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Aeroelastic Response of Composite Aircraft Swept Wings

Impacted by a Laser Beam
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A closed-form solution for the thermoaeroelastic response of an aircraft swept wing made of advanced composite
materials and exposed to a thermal impact generated by a laser beam is presented. For the aircraft wing, an
advanced one-dimensional structural model that includes a number of nonclassical effects, such as transverse
shear, warping inhibition, and thermoelastic anisotropy of constituent materials, is developed. It is supposed that
the wing is immersed in an incompressible flowfield whose speed is below the flutter critical speed of the system. The
solution of the problem has been obtained analytically in the space-time Laplace transform domain. Within this
approach, the problem is reduced to the solution of an algebraic equation system in the transformed kinematical
unknowns that is afterward inverted in the physical space. Although confined to the dynamic aeroelastic response,
the approach of the dynamic response can provide important information on the conditions yielding the occurrence

of the flutter instability.

Nomenclature
A = wing cross-sectional area
A,B,C,D,E,F,G = aerodynamic matrices [Eq. (49)]
a = dimensionless position of elastic axis,
X0 / b
B[.(;”'“), Em, = generalized stiffness, force, mass,
JAUZOR S,.(;”'") and stress quantities of order (im, n)
b, = semichord and semispan, respectively, m
C,Cy, D = geometric moments of inertia
c = vector of natural boundary conditions
[Eq. (5D)]
[ = specific heat
e; = Cartesian base vectors

load vector

Laplace transform of f(x», t),

with respect to time, space variable x,,
and with respect to both variables,
respectively

warping m~!, plunge m, twist angle,
and wing-section rotation state-space
variables

wing thickness, m

aeroelastic operator matrix [Eq. (57)]
stiffness matrices

f .
L, 8), f(p, 1), =
f(p,s)

g h, 6,8 =
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Subscripts

A
¢, nc

M

NS

thermal conductivities in the plane of
isotropy and normal to it, respectively
sectional aerodynamic lift and moment
Laplace transform variables associated
to their physical counterparts x, and ¢,
respectively

heat density vector, W/m?

shear flexibility ratio
boundary-condition matrices [Eq. (51)]
temperature field, K

dimensional time variable, s

Cartesian coordinates, i =1, 2, 3

wing state-space vector

tracer identifying warping effects
domain boundary

generalized external moments

[Eq. (23)]

wing sweep angle

eigenvalues and eigenfunctions of
Laplacian operator related to
temperature field in body [Eqs. (34)
and (35)]

material and air density, kg/m?

time window width of heat flux input
[Eq. (68)]

Wagner function

first bending and first torsion natural
frequencies, rad/s

derivative with respect to time
derivative with respect to x,

aerodynamic load

circulatory and noncirculatory
counterparts of the indicated
aerodynamic quantity
mechanical external loads
quantity normal to leading edge
thermal load
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1. Introduction

N this paper, a formulation and closed-form solution for the

aeroelastic response of an aircraft swept wing made of advanced
composite materials, whose upper surface is impacted by a laser
beam, is presented. The expression of the temperature field within
the body has been obtained using the Green’s function method.
Because, via a laser beam, one can easily apply a highly intense
heat density vector on the wing surfaces that can have a detrimen-
tal implication on the wing aeroelastic behavior and because the
specialized literature is void of such studies, the aerothermoelastic
response of aircraft wings impacted by a laser beam is investigated
in this paper. For the aircraft wing, an advanced structural model
is developed by converting the equations of the three-dimensional
elasticity theory to the one-dimensional equations and by includ-
ing the effects of transverse shear, warping restraint, and thermoe-
lastic anisotropy of the constituent materials. It is supposed that
the wing is immersed in a subsonic incompressible flow whose
speed is lower than the flutter critical speed of the system. To gen-
erate the aerothermoelastic governing equations, a generalization
of a previously developed structural model for advanced aircraft
swept wings'™* made up of monoclinic multilayered composites
is carried out. For computational purposes, and toward highlight-
ing the effects of a number of physical and geometrical parame-
ters, the case of a rectangular single-layered swept wing composed
of a transversely isotropic material is considered. Given its excep-
tional features in the thermal protection of aerospace structures,>®
the pyrolytic graphite that features thermomechanical transversely
isotropic properties is considered in the wing modeling. Because of
the time dependence of the thermal field and that herein the aero-
elastic response is addressed, the unsteady aerodynamic theory of
lifting surfaces has been considered in the time domain. Then the
problem is analytically solved in a double Laplace transform space
domain, where both the space and time coordinates are converted to
their Laplace variable space counterparts. Within this approach, the
problem is reduced to the solution of an algebraic problem in the
transformed kinematical unknowns, and the solution in the phys-
ical space and time domain was obtained via an inverse double
Laplace transform. Although this paper is confined to the study of
the dynamic aeroelastic response in the linear framework, impor-
tant information regarding the conditions of occurrence of the flutter
instability can be obtained. In the presentation and discussion of re-
sults, special emphasis has been placed on the effects of transverse
shear flexibility, sweep angle, laser power time dependence, and
flight speed on aeroelastic response. To the authors’ best knowl-
edge, in spite of its actuality and practical importance, the problem
treated in this paper has not been yet addressed in the specialized
literature.

II. Geometry and Kinematical Considerations

The wing structure is modeled as a platelike body with appropriate
internal constraints: In particular, it is assumed that the wing struc-
ture is rigid in the chordwise and thickness directions. Therefore,
given an orthogonal Cartesian frame with orthogonal unit vectors
{e1, es, e3}, with e, and e, in the chordwise and spanwise directions,
respectively (Fig. 1), and coordinate axes {x;, x2, x3}, the following
representation for the displacement field has been assumed'+*:

u(xy, Xz, x3, 1) = x30(x2, t)e; + {v2(x2, 1)
—x3[B(x2, 1) — S1x18(x2, D) ]}es + {h(x2, 1)

—[x1 — x0(x2, )]0 (x2, 1) }e3 (D)

where 6 (x, t) denotes the twist angle of the wing about its pitching
axis, B(x,, t) identifies the flexural angle about the chordwise direc-
tion, g(x», t) represents the warping displacement, /(x,, ¢) denotes
the plunging displacement of the wing cross section measured at the
elastic axis [positive upward and located at x;, = xy(x); Fig. 1], and
8, is a tracer introduced to identify the warping effect.! The tracer
takes the value 1 or 0 according to whether the warping limitation
is incorporated or discarded, respectively: The two resulting formu-
lations are denoted in the following text as free warping (FW) and

‘ Line of aerodynamic centers

Reference axis

X2

X1

Fig. 1 Geometry of swept wing.

warping restraint (WR) models, respectively. The geometrical rep-
resentation of the wing in the spanwise direction is shown in Fig. 1.
Collecting the independent displacement components in Eq. (1),
one may observe that the total number of unknowns retained into
the model is five, and in terms of these five displacement unknowns
(v2, B, g, 0, h) the aeroelastic response analysis under the effect of
a thermomechanical load is investigated.

III. Equations of Motion and Boundary Conditions

To obtain the equilibrium equations and the related boundary con-
ditions, the generalized Hamilton’s principle has been used. This
corresponds to minimization of an energy functional':>7 for an ar-
bitrary variation of the admissible generalized displacements. Thus,
introducing suitable definitions for the stress moments, moments of
inertia, body forces moments, and traction moments of order (m1, n),
one may obtain five partial differential equilibrium equations in the
five displacement unknowns, with as many boundary conditions on
each edge. In particular, with A denoting the cross-sectional area of
the wing, the moments of order (m, n) may be defined as

S (g, 1) o= / 017 (x1, X2, X3, D)x]'x} doxy doxy @)
A(x)
[10"7 e, 1), F™ (2, )]

:=/ p(x1, x2, x3, [, fi(x1, X2, x3, )]x]"x5 dxz dx; (3)
A(xz)

(m,n) —
¢ (%2, 1) = /( ){[l,-(xl,xz,x;,l)xg]x}:f,,/z
c(xp

+n0n e s 0] b du )

" (@) IZ/ 1;(x1, X2, X3, 1)x7"x3 dx3 dxy )
A

where o;; are the Cartesian components of the Cauchy stress tensor,
p is the wing mass density per unit wing volume, and f; and ¢; are
the Cartesian components of the external body and surface forces,
respectively. Given the arbitrary and independent variation of the
admissible generalized displacements, the equations of motion are
obtained as

v, : (55(2)'0))/—1— F2(0,0> — 1005, 4 JOD G _ 1(1‘1)§+¢£0‘0) -0
(6)
881 (S9) — 89 4 EOV — 10V, 4 10

—10g 4¢P =0 @)



384 POLLI, LIBRESCU, AND MASTRODDI

3¢ :(555“)/—-Sg”>—-Sgi)4—f§L"—-1“J>ﬁz4-1<L”E
2 2) ¢<1 D (8)
. 1Y (1,00)/ 0,00\’ ©,1)
86 : (S57) = (557) + (5%”) xo + F*V -

— (102 4 120 2100 4 JOO )G 4 (109 — [0 )i

1,0 0,0
"0 + F"Vx

=M= ¢ +xp = ©)
Sh - (552‘0))'+ F3(0,0) — JOO) 4 (1<1.0> _ I(O*O)xo)é
+L4¢00 = (10)

where £ and M are the sectional lift and aerodynamic torque about
the reference axis per unit span.

With regard to the boundary conditions, a clamped condition has
been assumed at the root, whereas at the tip the following natural
boundary conditions have been obtained:

S(OO) 2(00) (11)
8 : 89V = y¥P (12)
8g: Sé;'” = 2(1’1) (13)

86 : SOV — 800 4+ 800 =y OV — MY 4y 0% (14)

Sh S(O ,0) w(() ,0) (15)

Note that in Egs. (6-15) the forces on the boundary surfaces of
the wing have been divided into two distinct contributions: One is
related to the aerodynamic forces and the other to those resulting
from the external time-dependent loads acting on the wing during the
operational flight of the flight vehicle, for example, a thermal field or
an explosive blast load. Moreover, Egs. (6—10) constitute a system of
five differential equations, each one of second order, whose natural
boundary conditions are represented by Egs. (11-15) in terms of the
earlier defined displacement unknowns. Clearly, the discard of the
warping restraint leads to a system of four differential equations.
Their expressions are not provided here, but the interested reader
can find these in Refs. 1-3, which provide a detailed description of
this model.

IV. Thermoelastic Constitutive Equations

The present formulation is carried out in the framework of the
uncoupled thermoelasticity.” For this reason, the temperature will
enter into the problem by means of the constitutive relations. In
particular, in the framework of linear thermoelasticity, the Hooke—
Duhamel constitutive equations have been considered. To show how
the temperature explicitly enters into the problem, the expression of
the stress moments of order (m, n) [Egs. (2)] for a generic composite
structure, in terms of the displacement unknowns and generalized
thermal moments, are supplied:

S(O ,0) — B(OO) / 32((2)]),8 + B(()l)(g +9/) + Bé;l)g/ ®§0,0)

(16)

S(O 1) B(O 1) / B(O 2)/3 + B(O ,2) (g + 9/) + B; Z)g/ (9;0,1)
a7

S;;l) — Bé;l)urz _ (l Z)ﬂ + B(l 2)(g + 9 ) + B(Z Z)g/ _ @;l'l)
(18)
SO0 = BOO(—B+ 1 + (x0)) + BL (g —0)  (19)

SO = BUO B+ b+ (xe0)) + BEV (g —6)  (20)

S(O 1 B(O 1 / B(Oz)ﬂ + B(OZ)(g +9/) + BééZ)g, G)é()‘l)

@D

where B,.(;"’") and ©"", for i, j =2, 4, 6, are the generalized stiff-
ness quantities and thermal moments, respectively, defined by

Bi(;n"n)(@) = / x7'x3 Qi (x3) dxs dx 22)
Alxz)

0" (xy,1) 1= / XISy ()T (g, ) dxsdxy  (23)
A(xp)

where Q;;(x3) and y;(x3) are the transformed elastic and thermal
expansion coefficients associated with the composite structure of
the wing. Note that in our approach, the distribution of the com-
posite material has been defined as a pointwise variation of the
material properties across the wall thickness. In the case of multilay-
ered composite structures, this representation reduces to a piecewise
one.

V. Thermal Field

As was stated in the Introduction, the case of a laser beam im-
pacting the upper surface of the wing is considered. Mathemati-
cally, the problem may be stated in terms of the following system
of equations®~'2:

oT
Div(KVT) — pc,; =0, for xehB, teT (24)

KVT -n=¢q-n, for x e Sy, teT (25

VT -n=0, for x € dB/Sy, teT (26)

T =0, for x € 0B, t=0 27)
where T (x, t) is the temperature field, K is the thermal conductivity
tensor,'? n is the external normal to the surface body, g is the ex-
ternal heat density vector impacting the wing, and B and 7 denote,
respectively, the space and time domains. To determine analytically
the temperature field within the body, a Green’s approach has been
applied (see Ref. 14). In particular, when ¢, denotes the eigen-
functions and A, the corresponding eigenvalues of the Laplacian
operator for the problem under consideration, the temperature field
may be written”-31°

T(x,1)= Z ¢pqr(x) / ¢pqr(x )f exp|: 1A pqr( —t )]
p.q.r =0
X qx*, t*) -n(x*, t*)dt* dS (28)

Note that, using Eq. (28), one can establish an explicit relation be-
tween the temperature field and the unknown components of the
displacement field. Indeed, using the following linear approxima-
tion of the unit normal to the deformed upper surface of the wing?®:

n(x,t) =e; —h'(xy, 1)e; + 0 (xa, e, (29)

and substituting Eq. (29) into Eq. (28), one may express the tem-
perature field as the sum of three contributions:

Tx,t) =T(x,t) + Th(x,t) + Tx(x, 1) (30)

where T (x, t) represents the perturbation of the temperature field
due to the torsional rotation 6 of the wing and is given by

Ty(x, 1) = Z ¢pqr(x)/ ¢pqr(x)/ exp|: 1A pqr( Z)j|

p.q.r=0

X qi(x*, 190 (x3, 1) dt* dS 31)
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and ¢, (x, t) is the component of the heat density vector in the x;
direction. Similarly, 75 (x, t) represents the perturbation of the tem-
perature field due to the flexural rotation 4’ of the wing and is given
by

Tz(x [)— Z d)pqr(x)

PC
p.q.r=0

B pqr(x¥)
Sy

X/exp|: klpk%( t):|q2(x N (x3,17) dr* dS (32)
0 t

where ¢(x, t) is the component of the heat density vector in the
X, direction. Finally, T5(x, t) represents the main temperature field
in the body due to the heat flux, g;(x, ), in the direction of the
undeformed unit normal e3 and is given by

Ty, 1) = Z ¢”q’(x) f Bpar(x?) / exp[ L vl z)}

p.q.r=0
x qz(x*, t*) dt* dS (33)

To adapt these formulations to the specific case considered in this
paper, a parallelepiped geometry has been considered for the wing
in conjunction with the heat flux constant along the spanwise x,
direction. ' For this special geometry, the associated thermal eigen-
problem gives®!”

24/2
2bl/k [kz H

X COS (%xl) cos <?x2) cos <%x3> (34)
pr qm : rm ?
Apgr = |:< Zb) + <T) + <W> ] (35)

and, as a result, Eq. (33) reduces to
k3r27t2 ;
exp| —
P pc, H?

8Vk
\/ITL Z(—l)' cos il
e H =0

t
k3r27r2
t* t*)dr* 36
X/o exp(pcer q(t") (36)

where p is the mass density and ¢(z) is the x3 component of
the heat density vector. In Fig. 2 a possible deformed config-

¢pqr (x) =

T(xs3, 1) =

uration of the wing structure considered in the applications is
shown. Here the heat density vector is symbolized by q(x»,?),
whereas the normal is denoted by n(x,, r). Finally, note that in
the present paper the numerical results are limited to a completely
uncoupled formulation with the thermal field acting as an exter-
nal load. In particular, the expression of the temperature field em-
ployed in the applications is that provided by Eq. (33), with the
further assumptions of a parallelepiped geometry for the body
and of the constancy of the heat density vector in the spanwise
direction.

VI. Unsteady Aerodynamic Model

In this section, the unsteady aerodynamic loads corresponding
to an incompressible unsteady two-dimensional flowfield over the
wing, taking into account the effect of the sweep angle, are pre-
sented. For the problem at hand, given the time dependence of the
thermal loads, a time-domain representation of the theory of lifting
surfaces, analogous to that reported in Refs. 16 and 17 and applied
in Ref. 18, has to be used.

In accordance with Ref. 17, the sectional lift and the aerodynamic
torque may be expressed as the sum of two contributions, namely,
of the circulatory and noncirculatory ones. Specifically, for the un-
steady lift, one may have

L(xa, 1) = Le(x2, 1) + Lo (x2, 1) (37

where

! NP )
‘Cc(-xb [) = _znpooUnbn/ 90([ - t){h - (? - abn 0

+U, [—9‘ +tan A (h’ - (% - abn>9">:| } df (38)

Luc(x2, 1) = wpach?[—h + U,0 — b,ab — U, tan A(k' + ab,8'")]

(39)
where ¢(7) is the Wagner’s function given by (see Ref. 16)
1 [™cC
o(t) = — / C@) pjor g4 (40)
2 jo
and C(w) is the Theodorsen function.
Similarly, for the aerodynamic moment, one has
M(xz, 1) = M (x2, 1) + Mipe(x2, 1) 41

Fig. 2 Deformed configuration of wing structure exposed to external heat flux.
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where

1 ! ~ .
Mnc(XZaz) =27TpooUnb,2,(§ +a)/ ‘p(t_t){_h+Urzg

o0

. 1 .. . ~
— U, tan A6’ + b, (5 - a) @ + U, tan AG’)} d (42)

M. (2. 1) = by (% + a)cc 43)

VII. Solution Methodology

This section is devoted to the development of the solution proce-
dure enabling one to solve the present aerothermoelastic problem
[Egs. (6-10)]. With respect to a rectangular single-layered wing,
made of a transversely isotropic material uniformly distributed in
the spanwise direction, a number of stiffness quantities such as,
for example, Bi(j]‘") = Bl.(;"‘l) = Bé'g"") =0, vanish [Eq. (22)]. The re-
maining nonzero stiffness quantities can be expressed as

By = AQn, By? :=C10n, By? :=D0n
Bi?;'o) = AQu, BE'O) = C3044, Bégl) = C Q¢
(44)

where A is the area of the wing cross section, C; and Cj; are the
geometric moments of inertia with respect to the chordwise and
thickness direction, and D is the warping geometric moment, or
warping constant of Vlasov (see Ref. 19), respectively, given by

[A, Ci, G5, D] := / [1, x3, x7, x12x32] dox; dx; (45)
A

Moreover, Q, Qu4, and Qg are the nonzero elastic coefficients
that, for a transversely isotropic material, are given by

O = E/(1 =%, OQu =G, Qes := E/2(1 +v)
(46)

With the preceding expressions, the governing equations (6—10) are
recast in a suitable compact form introducing a state-space vector y
whose components are the ordered displacement unknowns

ys:=h
C)

Substituting Egs. (44-47) into Egs. (16-21) and then in the equilib-
rium equations (6—10) yields

Vi = us, =4, =g, y4 =10,

Ky' + Ly + Py + My =fa+fr +fu (48)

where the primes and the overdots denote the derivatives with respect
to x, and t, respectively; K, L, P are the stiffness matrices whose
expression is reported in Refs. 7 and 8; and f, is the vector of aero-
dynamic loads, fr is the vector of thermal load, and f), is the vec-
tor of mechanical loads resulting from the external time-dependent
loads acting on the wing such as explosive blast loads or sonic boom
pulses. In particular, substituting Egs. (47) into Egs. (37-43), one has

Ja(.y.3.¥.¥ 1. x2) = Ay + By + Cy' + Dy’

t

+E/¢0—M@&+F/¢O—M@&

0 0

+G/¢a—mvmf (49)
0

where the matrices A, B, C, D, E, F, and G, whose expressions are
not supplied in the paper, can be obtained by comparing Eq. (49) with
Eqs. (37-43). The boundary conditions, associated with Eq. (48) and

obtained by performing the same transformations on Egs. (11-15)
at the wing root (x, =0) and tip (x, =1) are

y=0 for x, =0 (50)
Ry +Sy=c¢ for  x,=1 (51

Note that ¢ includes the thermal moments, which, for the par-
ticular temperature distribution considered here, appear only in the
boundary conditions.

Applying the Laplace transform with respect to time

L[]:= / ce ' dt
0

to Eqs. (48-51) and assuming zero initial conditions, one obtains
Ky +N(s, U5 + 0, Uy =fr +Fu (52)

where the tilde, L,[-]=", denotes a Laplace transform with respect
to time, s is the time counterpart in the Laplace domain, and

N(s,U,):=L—C —sD — s¢G (53)
0@, U) =P+ s>M—A—GE)—s(B+¢F)  (54)

where ¢ is the Laplace transform of the Wagner’s function and it is
given by [see Eq. (40)]

¢ = Llp0)] = C(s)/s (55)

Performing the Laplace transform with respect to space

L[] :=/ ce” P2 dx,
0

denoting with the overhat (L,,[-]=") the corresponding Laplace
transform quantities, and recalling that the wing is considered to be
clamped at the root, that is, for x, =0, one has
2 - ~ -1z
¥(p.s) =[pP°K+ pN(s, Up)) + Qs U | U7 (p. s)

+ fu(p.s) + K5 (0, 5)] (56)

where p is the space variable counterpart in the Laplace domain.
Let us define

H(p.s.U)) = [p’K + pNGs, U + 0. U] (57)

which may be regarded as the aeroelastic operator. Thus, Eq. (56)
may be cast as

Fp.s) = H(p. 5. UDfr(p.s) +Fu(p.s)]

+H(p. s, UpK7 (0. 5) (58)

Performing the inverse Laplace transform with respect to space, one
has

X2
V(x2,8) = / H(®n, )f (x2 = 1, s)dn + H(x2, $)Ky'(0,5)  (59)
0
and defining the convolution integral
X2 ~ -
g(x2, 8) = [ H(n, $)f (x2 — 1, s)dp (60)
0

Eq. (59) becomes
¥(x2,8) = £(x2,5) + H(xz, Ky (0, 5) (61)
and by virtue of Eq. (60), we have

¥ (x2,8) =& (x2,5) + H (x2, 5)Ky (0, 5) (62)
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The boundary conditions at the tip [Eq. (51)] are

RE'(,5)+H (I, )Ky (0, )+ SIZU, s) + H(l, )KY (0, )] = &(s)
(63)

thus,

¥(0,5)=RH'(I, )K +SH(l, )K" {é(s) — [RE (I, 5) + S&(L, )1}
(64)

Finally, the solution vector still in the Laplace transformed space
(with respect to time) may be written as

V(2 8) = / H(, $)f(x2 —n,5)dn + H(xz, )[RH (L, 5)
0

+SH(, 5)I""{é(s) — [R&'(L, s) + S&(L, $)1)

Equation (65) gives the analytic solution in the Laplace time domain
of the aeroelastic response to a thermal load of an advanced structural
wing model. In connection with Eq. (65), note that the solution of the
problem depends on the convolution of the external load (distributed
along the span) with the transfer function of the system H and on
the loads applied at the wing tip c.

(65)

VIIL

In this section, results related to the aeroelastic response of a
single-layered, uniform, rectangular, swept wing are presented and
discussed. In particular, the results have been divided into two parts:
one devoted to the validation of the model with respect to that of
Goland® (see also Ref. 1) and Goland and Luke?' (see also Ref. 22),
and another regarding the aerothermoelastic response. In the first
part, the dynamic characteristics of the Goland wing are presented
in terms of frequency response functions (FRFs) and of dynamic
stability analysis. In this regard, one should notice that consider-
ation of the FRFs permits not only evaluation of the spectrum of
eigenmodes appearing in a certain broadband, but also evaluation
of how the frequency content is modified as a result of the consid-
ered effects. Moreover, the evaluation of the FRFs for various flight
speeds permits the identification of the flutter occurrence and of
the mode, or of modes that contribute mainly to the response in the
flutter condition. In particular, the analysis concerns the comparison
of the response within the FW and WR models. In the second part,
after the formulation of the assumptions regarding the external heat
density vector and the wing material properties, the time histories
of the plunging and pitching degrees of freedom, due to the con-
sidered thermal excitation, are reported and discussed. Chosen as a
reference configuration was that of the straight wing with WR and
transverse shear effect included. In the presentation of the results
special emphasis has been placed on the effects of the transverse
isotropy of the constituent material, sweep angle, transverse shear
flexibility, heat flux time variation, and flight speed.

Numerical Results

A. Model Validation

The wing model by Goland®® has been considered as a reference
for the validation of the present model. As a result, the following
geometrical and dynamic characteristics have been assumed:

| =6.096m, b=0.9144m,

—_1
a=-—3

Xeg = 0.2b, wy, = 50 rad/s, w,, = 87 rad/s (66)
where [ is the midspan, b the midchord measured normally to the
trailing edge, a the nondimensional distance (with respect to the
midchord) between the aerodynamic center and the elastic center,
and x. . is the distance between the center of gravity and the elas-
tic center of the wing. Here w;, and w, are, respectively, the first
uncoupled bending and torsion angular frequencies of the wing.
By the use of the earlier displayed numerical data and under the
assumption that R =0 that is, an unshearable model, the dynamics

and aeroelastic stability of the wing, featuring FW and WR, have

Table 1 Transverse shear flexibility effect on first

bending and torsion frequencies®
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R(:=E/G") wl;\;" wml} wf‘?’ w}YtR
0 48.12 48.78 95.68 130.75
20 46.52 47.05 93.33 119.20
40 45.05 45.49 91.14 110.58
60 43.72 44.06 89.10 103.88
80 42.47 42.75 87.21 98.52
100 41.35 41.56 85.41 94.12
*Radians per second.
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Fig. 3 FRFs of FW and WR models: a) pitching and b) plunging
motion.

been solved separately. Specifically, Fig. 3 shows the FRFs for the
pitch and plunge degrees of freedom for the FW and WR models
in still air. Note that consideration of the warping inhibition affects
mainly the first torsion frequency, which is increased from the orig-
inal 95.68 rad/s of the FW coupled model to the 130.75 rad/s of
the WR coupled model, but not the bending one, which is slightly
increased from the original 48.12 rad/s of the FW coupled model to
the 48.78 rad/s of the WR coupled model, a result that is expected
due to the constrained nature of this model. The effects of transverse
shear flexibility on the first bending and torsion angular frequencies
for the two models are reported in Table 1. In this regard, it may
be observed that the increase of transverse shear flexibility yields
a reduction of both the first bending and torsional natural frequen-
cies. The decay of the first bending frequency of the FW (wff) and
WR (a)Yf’f) models is comparable, whereas the decrease of the first
torsion frequency is much more stronger in the WR model (w}’j’rR)
than in the FW model (&!%).

The aeroelastic stability analysis is shown in Figs. 4 and 5 in terms
of the FRFs of plunge and pitch degrees of freedom, respectively.
Specifically, Fig. 4 shows the FRFs of the pitch and plunge degrees
of freedom for the FW model of the reference straight wing at nine
different flight speeds in the range [0, 160] m/s with an increment
of 20 m/s at each step. Similarly, Fig. 5 shows the FRFs of the pitch
and plunge degrees of freedom for the WR model at 10 different
flight speeds in the range [0, 270] m/s with an increment of 30 m/s at
each step. Note that when one of the poles of the aeroelastic system
lies on the imaginary axis the aeroelastic FRFs tend to infinity at
the corresponding frequency of such a pole. The FRFs of the sys-
tem at various flight speeds can provide important information on
the occurrence of static and dynamic aeroelastic instabilities. This
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Fig. 4 FRFs of FW model for 0 < U £ 160 m/s, A =0 and R =0, with
step of 20 m/s: a) pitching and b) plunging motion.
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Fig. 5 FRFsof WR model for 0 < U < 270 m/s, A =0 and R = 0, with
step of 30 m/s: a) pitching and b) plunging motion.

reasoning may become apparent while observing Figs. 4 and 5. In-
deed, in still air the FRFs feature two peaks corresponding to the two
natural frequencies of the structure (compare with Fig. 3), whereas
at U = 140 and 210 m/s, respectively, for the FW and WR unshear-
able, that is, for R =0, the FRFs exhibit a peak at 70 and 86 rad/s,
respectively, indicating that the aeroelastic system is in the proxim-
ity of the flutter instability. Finally, note that in extending the range
of the flight speed much above the flutter speed, one may find for this
particular wing model similar peaks at zero frequency, indicating
the occurrence of a static aeroelastic instability or divergence.
Similar indications about the occurrence of the aeroelastic in-
stabilities may also be found by looking at the determinant of the

Table 2 Transverse shear flexibility effect on flutter
speed?® and angular frequency®

RC=E/G) Ui  Upir  ©hiter  hutir
0 136.0 204.9 70.08 86.17
20 133.0 184.1 68.09 79.94
40 129.5 168.7 66.47 75.18
60 127.0 156.7 64.80 71.40
80 124.5 147.3 63.22 68.31
100 122.0 139.6 61.82 65.71

“Meters per second. ’Radians per second.
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Fig. 6 R[A(w)] and S[A(w)] for 0 < U < 160 m/s, A=0 and R=0,
with steps of 20 m/s of a) FW model, and for 0 < U < 270 m/s, A=0
and R =0, with steps of 30 m/s of b) WR model.

inverse of the aeroelastic operator [Eq. (65)] evaluated on the imag-
inary axis,

A(jw,U,) :=detlRH'(l, jo, U)K + SH(, jo,U,)K] (67)

Accordingly, Fig. 6 shows the real and imaginary parts of the A
for several flight speeds in the range [0, 160] m/s and [0, 270] m/s
for the FW and WR models, respectively, with an increment of 20
and 30 m/s, respectively, at each step. The aeroelastic instability
may be determined when the J(A) and %i(A) are simultaneously
zero. In particular, the instability will be static, that is divergence,
if this happens at zero frequency and/or dynamic instability, that
is, flutter, if this occurs at a nonzero frequency. Before proceeding
further, note that the results obtained in terms of flutter speed and
flutter frequency, that is, 136 m/s and 70.08 rad/s (Table 2) for
the reference model are in very good agreement with the Goland*
and Goland and Luke?! exact results, namely, Viyer = 137.2 m/s
and wpyyer = 70.65 rad/s. Although the solution procedure used in
this paper is different of that in Ref. 1, the flutter predictions are
identical.

To evaluate the effect of the transverse shear flexibility on the
aeroelastic behavior of the two models, in Table 2, the flutter speeds
and angular frequencies of the FW and WR models for various
transverse shear flexibility ratios are reported. Note that the flutter
instability appears, in both of the considered wing models, essen-
tially in the torsional mode, and that the WR model is more stable
than the FW model. This is because the warping restraint on the root
cross section introduces torsion stiffness into the model so that the
wing becomes more rigid in twist. Opposite considerations apply
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with respect to the transverse shear flexibility effect; in particular,
from Tables 1 and 2, it may be observed that the increase of the
flexibility ratio yields an attenuation of the effects of the WR such
that the WR model for R = 100 is almost aeroelastically equivalent
to the FW unshearable wing model, that is, for R =0.

B. Aerothermoelastic Response

In this subsection the aerothermoelastic response of the uniform
rectangular wing, considered in the preceding section and exposed
to a time-dependent laser beam, is presented. Note that due to the
uniform distribution of the external heat density flux along the wing
span, the thermal excitation intervenes in terms of the boundary
conditions, only. The temperature field acting in the body is given
by Eq. (36) for a parallelepiped geometry and for a heat density
vector constant along the spanwise direction,”'> and ¢(¢) is the
modulus of the heat density vector (oriented in the x; direction)
expressed as

q () = (gmax/2D[1 — cos 27 (1 /70)] (68)

for 0 <t < 1y and zero elsewhere, where its amplitude g, was fixed
to the value 107 W/m?, and 7, denotes the time-window width of
heat density vector input. Also note that the earlier representation
of the heat time dependence is as a reasonable approximation of a
typical wideband process as a time-impulsive laser beam may be.
(See, for instance, Ref. 12, where a similar but more complicated
expression was used to simulate heat deposition by means of a laser
pulse.) Moreover, it permits easy variation of the spectral content
of the input signal just acting on the time-window width of the
signal 7y and, thus, excitation of more modes in a certain frequency
bandwidth.

Given the preceding considerations, several aeroelastic analyses
have been performed. Specifically, chosen as reference configura-
tion is that of a uniform unswept wing incorporating the WR fea-
ture (WR model) and the effect of the transverse shear flexibility
(R := E/G’ = 100"). The effect of the transverse isotropy of the con-
stituent material has been analyzed together with the effects of the
external heat period, flight speed, transverse shear flexibility ratio,
and sweep angle.

In particular, Fig. 7 shows the time and frequency content of the
input signal for four different time periods (7o =0.05, 0.1, 0.25,
and 0.5 s), whose effect has been evaluated in Fig. 8. From Fig. 7,
it may be inferred that only for 7o = 0.05 s is the external heat input
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Fig. 7 Content of thermal excitation a) time and b) frequency for se-
lected values of time window of thermal load.

Table 3 Material and aerodynamic reference
values used in numerical simulations

Parameter Value
R 100
Poos kg/m? 1.225
U, m/s 100
70, S 0.1
A 0
k3, kg-m/s® - K 300
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Fig. 8 Effect of time-window width of heat flux input on a) pitch and
b) plunge time histories.
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capable of exciting wing modes in a wider range of frequencies
because for 7o = 0.05 s the heat flux is close to a Dirac function in the
origin.

In Fig. 9 a three-dimensional plot of the temperature field aris-
ing in the body due to the impact of the laser beam is shown for
79 =0.1 s. In particular, the ratio of the temperature field with re-
spect to its stationary value is represented on the ordinate axis as
function of time and thickness x3 coordinate. Indeed, note that, due
to the impermeability condition provided by Eq. (26), the tempera-
ture after a transient reaches a stationary value.

The reference values of the material and aerodynamic properties
chosen in the analysis for the WR model are reported in Table 3.
Note that the reference value for the thermal conductivity is that of
the pyrolytic graphite in the plane of isotropy as reported in Ref. 23,
whereas the specific heat is chosen such that the characteristic ther-
mal time is equal to the characteristic structural one, that is, the



390 POLLI, LIBRESCU, AND MASTRODDI

first bending period. Although this choice may appear arbitrary, it is
particularly useful in evaluating the thermally induced vibrations of
the wing as discussed in Ref. 9. Indeed, the importance of the inertia
effects increases as the ratio of these two characteristic times be-
comes smaller; in contrast, as this ratio increases, the inertia forces
disappear and the static solution remains valid only.

To illustrate the effect of the anisotropy of the material con-
stituents, in Fig. 10 the time histories of the pitch and plunge
displacements in the reference configuration are compared to those
pertinent to other two different choices of thermal conductivity in
the thickness direction. In particular, for k3 =k;/100, a condition
typical of a pyrolytic graphite material results.”3 From Fig. 10, it is
apparent that the consideration of a much smaller thermal conduc-
tivity in the thickness direction yields an attenuation of the response.
This result is not surprising if one recalls Eq. (36), where the ratio
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Fig. 10 Effect of thermal conductivity ratio on a) pitch and b) plunge
time histories.
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k3 / ki appears as a multiplicative coefficient in the expression of the
temperature field.

Figures 8 and 11-13 show the time histories of the pitch and
plunge variables for three different heat flux time periods, four flight
speeds, three different transverse shear ratios, and three different
sweep angles. Note that in all of these cases, the plunge displace-
ment starting from zero increases in the negative sense and features
an oscillatory character. This is consistent with the assumption that
the laser impacts the wing on its upper surface, thus, extending
the fibers of the upper surface and so determining, in the instant
times immediately subsequent to the application of the load, a neg-
ative deflection of the wing. Moreover, with respect to the effect of
the transverse shear flexibility, note that an increase of it yields a
decay of natural frequencies, and, thus, one may expect that the in-
crease of the transverse flexibility would determine an increase of the
maximum displacement in both the pitch and plunge motions. How-
ever, if the transverse flexibility is increased, this means that the nor-
mal does not remain normal after the deformation, hence, during the
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motion, part of the energy that would be employed to curve the ref-
erence axis of the wing is instead expended to rotate the fibers with
respect to the normal. In contrast, this type of flexibility that can be
interpreted as the relaxation of the Euler—Bernoulli model affects
the torsional behavior in an opposite way. Indeed, now each fiber (or
section) of the wing receives less opposition to its torsional motion
from the preceding and succeeding fibers. These considerations ex-
plain why in Figs. 12 the increase of the transverse shear flexibility
yields an increase in the pitch and a slight decrease of the plunge
displacements.

Moreover, note that in Fig. 11 the approach of the dynamic re-
sponse in the time domain has been used also to capture the occur-
rence of the flutter instability. Indeed, in Fig. 11, for U, = 150 m/s,
the forced oscillations, especially for the pitch displacement, ex-
hibit a divergent behavior, suggesting that the wing is already in
an unstable flight speed regime and, thus, confirming the results
listed in Table 2 related to the WR wing model with transverse
shear flexibility R = 100, where it was stated that the flutter speed
1S Viueer = 139.6 m/s. Finally, as highlighted in Fig. 13, for nega-
tive A, that is, forward-swept wings, an increase and shift of the
displacement amplitudes of the plunge time-history toward larger
times is experienced.

IX. Conclusions

In this paper, a study of the aerothermoelastic response of rect-
angular swept wing impacted by a laser beam on its upper surface,
made of advanced material and incorporating a number of nonclas-
sical effects, has been presented. In this context, a number of issues
have been addressed. According to the obtained results, displayed
in the paper, the laser impact affects dramatically the aerothermo-
elastic response of the aircraft wing, and the induced oscillations
can accelerate the failure by fatigue of the structure. In addition, it
was shown that the pyrolytic graphite, due to its transversely ther-
moelastic properties, can be very instrumental toward reducing the
induced oscillations of the wing. Moreover, an efficient and accurate
solution methodology has been developed. A number of nonclassi-
cal effects, such as the transverse shear flexibility and the warping
restraint, have been included, and their influence on the aeroelas-
tic characteristics of a simple model have been evaluated. Given the
importance of the study initiated here, additional effects are contem-
plated for inclusion in future works. In particular, the effect of the
thermoelastic coupling that represents, in fact, a temperature elastic
feedback will be addressed, and the effect of a multilayer structure
with thin coatings as external layers for thermal insulation will be
considered in our future work.
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