Passive control of the flutter instability on a two-degrees- of-freedom
system with pseudoelastic shape-memory alloy springs.
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Abstract. A passive control of aeroelastic instabilities on a twordeg-of-freedom (dofs) system is consid-
ered here using shape memory alloys (SMA) springs in theugs-elastic regime. SMA present a solid-solid
phase change that allow them to face strong deformatiori®©¢s); in the pseudo-elastic regime, an hysteresis
loop appears in the stress-strain relationship which im ¢ives rise to an important amount of dissipated energy.
This property makes the SMA a natural candidate for dampidgesired vibrations in a passive manner. A 2-
dofs system is here used to model the classical flutter iitisyadf a wing section in an uniform flow. The SMA
spring is selected on the pitch mode in order to dissipateggra the predominant motion. A simple model for
the SMA hysteresis loop is introduced, allowing for a quartitie study of the important parameters to optimize
in view of an experimental design.

1 Introduction

Aeroelastic instabilities are an important issue in aeuena /;/I
tics, especially regarding the wing motions. Indeed, for ----,-___
a coupled system airflow - flexible structure, like aircraft “(
wing, turbojet or bridge, a limit velocity exists above whic
the flexible structure cannot evacuate the energy received
from the airflow anymore, then giving rise to strong or even
fatal deformations. These instabilities, usually desib
under the generic term flutter instability, result from mte Fig. 1. 2DOFs Airfoil

action between aerodynamic, inertial and elastic forces [1

In this contribution, we focus on a passive control device

for mitigating the flutter instability by using springs com- tic model where the proeminent parameters are left free to
posed of shape memory alloys (SMA). In their pseudo- vary. Numerical simulations are then conducted in order to
elastic regime, SMA are known for showing the ability investigate the féect of the SMA on the LCO. In particu-

of dissipating an important amount of energy thanks to lar, it is shown that for certain parameter range, the SMA
the hysteresis loop appearing in their stress-strainioglat ~ Spring can lead to a significant decrease of the amplitude
ship, and has thus already been used in numerous applicaf the LCO.

tions ranging from civil engineering, aeronautics to med-

ical industry [2,3]. Recent contributions have considered

the dynamical responses of SMA springs from the theo- 2 2DOFs Airfoil model

retical viewpoint [4—6] in order to properly quantify the
most proeminent features of the vibrations of simple sin-
gle dof systems. Experimentally, a torsion pendulum has
been recently used in order to clearly exhibit the soften-
ing efect of SMA oscillators [7]. The aim of this paper
is to investigate theféect of a SMA spring on the flut- 7 .
ter instability. More particularly, the most relevant para tion of the altltu_deh. (heave) and thf zlinglze OI a?‘?“?k
eters of a pseudo-elastic regime on the amplitudes of the(Pitch) [8]- The kinetic energy reads = 3mh” + 31,a° +
limit cycle oscillations (LCO) will be analyzed, in orderto ~ Sh@, and the potential energy reads= 3k,a” + 3knh*.
quantify the &ect of the dissipation brought by the hys- In these expressionk, is the inertial moment an8, the
teresis loop. The airfoil is modeled using the classical 2- static moment, the structural coupling between torsional
dofs system coupling pitch and heave motions [8]. In order @nd flexural motions being fully quantified by the term
to exchange energy and create the possibility of a Hopf Scha. The source termB andM (aerodynamic force and
bifurcation in the system, the minimal model should con- moment) are classically derived from the lift ¢beient
tain at least a flexural (heave) and a torsional (pitch) mode.CL such asF = JpU?SC, andM = eF, wherep is the

The SMA nonlinear behaviour is described by an heuris- fluid density,U the upstream airspeed a&the airfoil
section. We assume that the angle of attack remains small,

3@ e-mail:arnaud.malher@ensta-paristech. fr so that the lift cofficient depends linearly oa, so that

2.1 Dynamic model

The model system under consideration is shown in Fig. 1.
A Lagrangian formulation is used to express the evolu-
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Fig. 2. Real (solid lines) and imaginary (dotted lines) parts of the Compression | Traction >
solutions of the eigenvalue problem for Eq. (1) given asAdet{ . !
0, with A defined in Eq. (2). Parameters of the problem listed in DISplacement (a or h)

Table 3.0 is a reduced velocity (see text). . . . . .
© W ( ) Fig. 3. Pseudo-elastic behaviour of SMA and its microstructure

for each phase.

CL = (0CL/da)a (Cile=0 = O because the airfoil is sym-

metric). We consider a pseudo-static motioa,the airfoil

speedh is not neglected as compared to the upstream air-

speedJ. Lagrange equations lead to the following dynam- is also sketched in Fig. 3. When deformed, the microstruc-

ical system : ture of the SMA turns into a new phase, energetically sta-
ble at small temperatures, and for which the microstructure

m S, |[h ipusc., 0l[n is now oriented, called theartensite phase. The points in
Se lo || @ -1epUSC_, Of| & the stress-strain space where the transformations strt an

2 ,a .. . .
1 finish are usually denoted with the subscrip{start) and
Ki, 1,U2SC, , h f (finish), so that for instanck!; refers to the point where
[ 0 K 2 lQOU2§CL ] [a] =0 the martensitic transformation has been fully accomptishe
[ 2 ,

in the SMA structure. The path followed in the stress-strain

The flutter velocityUt, for which the flutter instability oc-  "€lationship is not the same when the material is charged
curs, is determined from (1). Assuming that the airfoil mo- ©F décharged, thus an hysteresis loop appears as illubtrate

tion is harmonich = hexp(pt) anda = &exp(pt) with in Fig. 3. This hysteretic behaviour is the most salient fea-
p € C, replacing in Eg. (1) one finds ture of the pseudo-elastic behaviour of SMAs. The dissi-
’ pated energy during a cycle is proportional to the area of

R _ the hysteresis loop so that the more the loop area is large,
A [& =0, with the more energy is prone to be dissipated in the device.
A= [mpz +2%PL1J SCLaP + Kn E(,pz + %PlUZSgL«Y The nonlinear behaviour of single dof SMAs can be
SeP” = 580USCLop 1ap” + Ky — 560U°SCy, derived from a general, three-dimensional model infered

(2) from thermodynamical laws and then reduced by consid-
Eq. (2) has non trivial solutions for dé{f = 0. This yields  ering ad-hoc assumptions, seg. [6]. In this contribution,
a polynomial of the fourth order in the varialpethe solu- 3 simple heuristic model is used instead as it has the capac-
tions of which are plotted in Fig. 2J¢ is found as soon as ity to retrieve the main features of the dynamical behaviour
the real part of a root crosses zero and becomes positivewithin a light computational framework. It is built on the
An example is given in Fig. 2 which has been computed hehaviour sketched in Fig. 3 by approximating each part
using the parameter values of Table 3. The critical flutter of the diagram by a linear relationship. An internal auxil-
velocity is found for that case @ ~ 0.87, where@ isa jary variable playing the role of the fraction of martensite
reduced velocity such that = ¥ /1= (see section 3). is defined so as to keep the memory of the precedent state
« of the material in a dynamical simulation. For simplifica-
tion, it is assumed that the slope of the purely austenitic
and purely martensitic phases are the same, as well as the
2.2 SMA model slopes during the reverse or transverse transformations, s
that the main characteristics of the SMA are definedby
The SMA spring is assumed to behave in a pseudo-elasticandK; only as shown in Fig. 3. It is also assumed that the
manner, which is briefly recalled in Fig. 3. This nonlinear behaviour of the spring is symmetric in traction and com-
behaviour is characterized by a solid-solid phase changepression. Internal loops are described following the gketc
between two dferent states. The first one is callaasten- in Fig. 3. The SMA is then fully described with the fol-
ite, is stable at large temperatures and is the natural state ofowing set of parameters illustrated in Fig. 8, K3, Ag,
the spring at rest. The microstructure of the austenitegohas h; andH. With these parameters, the loop area is equal to
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Table 1.Non dimensional aeroelastic parameters. 4 ‘

600 800 1000

hiH /1 + K2 /1 + K2 cos(arctan(1Ky)+arctankz)). Hence

the control parameters of this loop dreH, K; andKs.

After the flutter instability, the wing experiences large-
amplitude motions especially on the pitch mode, whereas (©)
the amplitude of the motion of the heave mode remains : 0
fairly small. In order to take advantage of the dissipative
properties of the SMA, it appears logical to include a SMA 0 200 200 . 600 800 1000
spring on the torsional motion, whereas the flexural spring time
is left unchanged with a linear behaviour law.

ime 600 800 1000

Fig. 4. Evolution of the heavé (blue line) and pitchxv (green
line) as function of time, for three fierent reduced velocities: (a)
. 0 =0.86 (b)® = 0.91 (c)® = 0.93. The curve are normalized to
2.3 Final model their maximal value.

The final model with a SMA torsional spring in order to . ) L
control the pitch mode is derived by inserting the nonlinear (€MS to eliminatep, the following expression is found, for
behaviour of the SMA spring on the second equation of (1). Which @1 is solution

It reads: AO2-A, =0
[m SQHH] [ 1,USCi, O [h]+ (Ar=HCL(r2 + )
Su lo ||@] | -1eoUSCL, 0| @ Wity a, = r2x,
1 2 h 0 (3)
Kn 1pU2SCi,
y = , [ A2 r2X,
|: 0 ——q)UZSCL,a,:| CV:| |:—FSMA(O’):| thus @ = — = S o S— 087
z N ' AL HCL(rZ + ¥X%)
whereFsMA is the nonlinear restoring force of the SMA When ® < 6, the airfoil motion decreases and tends
depicted in Fig. 3. . . to zero, see Fig.4(a). Whe® > Os, the flutter instabil-
The problem is then reduced to a nondimension systemity occurs and the position at rest is not stable anymore.
of equations However, the energy of the LCO can be dissipated by the

SMA, so that for a certain range of reduced velocity, the

[ 1 Xg] [y:] +[ UCL O 0} !/l N amplitude of the motion saturates thanks to the nonlin-
X Iy || @ —1yCLoO 0| @ ear behaviour of the SMA, as illustrated in Fig.4(b). When
the motion amplitudes of the LCO are beyond the end of
Q% uCL,0? y|_ 0 the martensitic transformation, the potential of dissgoat
0 —uyCLoO* |||~ [ -fMN@) |’ of the SMA is reached, so that divergent motions are re-
. trieved. The critical speed above which the motion diverges
h Kat ’ d
with y=4, T=s, 0 =g again is denoted...
| pbS S U |
ly = = ) /’t = Sm X( = _d» @ =% 417
¢ mo* am T b VK 3.1 Influence of SMA parameters
o= [Kle - _e and fSMA _ Pl . - .
T AmK, YT b NL = mpeK, The key parameter in order to optimize the passive con-

trol of the flutter instability is obvioush®., indeed the
larger®c, the larger the range of flow velocities for which
3 Results and Discussion the LCO amplitude is controlled. However, due to intrin-
sic physical behaviour of the SMA, the loop area cannot be
The aeroelastic parameters for the two-dofs system haveselected as large as theoretically desired. An important fe
been selected according to [8], they are listed in Table 3.ture is given byh,, indeed the smaller i, the sooner the
Eqg. (4) is integrated in time with a fourth-order Runge- martensitic transformation will be activated so that the en
Kutta scheme. The initial condition is generally presadibe ergy dissipation will occur rapidly. Let us investigate our
as a small perturbation on the heave mode. To gain insightlast SMA parameter which is the ratk§, /K,, the LCO
on the critical parameter values, the flutter sp@gdcan amplitude is plotted vs the airflow speed in Fig.5 fafeli-
be derived analytically from the equations of motion. Re- ent ratioK;/K,. These calculations are made by increasing
ferring to section 1, one can use the fact that at the critical and then decreasing the airflow speed step by step, a cubic
velocity @, one of the real part of the roots vanishes. As- stiffness is added to the model in order to saturate the sys-
suming therp purely imaginary, separating real and imag- tem after the critical speed, the loop area is the same for all
inary parts in the 4th-order equationpnand grouping the  simulations. Some remarkable behaviour can be observed:
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Fig. 5. Amplitude of the LCO for diferent SMA parameters

€ot

b

—— Without SMA

—— With SMA

400 600 800
Time

200

1000

Fig. 6. Total energye,: versus time for the aeroelastic system
(parameters of Table 3), with and without SMA, and ébe 0.9.

— When@ is decreasing, the LCO remains af@x 0
for large ratioK; /K, and smalh.

— There is an important gap aftérexceed. regardless
of hy andK1/Ks.

Thus one must pay attention to the critical velocity, be-
cause just as the upstream speed is equé@ltidhe SMA
will strongly increase the value aef co and damage the
structure.

3.2 Energy exchange

From section 2.1 the total energy reads

1
Etot =35

5 (mh2 + 1,02 + Kya? + Khhz) + S, he.

Then the nondimensional energy is

1
€ot = 5

(i + r20? + kea® + Q%) + Xajir. (6)
Its evolution is plotted in Fig. 6 for system with and with-
out SMA, for an airflow velocity® such that®@; < 6 <

@.. For each cycle the energy increase of the system with-
out SMA corresponds exactly to the energy dissipated by
the SMA in its internal loop (for example right after the
system with SMA enters in its first internal loop this loop
dissipates 1198 10 and during this time the system with-
out SMA grew 1189 10%). Hence in this regime, the en-

ergy saturates to a finite value.

4 Conclusion

Whether one want to harvest energy or avoid devastating
intabilities, the control of aeroelastic flutter is a critids-

sue. An option is discussed here by using SMA springs
in pseudo-elastic behaviour, in order to use the potential
of dissipation of such materials. A numerical study with a
simple heuristic model for the behaviour of the SMA has
shown that the amplitude of the LCO after the flutter veloc-
ity can be significantly reduced by adding a SMA spring on
the pitch mode of the two-dofs aeroelastic system. How-
ever, once the damping capacity of the SMA is reached,
the LCO amplitudes are larger than those obtained with a
simple cubic spring. These findings have to be further in-
vestigated by consideringftiérent important £ects of the
SMA that have not been taken into account, in particular
the dependence of the hysteresis loop on the frequency, as
well as the asymmetry of the material behaviour. These
preliminary findings will be confronted to experiments in
order to confirm the potential of the SMA as a passive de-
vice for controlling the flutter instability. Preliminane¥
sults with aeroelastic parameters fitted to the experiments
reported in [9] show an important increase®fso that the
LCO amplitudes should be controlled on a larger range of
flow velocities.

References

1. R. L. Bisplinghdf, H. Ashley, and R. L. Halfman.
Aeroelasticity. Dover Publications, 1996.

. S. Saadat, J. Salichs, M. Noori, Z. Hou, H. Davoodi,
I. Bar-On, Y. Suzuki, and A. Masuda. An overview of
vibration and seismic applications of NiTi shape mem-
ory alloys. Smart Materials and Srructures, 11(2):218,
2002.

. J.K. Strelec, D.C. Lagoudas, M.A. Kahn, and J. Yen.
Design and implementation of a shape memory al-
loy actuated reconfigurable airfoilJournal of Intel-
ligent Material Systems and Structures, 14(4-5):257—
273, 2003.

4. W. Lacarbonara, D. Bernardini, and F. Vestroni. Non-
linear thermomechanical oscillations of shape-memory
devices.International Journal of Solidsand Structures,
41(5-6):1209 — 1234, 2004.

. D. Bernardini and G. Rega. The influence of model
parameters and of the thermomechanical coupling on
the behavior of shape memory devicdsiternational
Journal of Non-Linear Mechanics, 45(10):933 — 946,
2010.

. M. Ould Moussa, Z. Moumni, O. Doaré, C. Touzé, and
W. Zaki. Non-linear dynamic thermomechanical be-
haviour of shape memory alloydournal of Intelligent
Material Systems and Structures, 23(14):1593 — 1611,
2012.

. O. Doaré, A. Sharra, C. Touzé, M. Ould Moussa, and

Z. Moumni. Experimental analysis of the quasistatic

and dynamic torsional behaviour of shape memory al-

loys. International Journal of Solids and Structures,
49(1):32-42,2011.

E. H. Dowell et al. A Modern Course in Aeroelasticity.

Kluwer Academic, 1994.

X. Amandolese, S. Michelin, and M. Choquel. Low

speed flutter and limit cycle oscillations of a two-

degree-of-freedom flat plate in a wind tunndburnal

of Fluidsand Structures, 43:244-255, 2013.

N

8.

9.



