns
the lift and drag coefficients of each simulated geometry. The algorithm evaluates the stop criterion: if true, this is a
result; if false, these values generate the gradient, which defines the next pivot by subtracting the gradient times a pitch,
p, here a fixed scalar value (Shewchuk, 1994; Aziri, 2007; Ruggiero and Lopes, 1996). Figure 9 presents a schematic
representation of the algorithm.

{next pivot}={pivot}-p*{gradient} 3)
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Figure 9: Optimization algorithm.

7. RESULTS

No———p> Next pivot
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This section presents results related to the numerical simulations. The idea is to show results showing the different
aerodynamic performance related wing configurations, altered by SMA actuators. Table 6 shows the largest glide ratio
result, 179 larger than the glide ratio of the start airfoil, NACA 4415, 166, as expected.
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Table 6: Result.

Insert Length Insert Length Insert Length
S1 20,56 mm S2 | 142,76 mm | S3 | 478,77 mm
S4 271,06 mm S5 5,0 mm I1 150,0 mm
12 65,77 mm 13 41564 mm | 14 178,5 mm
15 5,0 mm El 15422mm | E2 | 301,51 mm

Cl/Cd max 179

Figure 10 shows the aerodynamic performance of some configurations. The resulting airfoil has larger lift
coefficient, but this only occurs at high drag ratios, which can be plausible on takeoff situation where the low speed
does not demand more power than available. On the low lift and low drag coefficients, the difference between the airfoil
performances is imperceptible, but the resulting airfoil have smaller drag for the same lift in this area.

Figure 10: NACA 4415 and resulting airfoil Cl x Cd polar.

Figure 11 shows the glide ratio. The resulting airfoil curve is dislocated to the left, which results on the same glide
ratio value on smaller attack angles. This can be interesting; the wing can be installed on an optimum position for the
cruise flight and, as it is actuated to the takeoff situation, this phenomenon compensates the smaller installation angle.

Figure 11: NACA 4415 and resulting airfoil glide ratio.
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8. CONCLUSIONS

This paper deals with the use of SMAs as actuators for morphing airfoil purpose. In general, results show that it is
possible to change the aerodynamics performance using SMA actuators. Results show the differences between the
actuated and the non-actuated shapes. There are several challenges for the application of this idea in real applications. A
three-dimensional investigation is important in this way, evaluating some effects as the wing torsion due to SMA
actuation. Besides, the thermal behavior of the whole structure shall be evaluated, heat sources as the turbines and the
heat transfer by the metallic structure must be taken in account. The manufacturing of the SMA inserts and its
mechanical properties and fatigue resistance is another important issue. Finally, some airplane components may be
repositioned; many aircrafts have their fuel tanks on the wing, which would restrain the shape change.
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