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W N e

Abstract: In the framework of innovative aerodynamics, active airfoils can be developed and ex-
ploited based on the integration of shape memory metal alloys (SMAs), allowing for surface adap-
tation, i.e., shape changes in response to operative thermal inputs, depending on the desired aero-
dynamic behavior. The purpose of thermally activated shape-changing (TASC) airfoils” improved
capabilities is to offer benefits in terms of aircraft performance and fuel consumption rate. TASC air-
foil design hinges upon three intertwined and nonlinear phenomena, namely the solid-fluid-thermal
interactions. In this paper, in order to approach the definition of appropriate design parameters, the
space of operating variables is explored for the first time by devising a finite element method simu-
lation encompassing the equations of structural motion, energy, and turbulent Reynolds-averaged
Navier-Stokes. Such a fully coupled model is then tested by implementing a sensitivity analysis for a
preliminary design of a TASC/NACA airfoil. Temperature and velocity distributions are presented
and discussed, including new metrics leading to aerodynamic lift calculations. When the efficiency is
computed as the lift-to-drag ratio, it is found to vary nonlinearly in the 045 range, with the activating
power feed in the 0-1000 W range.

Keywords: aerodynamics design; thermally activated profile; adaptive profile

1. Introduction

With aerodynamics being the major aspect influencing body design, as Pern and
Jacob [1] first speculated, the application and exercise of discrete adaptive surfaces can rep-
resent a viable solution to reach these goals. In this framework, there is a growing interest
in morphing wing technologies that are reaching a high technological readiness level [2,3].
Morphing wings are studied in the aviation industry to improve aircraft performance by
adapting their shapes to flight conditions such as the take-off, landing, and cruise phases.
Improved performance and reduced fuel consumption represent two important goals that
must nowadays be taken into account in aerodynamic design. The progress in aviation
research is paving the way to also introduce morphing structure technologies in the auto-
motive industry [4], whereas their application is mainly addressed to high-performance
vehicles, though not only with the aim of reducing drag and optimizing lift (downforce).

Conceptual design, prototype fabrication, and the evaluation of shape-changing wings
were classified by Sofla et al. [5]. Computational research dealing with active-load-control
airfoil appendices can be relevant to this task [6]. In the past, such airfoils were realized by
requiring mechanical actuators providing the specific degree of freedom, with the weight
and structural performance affecting their efficiency and cost. The development of active
airfoils, capable of improving aerodynamics performance by autonomous shape-changing
and continuous adaptation to specific inputs while keeping added weight at a minimum, is
therefore a worthy area of investigation.
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It is well known that shape memory alloys (SMAs) are optimal materials for adaptive
surfaces [3,7,8]. SMAs exist in two crystalline structures: martensite is present at lower
temperatures, and austenite is present at higher temperatures. The reason for the particular
structural behavior of an SMA-integrated airfoil is the transition between the two phases:
the temperature increase due to Joule heating causes the beginning of the transition, induc-
ing a force that produces a desired geometry variation suitable for the chosen operating
condition [9]. Generally, unlike most metals, SMAs contract in length when heated but
will maintain the same absolute volume. An embedding matrix provides that every other
material property requirement is satisfied.

One such material is nitinol (NiTi) [3], for which a major stakeholder, NASA, has been
long aware of its purposeful properties [10]: as an example, NiTi can be used in deployable
vortex generators [11]. The design and realization of this kind of dynamic SMA system
relies on structural considerations [12]. Figure 1 reports on one such thermally activated
shape-changing (TASC) airfoil case by employing SMAs.

Figure 1. Chord-wise bending of an adaptive airfoil, achieved by the heating of SMA strips in an
antagonistic configuration: (a) initial and (b) adapted shape [13].

Clearly, modelling and numerical simulation are important tools to improve the perfor-
mance prediction of morphing structures. Structural, aerodynamic and thermal effects have
often been studied in decoupled environments; structural and thermal analyses are rela-
tively simple to approach by finite element modeling (FEM) methods, while aerodynamics
can be approached by panel potential methods or computational fluid dynamics (CFD)
computations. Due to the strong interactions between structural, thermal and aerodynamic
effects, a reliable approach should consider these effects in a coupled environment but the
complex mechanisms involved make this approach very difficult; indeed, there is lack of
coupled analyses in the literature.

Recently, a comprehensive literature review on the possible SMA shape-change ap-
plications has been offered by Sellitto and Riccio [14]. However, a strong fluid-structure
interaction (FSI) is expected when adaptive airfoils are immersed in a flow field. A thor-
ough review on FSI was provided by Hou, Wang and Layton [15], while Ismail et al. [16]
and MacPhee and Beyene [17] studied the shape changes of wings and wind turbines.
Machairas et al. [18] analyzed FSI by a FEM, but TASC effects were not considered.

As TASC airfoils are locally subject to internal and discrete heating, it is clear that
their adaptive feature is driven by heat transfer. This problem is properly attacked by
solving the momentum and heat transfer simultaneously in both the solid (airfoil) and
fluid (flowing air) phases. This approach allows no empirical assumptions to be made.
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As alluded to earlier, structural design must be coupled to thermal study [19], which is
strictly correlated to fluid dynamics interactions. Thermal FSI is a multidisciplinary area of
scientific investigation of formidable difficulty even without the thermal problem [20].

A first model of a fully coupled TASC plate has been recently presented by
Caccavale et al. [21], but with no inference on airfoil morphing. In this paper, this analysis
is extended for the first time, with reference to said solid—fluid-thermal interactions, to
a more suitable shape for practical applications, i.e., a common aerodynamic airfoil. A
fully-coupled simulation is proposed encompassing the variable space that emerges from
the equations set. A sensitivity analysis of the intertwined and nonlinear phenomena set is
implemented, and a new metric is proposed to help preliminarilyy design thermally activated
aerodynamics appendices, with special references to aerodynamic lift and efficiency. Power
feeds up to 1 kW and nominal air velocity up to 30 m/s (108 km/h) are assessed. The
efficiency, when computed as the lift-to-drag ratio, is found to increase slowly for power
feeds higher than 600 W. The present preliminary model and associated results lay the
foundations for further development in the field of TASC airfoils.

2. Materials and Methods
2.1. Assumptions

The lift build-up needed in aerodynamic operations is obtained by a suitable airfoil
shape morphing; thus, a strong interaction between boundary layer development and
continuous shape change was obtained and analyzed. A NACA (0012 airfoil with / = 180 mm
chord length was immersed in a horizontal flow of standard air in a turbulent regime (fluid
phase f, Figure 2). In the present study, the Reynolds number employed (based on the
relative free-stream air velocity and airfoil chord) was such that a turbulent regime was
ensured in the control volume at hand, as described next. In any studied configuration, the
transfer phenomena were studied in a steady state.

‘ leading edge trailing edge
n NiTi wire (s phase 1)
y / 1 m
I X
air flow

‘ PP/PE airfoil (s phase 2) ¢ oo

Figure 2. Detail of the control volume under scrutiny, with indication of solid and fluid phases.
Global x — y (centered on the leading edge) and local m — n coordinates are also reported.

A 0.6 mm dia. wire in NiTi (solid phase s1) was embedded length-wise in the airfoil,
which was made of a PP-PE copolymer (solid phase s2). An appropriate electric current
was applied to the wire in order to modify its structural condition and attain the desired
shape change. The two solid phases are isotropic and with perfect structure matching. The
properties of solid phase s1 change according to the the SMA'’s behavior, while solid phase
2 has constant properties. Inelasticity and hysteresis effects in structural modeling were not
taken into account in the present study (only a one-time transformation from the martensite
phase to the austenite phase is considered).

2.2. Sequence of Phenomena Coupling

In shape-changing by means of SMA structural variation, when acquired in static
condition (i.e., in still air without FSI inference), heat transfer due to the applied electric
current has a one-way relationship to structural mechanics, as discussed by Caccavale et al. [21].
However, in TASC airfoil design, heat convection occurs on the airfoil’s surface due to
exposure to the given velocity air flow, and lift and drag results when FSI is supplemented
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in the analysis. Thus, fluid and structural mechanics are directly two-way related, and
they are also indirectly one-way related through the occurrence of heat transfer: the
solid displacement is balanced by the force exerted by the fluid on the airfoil, whereas
heat generation dictates shape change, but in turn is depleted by heat convection at the
exposed surface.

2.3. Governing Equations

With reference to the control volume represented in Figure 2, and employing a tensor
representation, the governing equations for the 3 mechanisms at stake are as follows.

2.3.1. Solid Mechanics

The equation of motion in the steady-state assumption reads as
V- (I+Vueo) +F" =0, 1)

with I representing the identity matrix, u representing the solid displacement vector, o
representing the stress tensor, and F"”’ representing the volumetric force vector.

Hooke’s law relates the stress and strain tensors in the absence of contributions from
initial and viscoelastic stresses:

oc=C: (g, (2)

where the double-dot tensor product is employed. Here, the fourth-order elasticity tensor
C is defined in terms of Young’s modulus and Poisson’s ratio [22]:

C=C(Ev), 3)

while the strain tensor € may be written in terms of u:
1
=7 ((Vu)T +Vu+ (Vu)TVu) 4)

2.3.2. Fluid Flow

The Reynolds-averaged Navier-Stokes (RANS) equations can be written, in a regime
of pure forced convection, as:
V- (pev) =0, ®)

pe(v-V)v=-Vp+1,=-Vp+ (y+yt)(Vv+ (VV)T), (6)

with v representing the averaged fluid velocity vector, T, representing the viscous stress ten-
sor in the boundary layer, p representing the averaged pressure, and p and y with the usual
meanings. The present model is based on the low-Reynolds k — € closure model [23], bring-
ing the relationship for the turbulent dynamic viscosity y¢. This turbulent paradigm can
model heat fluxes with good accuracy in conjunction with boundary layer flows, providing
for a very accurate description of the flow field, as it supplements with damping functions
for turbulence, thus performing a realistic limiting behavior. For the sake of brevity, the
equations for the transfer of turbulent kinetic energy, k, and turbulent dissipation rate, €,
are left unreported here.

2.3.3. Energy

Thermal energy is transferred macroscopically in the fluid phase and microscopically
in the solid phase s (comprising both s1 and s2).

*  Fluid phase f:
pecp(v- V) Tp = —AV2Ty; )

e Solid phase s:

2 Q] Q MA
_ T. ~J —0-
)\sv S + ‘751 + ‘,51 - 0/ (8)
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with Ts representing the temperature of the s phase, T; representing the averaged
temperature of the f phase (see Figure 2), Q) representing the nominal power feed to
the SMA wire, Qna representing the power related to latent heat due to the martensite-
to-austenite transformation, Vs; representing the volume of the s phase 1, and ¢, and
A with the usual meanings.

2.4. Boundary Conditions and Couplings

SMA wire, or solid phase s1: prescribed power Q determining the volumetric force F:

F/ — F" Q] 9
sl sl <Vsl ( )

While the SMA behavior specifying the function in Equation (9) is detailed in [22,24]
(referring to the common Lagoudas formulation for SMA), the SMA properties em-
ployed are reported in Table 1.

Table 1. Solid-phase properties.

ps [kg/m3]  Ag [W/(m K)] v E [GPa]
NiTi SMA wire (s1 phase) 6500 10.8 0.33 En =46.0,Ey =214
PP/PE airfoil (s2 phase) 900 0.15 0.40 2.37

Embedding airfoil, or solid phase s2: the solid phase is structurally free everywhere,
with the exception of the leading edge, which has a fixed constraint:

u=0, Vu=0 (10)

Additionally, the volumetric force F”’ in the embedding airfoil is given by the inherent
external force or aerodynamic force (due to FSI effects) supplied to Vi, the volume of
the s phase 2 (see Figure 2):

Fa

F) = 11
s2 Vsz 7 ( )

implying that Vg > V.

Air—free-stream boundary: the control volume of fluid phase is very long along x and

wide along y with respect to the airfoil length and thickness, respectively (see Figure 2).

Therefore, the air is issued to the control volume with prescribed conditions
Tf = T(), Ox = 0o, Uy = 0, (12)

along with a 15% free-stream turbulence intensity exercised for the application at stake.
Solid—fluid interface: thermal continuity and no-slip, requiring

oy
on

0T,

Tf = TS/ Af a;’l 7

= Ag and v=0, (13)
respectively, along with the usual conditions for the chosen turbulence paradigm,
again left unreported here for the sake of brevity. The thermal continuity condition
allows to solve the temperature field simultaneously in both the solid and fluid phases
in a conjugate fashion, i.e., with no need to impose a convective heat flux (based on a
simplistic heat transfer coefficient at the solid—fluid interface).

Outflow boundaries: outlet conditions requiring
VT =0, Vv =0, (14)

along with the usual conditions for the chosen turbulence paradigm, again left unre-
ported here for the sake of brevity.
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*  Thermal FSI coupling: coupling between solid mechanics and fluid mechanics meshes
is imposed through the mutual geometry change, whose numerical treatment is
presented next. The structural and fluid problems are defined and solved in their
respective phases only, whereas the thermal problem is solved in both phases.

2.5. Numerical Method

A FEM commercial software, COMSOL Multiphysics [25], was employed to solve the
system of Equations (1)—(8) with its boundary conditions in the control volume outlined
in Figure 2. The overall size of the computational domain was 30 x [ and 50 x [ along
x and y, respectively, allowing for non-reflecting boundary conditions at the far field. A
pressure-based RANS solver was employed with the k — € turbulence closure model.

First, a multifrontal massively parallel sparse direct solver (MUMPS) was employed
for wall distance initialization, with a relative tolerance of 1 x 10~%; then, again, the MUMPS
was invoked for stress, whereas a parallel direct sparse solver with a relative tolerance
of 1 x 1073 was used in a segregated fashion with row preordering and multithreaded
forward and backward solving to ensure computational stability and robustness, first for
velocity and pressure and finally for temperature.

A grid dependency study was performed, exercising up to 4 grid sizes. In Figure 3,
the computed drag coefficient (to be referred to later) for Q; = 0 is plotted against mesh
size, showing a fair convergence. Thus, grid level 2 was adopted in all computations. This
grid also scored a positive check on v and ¢ (invariance at the 4th and 3rd meaningful
digit, respectively). In the f phase, the final grid featured a boundary layer (b.lL.) of 2 levels
with a minimum edge of 3 x 10~* m and a stretching factor of 1.2, up to a final edge of
50 x 1073 m, for a total of almost 10* triangular cells plus more than 300 quadrilateral cells
in the b.l. In the s phase, this grid had almost 2400 and 330 triangular cells in the s1 and
s2 phases, respectively. This grid, reported in Figure 4, allowed for properly resolving the
velocity and temperature gradients in the b.l. along the s—f interface.

0.014

0.013 - 4

0.012

0.011 - ,

drag coefficient
o
o
=1
T
I

0.009 - b

0.008 - =

0.007 - 4

0.006 L L L
0 1 2 4 8

mesh size

Figure 3. Grid dependency study: computed drag coefficients versus mesh size levels.
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Figure 4. Detail of the employed grid. Blue and black colors are used to emphasize the different
phases in the control volume.

2.6. FSI Treatment

The geometrical changes of both solid and fluid phases were achieved by adopting
an arbitrary Lagrangian-Eulerian (ALE) moving mesh formulation [25]. The spatial frame
was allowed to be separated from the material frame according to a frame transformation
driven by to the computed structural displacement, u. The structural deformation of the
material frame (solved for in a Lagrangian meaning) drove the variation of locations of
mesh nodes in the spatial frame. The force F, computed in the fluid flow (solved for in an
Eulerian meaning) contributed to driving the structural force, inducing deformation, F”.
The mesh deformation was smoothed to ensure the stability of the numerical solver with
high-quality mesh elements by means of the Yeoh model [26].

2.7. Overall Computational Remarks

The following libraries were exploited in the software employed [25]: solid mechanics
with the SMA option, turbulent flow, and heat transfer (in both fluids and solids), including
the link to said SMA option. All physics invoked were selected such that their computations
were inherently fully coupled and joined with the above ALE formulation.

The Reynolds number based on chord length was typically around 5 x 10°, which
is a “transitional” Reynolds number for airfoils. In the present case, a 15% free-stream
turbulence intensity was assumed, such that turbulent conditions were ensured.

The model was verified for a classical (un-morphed and no power feed) configuration
against the lift and drag coefficients, as reported later in Section 3.2.

3. Results and Discussion
3.1. Explored Variables Space and Auxiliary Definitions

A sensitivity analysis was carried out by varying the nominal power feed to the SMA
wire, Q], and the nominal free-stream air velocity, vy, to explore the TASC operation with
reference to Equations (1)—(8) and the related boundary conditions from Equations (9)—(14).
The pressure was atmospheric, and the free-stream air temperature Ty was 300 K.

The aerodynamic force F, was computed by the integration of the stresses acting in
the boundary layer formed on the airfoil surface in the f phase:

F, = /S(pn — Ty -n)dm, (15)
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where S is the airfoil exposed surface, n is the versor normal to S (see Figure 2), and t,
represents the viscous stress tensor in the boundary layer, as in Equation (6). To calculate
the aerodynamics performance for the TASC airfoil, the resulting lift L and drag D can be
computed by projecting F, along the n and m directions, respectively.

The local skin friction coefficient is computed as:

T,
o = 1' . |2 (16)
2Pf%
while the lift and drag coefficients are, respectively, defined by:
L D
CL:1| |2/ CD:1| |2 (17)
2Ptlv5 2Pilvg

with [ being the airfoil chord. Finally, to propose a metric leading to preliminary lift
calculations on thermally activated appendices, the lift-to-drag ratio (aerodynamic efficiency)
is reported as:
L
E, = ||'| (18)

3.2. Comparison with the Available Literature for an Airfoil with No Power Feed

The coefficients defined in Equation (17) are relevant to the evaluation of the soundness
of the calculations performed. The computed drag at Q = 0 returns a drag coefficient
cp equal to 0.0093 (93 drag counts), while the lift coefficient c, varies from 0 to 0.65. The
computed values of cp and ¢y, are in good agreement with experiments and numerical
calculations in the literature on NACA 0012 airfoils at the given Reynolds number range
in fully turbulent flow [27,28] considering the increasing curvature of the airfoil while
increasing Q.

3.3. Temperature Distributions

The solution for temperature in the airfoil and in the surrounding air is presented next,
which is useful to help comply with material specificationss with a changing power feed at
the SMA wire. This model may then be applied to verify that the maximum temperature
falls within the requirement for the given airfoil to be tested. To this end, five temperature
maps are reported in Figure 5 with varying Qj: the maximum temperature in the solid
phase is found to be around 500 K in the top frame case, when Q; = 1000 W. In the same
frame, the thermal discharge or spout resulting from the conjugate solution of Equations (7)
and (8) is also indicated.

480

05 =1000 W R —

460

440

. ———
G .
400
380
. e ——
= T —
Q5 =600 W 360
340
. —_— 320
Q5 =400 W
300
QJ o _

Figure 5. Maps of temperature T at a free-stream air velocity vy = 30 m/s for five cases of power feed
QJ, from 0 to 1000 W, with indication of the thermal discharge past the trailing edge of the airfoil.
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Figure 5 shows that thermal non-uniformity plays a role in preventing the desired
operation and ensures uniform SMA activation: indeed, the SMA wire ends appear to
be immersed in a matrix standing up to 100 K colder than its midsection. Therefore, this
model could be used to address the compliancy of the assembly in the design phase.

3.4. Air Velocity Distributions, Lift and Drag

The solution for the air velocity is reported in Figure 6, where five velocity maps are
reported with varying Qj: the maximum velocity is found to be around 35 m/s over the
suction side in the top frame case when Q; = 1000 W.

V] [m/s] 35

Q5 =1000 W

01 =800 W

01 =600 W

05 =400 W

Figure 6. Qualitative maps of air velocity magnitude |v| at a free-stream air velocity vy = 30 m/s for
cases of power feed Qy from 0 to 1000 W.

It is interesting to note that, due to the FSI effect, the TASC airfoil would be slightly
flattened out, i.e., the deflection would have been greater if the airfoil was not immersed in
a airflow, with the related pressure difference inducing a force directed to straighten the
airfoil in its otherwise static shape.

Furthermore, the lift L and drag D offered by the airfoil are reported by Figure 7
for the entire range of the nominal power feed, whereas the aerodynamic efficiency E, is
reported by Figure 8. An almost linear lift increase with power feed is obtained in Figure 7,
left: this is obviously due to the increased airfoil curvature. Differently than the lift force,
drag force has a non-linear increase in Figure 7, right, growing slowly at low power feeds,
while a non-linear increase of form drag is evidenced at higher power feeds due to flow
separation at the trailing edge zone. This effect can also be appreciated in Figure 8, where
the aerodynamic efficiency is plotted against power feed. At high power feeds, there is an
evident decrease in efficiency growth rate that must be taken into account in the design
phase of SMA-operated airfoils.
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Figure 7. Lift (left) and drag (right) forces for the operational range of the nominal power feed Qj.

50
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- F
g 30 |
25

20 |
sk /

0 200 400 600 800 1000

0y [W]

Figure 8. Aerodynamic efficiency for the operational range of the nominal power feed Q.

It is worth remarking that the aerodynamic efficiency is somewhat greater than the
one computed for a flat plate [21], whereas the present computations are more reliable for
practical aerodynamic applications.

4. Conclusions

A fully coupled steady-state model has been proposed and solved with a sensitivity
analysis to the combined solid—fluid-thermal interactions that featured the shape-change
of an airfoil immersed in a turbulent flow and cast with a SMA wire. The interdependent
nature of the phenomena has been discussed, stemming from the insertion of the thermal
problem (due to the thermal activation of the SMA-cast airfoil) in an otherwise pure FSI
framework. A complex set of partial differential equations was set up with due generality
to facilitate applications for other geometries, and the role of the SMA material has been
enforced by exploiting a Lagoudas formulation. Finally, an arbitrary Lagrangian—Eulerian
moving mesh formulation has been employed to catch the peculiarities of the FSI problem.

Temperature and velocity distributions were described and discussed depending on
the driving parameters, namely the free-stream velocity and the power feed to the SMA
composite. The model showed correct predictions for the classical airfoil configuration.
The velocity distribution could be calculated by taking into consideration the changing
shape with the adopted steady-state solution procedure: the air would reach up to 35 m/s
over the airfoil’s suction side in the most deflected geometry (maximum power feed at the
SMA wire). Then, the solution of temperature was treated in a conjugate fashion. Thermal
nonuniformity, with temperatures topping up to 500 K in the airfoil core for the maximum
tested power feed of 1 kW, has been found that could hinder the desired shape change
and, in turn, the aerodynamic function, and this should be addressed in the design phase.
Airfoil inflection and lift and drag values (with the efficiency varying nonlinearly in the
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045 range) were then calculated, showing the purposeful nature of the TASC simulator as
a preliminary design tool.
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Abbreviations

The following abbreviations are used in this manuscript:

ALE Arbitrary Lagrangian-Eulerian

FEM Finite element method

FSI Fluid-structure interaction

NACA National Advisory Committee for Aeronautics
PP-PE  polypropylene—polyethylene

SMA Shape memory alloy

TASC  Thermally activated shape-changing
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