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Abstract: Nonlinear aeroelastic systems are prone to thgeapance of limit cycle oscillations, bifurcation and clsao
Such problems are of increasing concern in aircraft designesthere is the need to control nonlinear instabilitieglan
improve safety margins, at the same time as aircraft areestib{l to increasingly critical operational conditions. On
the other hand, viscoelastic materials have already beeoesasfully used for the attenuation of undesired vibration
in several types of mechanical systems. However, a com&itjesmall number of research works have addressed
the feasibility of exploring the viscoelastic effect to foye the behavior of nonlinear aeroelastic systems. In this
context, the objective of this work is to assess the influeficéscoelastic materials on the aeroelastic features of
three-degree-of-freedom typical section models (inclggiitch, plunge and control surface motions) which present
structural nonlinearities of the hardening stiffness typehe equations of motion of the system under analysis are
derived in such a way that one is able to account for the depece of the viscoelastic material properties on frequency
and temperature. For this purpose, a constitutive law basedractional derivatives is adopted, allowing for the
modeling of the viscoelastic behavior in the time domaire dérodynamic forces are introduced based on the classical
theory of linear unsteady aerodynamics with correctionsdibitrary motions derived from Theodorsen’s method.
The aeroelastic behavior is investigated through time darsanulations, and subsequent frequency transforms, from
which bifurcations are identified, and diagrams of vibratamplitudes versus airspeed are constructed to charameri
the conditions under which the system is supercritical dcsitical. The influence of the viscoelastic effect on the
aeroelastic behavior, for different values of temperatigdighlighted and discussed. Numerical simulation shitnat
viscoelastic damping can increase noticeably the flutteesimnd reduce the amplitudes of limit cycle oscillatioms fo
the system under consideration. These results show trattelastic materials can be used in the aircraft components
to increase safety margins of the flight envelope as relaigtie aeroelastic stability. The authors acknowledge the
CNPq, FAPEMIG, and FAPESP for their continuing financial gag of research activities.

Keywords: nonlinear aeroelasticity, typical section mddeubic hardening, viscoelasticity, damping, flutter, lin
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INTRODUCTION

The aeroelasticity is a multidisciplinary field of study theelongs to the aerospace engineering, which deals with
the interaction between structural dynamics and nonestaty aerodynamic flow. This multidisciplinary nature istbe
explained through Collar’s Triangle (Collar, 1946). Thigmgle represents the interactions between three disegl
aerodynamics, dynamics, and elasticity. Classical aeraayc theories provide a prediction of the forces acting on a
body of a given shape. Elasticity provides a prediction ef $hape of an elastic body under a given load. Dynamics
introduces the effects of inertial forces (Hodges and Bie2611).

Aeroelastic systems may present nonlinearities, thezefobject to undesirable behaviors such as bifurcatiand, i
cycle oscillations (LCOs), and chaos (Shetal., 2002). Itis known that nonlinear behaviors, whose origiresboth from
structural dynamics or from the unsteady aerodynamic f@pdire difficult to predict and are associated with desirect
structural responses (Dowell al., 2003). For example, LCOs have caused persistent problemaiy aircraft designs,
such as the F-16 (Chegt al, 1998). In general, linear models used in designs are cestsex due to the requirement of
safety margins to ensure stability to the aircraft even utfiinfluence of nonlinear effects (Henshaw et al., 2007).

Among the sources of nonlinearities in aeroelastic systémsstructural nonlinearities have been extensivelyistud
by many authors during the last years. Concentrated nanrligiéects, the most well-known example of structural non-
linearities, can be incorporated into numerical modeleugh elastic restoring forces or moments representations.
traditional and well-understood types of concentratedinearities are the hardening and softening springs, wtechbe
approximated by polynomial functions (O’'Neil and StrganB298), free-play (Vasconcell@ al., 2012) and hysteresis
(Chunget al,, 2009). On the other hand, not much is known about the fundsahmechanisms of damping and their
impact on flutter and LCOs (Dowedtt al., 2014). The internal damping forces may also have a nonlirdationship to
the structural motion expressing a great challenge to tgamears, consequently, they are usually represented ieadpyjir
even in linear aeroelastic mathematical models.
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Figure 1 — Supercritical and subcritical Hopf
bifurcations. The shaded region
exhibits unstable behavior.

N
Figure 2 — Physical model for the 3 DOFs
typical section aeroelastic system.

A generic way to analyze the nonlinear system behavior isituydation diagram, where the limit cycle amplitude
is plotted versus some system parameter, such as the flightisifurcation analysis is used to indicate a quantiativ
and qualitative change in the features of a system, sucheaaumber and type of solutions, under the variation of
one or more parameters on which the considered system deagifeh and Balachandran, 2008). Figure 1 depicts
classical bifurcation diagrams for supercritical and sitical behaviors. In general, if the system depends onrifti
conditions and has different solutions when the airspeéatitg is increased and decreased near the nonlinearatritic
velocity, the bifurcation is called subcritical, i.e. LCCagnalso exist below the flutter boundary (unstable LCO, stiade
region). However, if the system is independent of the ihitanditions and its stability changes only after the catic
flutter velocity, the bifurcation is called supercritical.

During the design of an aeroelastic system, it might be aireopent to further improve stability margins and reduce
LCO amplitudes related to flutter conditions. Usually thighe case, as aeroelastic phenomena is overlooked during
preliminary design phases, and only accounted for in latayes when prototype manufacture has already began. To
remedy the situation, structural modifications can be usefiud, in this work, one proposes the use of viscoelastic
damping for that matter.

Viscoelastic materials have already been proven as a \dahl&on for several vibration-related engineering penivs
(Rao, 2003). This class of materials combines the behaVielastic solids and Newtonian fluids, in the sense that such
materials not only store, but also dissipate energy, in aipasnanner. However, their application requires carefssn
since material properties are dependent on several emr@otal and operating conditions. These encompass, among
others, temperature, frequency, and static pre-load (Natal, 1985). Modeling of viscoelastic behavior must be done
accordingly, and several strategies have been put forwaatidw design and prediction of complex engineering system
that contain viscoelastic damping (Lakes, 2009).

Viscoelastic damping has already been adopted for fluttetrab Lacarbonara and Cetraro (2011) proposed a visco-
hysteretic vibration absorber (VA) to increase the flutigeedd and to improve the damping in the pre- and post-flutter
regimes of a one-degree-of-freedom typical section. Mae al. (2017) performed experimental and numerical analysis
of two-degree-of-freedom typical section presenting @&astic material in pitch and plunge motion, they have show
that the viscoelastic material can increase considerbblftutter speed. Some other authors have reported the lastice
damping treatments to avoid panel flutter in supersoniamediCunhaet al, 2016). Despite their contributions, these
studies have been limited to cases of linear aeroelastiersags

Thus, in this work, one investigates the influence of visasit damping in a nonlinear aeroelastic system, which
consists of a typical section with plunge, pitch and constoface degrees of freedom, with cubic-hardening nonlinea
behavior for the pitch angle stiffness. As one deals with mlinear system, traditional flutter analysis methods do not
prove adequate, and numerical time integration is perfdrrRer this reason, to model viscoelastic behavior, a foacti
differential equation is adopted for the constitutive tiela. As to unsteady aerodynamic loads, the classical yheith
corrections for arbitrary motion is employed.

In the following Section, physical modeling is addresseatek on, numerical results and conclusions are given.

PHYSICAL MODELS
Three DOF Nonlinear Aeroelastic Typical Section System

The mathematical model for a typical section, as shown inf&i@, is derived admitting the basic principles given in
Bisphinghoffet al. (1996) and Theodorsen (1935). Accounting for nonlinedfingtss behavior in the pitch and control
surface degrees of freedom, one can write:

He X X5 E(t) di,; dip dis £t)

Xa ra [r+(C=a)xg] |{ () (+| oy chy oy |{ a®) p+

% [f§+(0—a)xﬁ] ré B() ds; 2 di3 B
oo 0 0 &) ~L()/(mb)
0 et 0 at) =1 Ma(O)/(mwb?) b, (1)
0 0 2028 | | B Mg(t)/(mw b?)
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wheret denotes time; the plunge, pitch and control surface digptents are given bly, a, andg, respectivelya andc

are the dimensionless distances from the elastic axis tmttidle and to the surface contrdJ; is the airspeedx, and

Xg are the dimensionless distances from the elastic axis twitthg center of gravity (CG) and the distance between the
control surface and its CG, respectiveky, k., andkg are the plunge, pitch and control surface stiffness, resmty;

& =h/b; p. = my/my; d;; are the damping factors with respect to each airfoil motiod their influencesL(t) is the

lift force; M, (t) andMg(t) are the aerodynamic pitch and hinge moments, respectaetif (o) andF(8) are functions
related to nonlinearities in andg stiffness. As to notatiors = d e /dt, ande = d? e /dt>.

Aerodynamic modeling is based on the formulation by Theselo(1935), who presents an analytical solution to the
pressure distribution around a typical airfoil sectiomgs2-D irrotational, incompressible and potential flow asptions,
which are subject to harmonic motions. The convolution ofjdé function is used to expand the Theodorsen function
in order to account for arbitrary airfoil motions. Details this approach can be obtained from Vasconcedtad. (2016).

Given the previous arguments, the equations of motion feratiroelastic system can be presented in the following
final form:

(Ms - Mnc)i + (Cs =Che - %RSZ)X + (Ks —Kye — %RSI)X -RS3x, =0; (2)
~E;x-Exx-Fx, =0, ©)

wherex=[ ¢ a g |Tisthe vector of structural generalized degrees of freedomx, =[ x, X, | is the vector

of augmented aerodynamic states. Expressions for theamstppearing in Egs. (2) — (3) can be found in Vasconcellos
et al. (2016).M;, C,, andK; are the structural mass, damping and stiffness matricegectvely;M,,., C,.., andK,,.

are the non-circulatory flow contributions to mass, damging stiffness matrices of the system, respectively; R,

S»2, S3, Eq1, Ez, andF are matrices and vectors that arise from the circulatory ftowulation, and that modify damping
and stiffness properties, and couple the structural respuatith the time evolution of the augmented aerodynamiestat

Fractional Derivative Viscoelastic Constitutive Behavio r

The model used for the constitutive behavior of a viscoelastmper is now considered. It makes use of the so-called
fractional derivatives, and generalizes on the standaealisolid for a better representation of the frequencyeddency
of the complex moduli of a viscoelastic material. Tempeaeependency can also be accounted for, as will be shown.
The constitutive relationship is such that (Galuetal., 2004):

o = Egue, + EoouTa £ €ps (4)

dr@v

.
oy + T e

whereo, is the stressg, is the strain; and,, Ey,, Ew,, @, are the model parameters. Physicatly,is a relaxation
time constant, whereds,, and E.,, are the viscoelastic stiffness moduli for low and high freagcies, respectively.
Moreover,d* /dt* denotes fractional differentiation of ordey € R*, according to Caputo’s definition (Galua# al,,
2004; Diethelm, 2010). It should be noted that, due to cairgs that arise from the"? Law of Thermodynamics, the
following conditions must be met (Bagley and Torvik, 1986):

Eo, = 0, Econ > 0, T >0, Eco» = Egy. (5)

The model also presumes thak o, < 1.

To adopt Eq. (4) as the constitutive equation for viscoaldhavior, and use it within a structural modeling scheme,
a good strategy consists of expressingexplicitly. For this, one employs the Griinwald-Letnikgypeoximation of a
fractional derivative (Galuciet al., 2004):

(e47) - NU
S f= 0™ ) g ft-kao | (6)

whereN, is the number of terms used in the approximation,@nd are the so-called Griinwald coefficients. These may
be computed according tg+; = [(K—1—a,)/K] gx for k=1,...,N,, with g; := 1.
Equation (4) can be rewritten by considering the mternaHMeEU =€, — 0, /Ewy. This leads to:

, 47 = Ewy—E
& e oo = (B e ©

which is useful since only one fractional derivative will thscretized with the help of Eq. (6).
By using Eq. (6) for the fractional derivative &f, after algebraic manipulations it is possible to write:

= _ (Ar)* Eoy,—Eoy T;Y” Ny _

€y = I:(At)"” e ] ( Eoon 0 ) € — A+ 0 Zk=l [gk+] Ev(t - kAt)], (8)
where it is to be understood that= ¢,(t), ande, = €,(t). In the adopted notatiom,now denotes a discrete time instant.
Considering the definition adopted fey, o, can be expressed as:

ov=Ef |1+ (B2 ) e ra e 37 [anat-kao |}, ©)

ay

wherec, = T, [(At)"“ + r;’“]_l. Giveno,, a viscoelastic damper can be incorporated to an existingtstal model by
considering the generalized forces it produces, througlusie of the virtual work principle, for example.
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Parameter Identification and Temperature Dependence

The identification of the 4 parametdss,, E«., 7», anda, for a given viscoelastic material can be performed in the
frequency domain. Accounting for properties of fractiodativatives, the Fourier transform of Eq. (4) leads to:

E(jw) = o(jw) [e(jw) = Eeialue™, (10)
wherej = V=1 is the imaginary unitp is the circular frequency, arf(jw) is the longitudinal complex modulus associated
with the fractional derivative model.

The inverse identification problem relies on the avail&pitif a reference data set. In this work, curves presented
by Soovere and Drake (1984), fitted to gathered experimelatal, are used. Soovere and Drake (1984) also account
for the temperature-frequency equivalence principle @irttvork. It states that changes in the complex modulus due to
frequency variations are equivalent to shifts along thepenmrature axis (Nashét al,, 1985). For this reason, the concept
of a reduced frequenayg can then be introduced, such that:

wr=v(Mw, (12)

wherey(T) is the shift-factor function.
Soovere and Drake (1984) present data as a set of analytinaidnsG(jwg) andy(T). From Eq. (10), it is then
desirable to write the model complex modulus as:

: — E(]L‘)R) — GOU"’va(TUJ'CUR)nU
Clwr) = 3107 = = Trmjon™ (12)

wherev is the viscoelastic material Poisson’s ratio. It is assuthatlit is frequency-independent, although this is not a
proper assumption for every case (Lakes, 2009).

The identification procedure can finally be solved by corréidegan optimization problem with the following objective
function:

. . 2
. _ 1 “Rn R {GmodeliwWR,Govs GoovsTw, @) } =R {Grer(jwr) }
Fob](GOv, Goovs Tv,a’u) ~—n Zwk:wkl [ R{Gretjwr)}

. . 2
1 WRn S{Gmo e(.]w ’G)u,Goou,Tu,au)}_S{Gre (.]w )}
5 [ S Gtion)T =] 3

WR :le

where’R andJ are used to denote the real and imaginary components of a goraplex quantityGy,ode iS computed
using Eq. (12), an6,¢ is the reference data set.

An important remark is now made on how to incorporate tentpegalependence in the model by identifying a single
set of parameters in the reduced frequency space. If onéitsib&q. (11) into Eqg. (12), one can group the shift factor
functiony(T) with the parameter,, and then write:

ay

G, T) = EieD) Gov+Goos [13(T)jw]

20+) — T HnMjel™ (14)

wherert;(T) = 7,%(T), andr, is the value of identified for the case in whigfil) = 1, i.e. whenw = wg.
Three DOFs Nonlinear Aeroelastic Typical Section System Wi th Viscoelastic Dampers

To incorporate viscoelastic dampers into the model, Eqgs(&)odified to:

~ Ny —
(Ms _Mnc)i“' (Cs —Che - %RSZ)X"' (Ks +K, - Kie - %RSI)X -RS3x, = —¢, %KU Zk:l [gk+lx(t - kAt) > (15)

whereK, = (1 +c,,E°°;5—;f"”) K,, and:
kll)
my 00
K, =Gy, 0 WWbZ 0 . (16)
o o e

mw b2

kno, Kaw, andkg, are constants related to the geometric arrangement of esabelastic damper. Equation (16) shows
G, factored out since one assumes that the viscoelastic dampek by exploiting shear deformation modes; also, the
factorsmy b?> andmy, are due to the normalization of the aeroelastic equations.

To further clarify on how the dampers would work in practittesir geometry is shown in Fig. 3. Theirimplementation
on the physical model is displayed in Fig. 4 — the formulafwasented foK, above corresponds to the situation in
which the parallel mechanical arrangement shown in thigdiggiassumed. Now, considering the shear deformation for
the viscoelastic layers, it is possible to show that:

o =205 (%) 5 Kaw = 27(Rncan)? () Kgo = 2(Rcan) (e (17)

where the subscripts, @, and are used to distinguish between the geometric dimensidatedeto the viscoelastic
dampers adopted for each of the degrees of freedom.
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P 9 Y Figure 4 — Physical model for the 3 DOFs
Figure 3 — Geometry of the viscoelastic dampers. typical section with viscoelastic
Viscoelastic material is shown in gray. dampers arranged in parallel.

Numerical Solution Procedures

The procedures adopted for solution of the mathematicaletnmesented earlier are now considered. First, it is of
interest to identify the nature of the equations one deals. \iiquation (15) represents a set of coupled nonlineamnskco
order ODEs. Equation (3), on the other hand, is a set of cduplear first-order ODEs. Both of these sets need to be
considered simultaneously during the solution proceddeover, another point that deserves attention is thecambr
adopted for incorporation of the viscoelastic dampersuph the use of fractional derivatives. This choice impiethe
need of a specialized procedure for obtaining a numeridatisa.

One starts by first rewriting Egs. (3) and (15) in the statesarm:

X=AX+B (18)
whereX = [ xT T xI |"is the state vector, and:
0(3x3) I 03x2) 0i3x1)
A=| -M'K -M"'C M'RS; |; B=| -M"'F, |. (19)
E, E, F 002x1)

Also, the following shorthands have been used:
K=K, +K,~ K.~ IRS;; C=C,~Co—IRSy F,=ck2K, Z [gk+1§(t —kav)|. (20)

One equation that is still missing from the formulation igted to the computation of the internal variables assediat
with the viscoelastic constitutive law, It can be established by considering Eq. (8). After algiebranipulations, and
accounting for strain-displacement relationships, itasgible to arrive at (Galuciet al,, 2004):

x=(l CU)(A)X—CUZ](N:] [gk+]§(t—kAt) . 1)

To solve the set given by Egs. (18) and (21), one employs #pehoidal rule numerical integration scheme. It states
that:

Rerar = Xesnr — X¢ — % (Xt+At + Xl) =0, (22)

where the subscripts indicate the discrete time at whiahtiewl is to be evaluated.

Equation (22) is treated as a residual, for whics evaluated with the help of Eq. (18). As such, it is nonlin&ar
this, the Newton-Raphson method is considered for its moluFirst, it is assumed that the solution is known up to time
t, and that an approximate solution seis given for timet + At. The residual associated to a new solutionrsetl is
linearized around the approximate solutionrsbl expanding it in a Taylor series. Higher order terms ardentgd, and
a linear system of equations is obtained for the incremetttdrapproximate solution set:

;I+At R?+At’ (23)
from which the solution is updated according to:
X[ ar =X p +AX (24)
In Eq (23),J designates the Jacobian matrix:
J=% o J-= f%‘i; (25)
algebraic manipulations leads to:
J=Is- 5 (A+dA), (26)
where:
0Gx3)  03x3) OGx2) 0 ) g o, 0
dA; = aA”‘ cdA=| -M'dK 03x3) Oy |, dK=| 0 rawg - Oa (27)
00ox3)  002x3) O 0 0 é é—ﬁ

The numerical solution procedure is summarized in the flastcshown in Fig. 5.
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Figure 5 — Solution algorithm flowchart.

SIMULATION RESULTS AND DISCUSSIONS

The aeroelastic system model given in Eq. (18) has been ncafigintegrated according to the procedure described
in the previous Section. Table 1 gives the system paramatetoperational conditions considered for obtaining the
results given in this work. One accounts for only a simplelim@ar behavior in the pitch degree of freedom. The type
of the nonlinearity is of a cubic polynomial , which might beguced as in the experimental setup used by O’Neil and
Strganac (1998). It has been adopted that:

F(a) = a+3.9782a°. (28)

This implies a hardening stiffness type fer As for the other nonlinear stiffness function, it evalisatieF (8) = 8. This
effectively renders linear the third equation of the sewahn Eq. (1).

Time integration has been performed with a resolution 008.6. Final time of simulation was set equal to 500 s,
so one could be certain that steady-state regime was achi®eging preliminary simulations, it has been seen that the
nonlinear behavior of the system was supercritical. Hetlmesteady state response is independent of the given initia
conditions, and, as such, have been adopt&has[ 10 6° 2° 0 0 0 0 0 ]Tforall conducted simulations.
As to damping, it has been chosen equal to:

dii din dis 14.9950 1.2740 0.0264
thy hy Chs |=| 1.2740 53513 0.0784 |, (29)
b1 by s 0.0264 0.0784 0.0059

Table 1 — Simulation parameters used for conducting numeric al simulations.

Parameter Description Value
b Mid-chord [m] 0.125
a Distance from semichord to elastic axis [-] -0.5
c Hinge line location mesuared from mid-chord [-] 0.5
o Air density [kg/n¥] 1.078

my Wing mass [kg] 1.5
mr Total mass [kg] 4.3723
wp Plunge natural frequency [rad/s] 22.32
Wa Pitch natural frequency [rad/s] 20.08
wp Control surface natural frequency [rad/s] 50.2761
Xa Normalized distance between elastic axis and center oftgrafwing [—] 0.66
xg Normalized distance between hinge line and center of grafitlap [—] 0.0028
Ta Normalized rotational inertia term about elastic axis [-] 0.7303
s Normalized rotational inertia term about hinge line [-] 0.0742

U* Linear case flutter onset velocity [m/s] 11.70
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which corresponds, roughly, to 21 %, 24 %, and 0.1 % modal dagrfpctors for the three vibration modes of the (linear)
coupled system.

The viscoelastic material considered for the dampers isSthendcod®? Dyad 606. It has been chosen since its
maximum loss factor occurs, at ambient temperature, atquémcy that is close to the resonant frequencies of the
aeroelastic system. The material temperature shift-fastiven by (Soovere and Drake, 1984):

log,oy(T)=A1/T-1/Tz)+2.303(2A/Tz—-B)log,,(T/Tz)+(B/Tz - A/Té —Saz)(T=Ty), (30)
where temperature must be provided in Kelvin, and:

A=(DpCc-CgDc)/Dg; B=(CaDc-DaCc)/Dr; Ca=(1/T—1/T2)% Cp=(1/Te—1/Tz);
Cc=Sar—Saz; Da=(1/Tu-1/Tz)*; Dp=(1/Tu—1/Tz); Dc =San—Saz; Dg=DpCa—CgDy;
[Tz T Tu Siz Sw Sw |=[ 338 280 390 007 0.1142 0.03 |.

Following the identification procedure described from E)(to (14), and using data given by Soovere and Drake
(1984) for the adopted viscoelastic material, it was pdesib obtainEy, = 0.6066 MPa, E.,, = 1486.17 MPa, 7, =
0.221067 ps, anda, = 0.543794, adoptingv = 0.5. The summation involved in the discretization of the frawtl deriva-
tive operator has been carried out considefg 100.

Simulations have been run to investigate how the positgpofrviscoelastic dampers influenced the system dynamic
behavior. Scenarios have been considered such that \asticelamping was present at the plunge, pitch, and control
surface degrees of freedom, each at a different time — st ki, # 0, andk,, = kg, = 0; thenky, # 0, andky, = kg, =0;
and finallykg, # 0, andky,, = Ky, = 0.

To simplify the analysis, when viscoelastic damping hasiwessidered, it was included as a percentile of the installe
(linear) stiffness of the degree of freedom to which it wagligal. For example, a percentifeof viscoelastic damping at
pitch implies that:

Gookaw = Py = Plaw) = P(Mwb’r)w), = Kaw = d-Mwb’rawp. (31)

For the plunge and the control surface generalized coarlinane would obtaitk;,, = %mwwi, andkg, = %~
mwbzréwé, respectively. The results are presented in such a wayih&, andPg refer to the percentiles related to the
h, a, andg degrees of freedom, respectively. (Also, as explainedrbefehen one of the percentiles differs from zero,
the other two are null.)

Viscoelastic damping has been considered in amounts satR;tianged from 0 to 0.6%&, from 0 to 0.3%, andPg
from 0 to 50%. Physically, this corresponds to:

Knp =2.2174-10° m™ "y Kay =7.4779-10"° m*;  Kg, = 8.0655- 107" m’. (32)

As a comparison, from Eq. (17), for a translational dampeah\Wyj = 10 mm, (d;);, = 0.5 mm, and(ds), = 50 mm,
kn, =2 m~!; whereas for a rotational damper witca, = 10 mm, d, = 0.5 mm, andd; = 50 mm, K, or Kgy =t 1075 m’.
Thus, the values assumed oy, P,, andPg are more than realizable in a practical application, throagroper choice
of the geometric parameters of the dampers.

As to the viscoelastic material temperature, it has beeptadoequal to 25C and 35°C, to show how this envi-
ronmental condition impacts on the viscoelastic dampetteysesponse. Yet another simulation condition that has bee
considered is the one for which = 0. This corresponds to the case where a viscoelastic dampeotenergy dissipation,
and its contribution consists of an addition to the systemralVstiffness, only. The influence of a viscoelastic dangre
the system behavior can then be attributed to an increasestifiness, or in its damping.

Figure 6 shows a plot d¥(«) as given by Eqg. (28), together with a comparison betweernrikatized and the nonlinear
system responses (expressed as LCO amplitudes), withosidesing any viscoelastic damper yet. This shows that the
flutter velocity for the linear system is approximately 1A 1#/s, which coincides with the nonlinear system bifuraatio
onset. Furthermore, this bifurcation is supercriticalpas has stated before.

Figures 7 to 9 show a collection of results expressed in thma fof 3-D surfaces. In these it is possible to see the
influence of the amount of viscoelastic damping, given im&ofP;, P,, andPg, on the LCO amplitudes for the three
degrees of freedom of the system. Figure 10 presents the lif0f@dtion onset speed™ in terms of the percentile’,,

P., andPg. Figure 11 shows the LCO peak-to-peak amplitudes for thelition in which the airflow speed was set equal
to 14 m/s. Finally, Fig. 12 contains time domain plots, phdisgrams, and the power spectrum density (PSD) for the
three degrees of freedom, also for the condition of an airfipeed of 14 m/s.

An immediate inference from the presented results is réletehe effectiveness of the viscoelastic damping in aug-
menting the LCO onset speed. When dampers are considert@folunge and pitch degrees of freedom, a small amount
of material is sufficient to raise the bifurcation speed frbin70 m/s to more than 14 m/s, when temperature €25
(Fig. 10). In the case where the damper is installed in thérobsurface degree of freedom, even higher amounts of
viscoelastic material are not sufficient to completely @liate oscillations in all of the responses (althoyyheak-to-
peak amplitudes are practically zero). This is creditecheodmall structural coupling that exists betweenghand the
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Figure 6 — Nonlinear characteristics of the simulated syste m.
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Figure 9 — Influence of viscoelastic damping in B on the LCO peak-to-peak amplitudes.

remaining degrees of freedom, which make it impossible &pelastic vibratory energy to flow frofmand« to get
dissipated in the viscoelastic damper.

Another important conclusion that can be drawn from theltessithat the viscoelastic dampers reduce LCO ampli-
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tudes and augment their velocity onset not by increasingyheem stiffness, but through the addition of damping. &his
made clear by comparing the curves associated to the comdjti= 0 with the other ones, related to viscoelastic damping
at temperatures of 28 and 35C in Figs. 10 and 11.

It is also possible to note that the dampers perform remdykadll at 25°C, and their performance suffers a major
decrease when at 35. This happens because the viscoelastic material lossr fdstically reduces with an increase
in temperature. This points in the direction that viscaidasaterial selection must take into account the tempesat
which it will operate. Then, damping levels can be prediaedurately, and the damper design can be successful. As
results indicate, the performed simulations would clebdip mitigate issues of such nature.
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Figure 12 — Influence of viscoelastic damping seen in time dom ain plots,
phase portraits, and power spectrum densities, for U =14 m/s.



Influence of Viscoelastic Damping on the Dynamic Response of Nonlinear Aeroelastic Systems

The time domain plots, Fig. 12, clearly show that steadyestagime has been achieved, even when the system has
small damping. The phase portraits also allow one to infat HCO amplitude are reduced for the three degrees of
freedom, when viscoelastic damping is added to the systethelcase ofr andg, the nonlinear nature of the phase map
even gets largely reduced for the case in which the viscoelasterial is at 25C. The PSD plots show the nonlinear
nature of the system in the frequency domain. Higher harosdmive much smaller energy densities in comparison with
the one related to the fundamental frequency of the LCO. Oore ime, it can be seen that viscoelastic damping largely
diminishes LCO amplitudes, and higher harmonics owned tdimear behavior.

CONCLUDING REMARKS

This paper has presented a methodology for the numericalaiion of a nonlinear typical section aeroelastic system
with incorporated viscoelastic dampers. Viscoelastic etind has been addressed with the use of Fractional Cal@gus
a means to allow for efficient time integration of the resigtset of equations of motion.

The obtained results clearly show that viscoelastic daghpam help mitigate issues that arise in aeroelastic systems
For the specific system considered in the paper, this is sgtrelarge increase the flutter speed (bifurcation onset) an
also by the reduction of LCO amplitudes.

Numerical results have also shown that the incorporationsmioelastic damping into the system must be performed
carefully. This happens since temperature plays a majerinofietermining the material loss factor, for example. Also
the application of viscoelastic damping on the controlatefdegree of freedom did not produce results as those @okserv
when viscoelastic dampers were applied to the plunge ant pdordinates. In this sense, simulation tools, such as the
one presented here, are of utmost valuable help.
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