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A Simple Element for Aeroelastic Analysis of Undamaged
and Damaged Wings

Rakesh K. Kapania* and Francois Castel}
Virginia Polytechnic Institute and State University, Blacksburg, Virginia

A one-dimensional finite element has been developed to study the aeroelastic behavior of wings of arbitrary
geometry and material properties distribution ranging from beam plates to builtup box structures reinforced by
stringers. The formulation takes into account the effect of transverse shear and the bending-stretching coupling
inherent to unsymmetric composite structures and allows for unsymmetric cross sections. A modified aerody-
namic strip theory along with the V-g method is used to solve the flutter equations. The formulation has been
evaluated by solving a large number of problems available in the literature. An introductory study of the
bending-stretching coupling introduced by unsymmetry and damage has been conducted. It was found that the
unsymmetry can have a positive or a negative influence on the aeroelastic behavior of the structure and that this
influence vanishes rapidly with a decrease in coupling. It is concluded that the unsymmetry of aeroelastic
structures should be considered both during the tailoring process as an added degree of design freedom and

during damage tolerance assessment.

Introduction

OMPOSITES are increasingly being used in the aero-

space industries. While the main driving force behind
their increasing use has been their stiffness, strength and low
weight, fiber reinforced materials have another property that
can be described as either an advantage or an inconvenience:
anisotropy. A domain in which this anisotropy has had radical
effects is aeroelasticity, which can be defined as the study of
the interaction among aerodynamic, elastic, and inertia forces.
The most significant aeroelastic phenomena affecting aircraft
structures are divergence, flutter, and control reversal.

For most earlier designs, flutter would usually occur at a
lower airspeed than divergence and was therefore given more
attention. This situation changed in the late 40’s with the ad-
vent of the jet engine and the first incursions into the transonic
speed range. It was found that the best way to reduce the high
transonic drag buildup was to sweep the wing relative to the
airflow. However, the divergence speed drops dramatically for
even slight forward sweep angles because of what is known as
““wash-in.”” The spanwise bending of a forward swept wing
induces an increase in the local streamwise angle of attack,
resulting in an increase in aerodynamic loads and thus more
bending, etc. A swept-back wing experiences an opposite, or
wash-out, effect. The only known cure for the wash-in of
metallic wings is to increase the bending stiffness by adding a
large quantity of material, resulting in an unacceptable in-
crease in structural weight. As a result, high performance air-
craft have had their wings swept back for the last 40 years.
Only a handful of forward swept designs have flown, most of
them adopting this configuration for nonaerodynamic rea-
sons.

Renewed interest in the forward swept wings was prompted
by the advent of modern laminated composite materials and
the development of aeroelastic tailoring, the optimization of a
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structure’s material properties to achieve a desired aeroelastic
response. Krone! showed that the divergence instability could
be eliminated for certain classes of forward swept wings with-
out any weight penalty compared to an equivalent sweptback
design. This is because, to eliminate divergence, it is only
required to reduce the wash-in, and not necessarily :o increase
the wing stiffness. Weisshaar? used the Classical Lamination
Theory and strip aerodynamics to derive an analytical model
for the mechanisms involved. A number of analytical and wind
tunnel investigations confirmed these results and culminated in
the current flight testing of the Grummann X-29A forward
swept wing demonstrator.

The work of Eastep, Venkayya, and Tishler,? which investi-
gates the influence of damage on the divergence speed of a
forward swept composite wing, is of special interest here. This
work was motivated by the findings by Starnes and Haftka*
that optimized composite structures may be more vulnerable
to damage than their metallic counterparts.

Almost all of the previous studies have considered symmet-
rically laminated structures. They can furthermore be divided
in two broad classes: either an analytical solution, applicable
only to the particular problem being investigated, was devel-
oped, or, large, highly sophisticated aeroelastic optimization
codes were used. There seems to be a need for a simple and
efficient method to analyze a wide range of configurations,
featuring unsymmetric laminations. This is the objective of
this study.

The finite element method was selected for its flexibility,
and a one-dimensional formulation was chosen for its simplic-
ity. The structural model used in this study is an extension of
a previous work by Kapania and Raciti’, who developed a
one-dimensional finite element for the analysis of unsymmetri-
cally laminated uniform beams including shear deformation.
Coupled with the aerodynamic model, it allows for the aeroe-
lastic analysis of wings of arbitrary lamination, cross section,
planform, and sweep distribution ranging from beam plates to
builtup structures combining curved laminated cover skins,
axial stringers, and shear webs.

Although there is a considerable interest in studying the
damage mechanisms of advanced composite materials, very
little has been published other than Ref. 3 concerning the
influence of damage on the aeroelastic properties of composite
wings. Because the performance of such wings depends on
directional coupling as well as stiffness, they could be affected
by damage in a different manner from the isotropic wings.
Moreover, damage may introduce asymmetry and thus bend-
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ing-stretching coupling in the structure, which may further
modify its behavior. Some effects of such an asymmetry, in-
troduced either by design or by damage, are studied here using
highly idealized models, and results for a more complex double
swept design representative of current forward swept wings are
presented.

Structural Model

The wing is modeled as a beam of arbitrary cross-section
distribution using a displacement-based finite element formu-
lation. The builtup structure consists of curved top and bottom
laminated skins, four webs, and eight stringers arranged in the
manner shown in Fig. 1. The webs are assumed to carry the
transverse shear stresses only, and the stringers are modeled as
isotropic trusses capable of carrying only axial stresses. The
properties of any web or stringer can be set to zero, and no
membrane type assumption is made concerning the behavior
of the skins so that a wide range of structures can be analyzed,
from beam plates to monocoque box beams to fully builtup
structures. Transverse shear is included in the formulation as
is a correction factor to account for warping restraints induced
by the boundary conditions. Both chord and thickness tapers
are included, and the sweep angle of the wing may vary along
the span.

The Beam Element

A one-dimensional beam element with 24 degrees of free-
dom is used. The 12 degrees of freedom at each of the two end
nodes are the axial displacement « and its derivative u’ = du.
the transverse deflection due to bending w; and its derivative
f, = w’; the transverse deflection due to shear w, and its
derivative 6, ; the twist angle 7 and its derivative 7; the inplane
shear 8 and its derivative 8’; and the lateral deflection due to
bending v and its derivative v"

The element cartesian coordinate system has its x-axis run-
ning along the span of the beam, the y-axis running chordwise
towards the trailing edge, and the z-axis running along the
beam thickness, positive up. The origin is at node 1 on the
midchord line, in the plane of the section geometric centroid,
whose position is computed internally by the program. A sec-
ond element coordinate system, £-{-z, is used to perform
Gaussian numerical integration. It differs from the first system
only in having the spanwise coordinate running from —1 at
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Fig. 1 Builtup wing structure and section geometry.
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node 1 to +1 at node 2 and the chordwise coordinate running
from — 1 at the leading edge to +1 at the trailing edge. Both
systems are described in Fig. 1.

Each end section of the beam is defined by four pairs of
section nodes as shown in Fig. 1. The pairs are located at the
leading and trailing edges of the box and at two intermediate
positions specified by the user. They define the value of the
chord and the shape of the middle surface of the two cover
skins: The middle surface of the top cover is represented by
a cubic polynomial passing through the four top nodes. A
similar procedure is followed to model the shape of the bot-
tom cover. The nodes are numbered from 1 to 8 as shown
in Fig. 1.

A web joins the top and bottom node of each pair of section
nodes, and a stringer is located at each node. The skins are
made of an arbitrary number of layers of orthotropic materials
oriented at arbitrary angles from the x-axis. The thickness of
the webs and skin layers as well as the stringer areas are con-
stant within an element. The section nodes coordinates, re-
ferred to in this development as (y;,z;), i = 1,. . .,8, vary lin-
early from one end of the element to the other and are thus
linear functions of x to allow for both chord and thickness
taper.

The deflection behavior of the beam element is described by
the displacement functions u(x), wp(x), w(x), 7(x), 8(x), and
v(x) in terms of the nodal displacements and their derivatives
which are interpolated through Hermitian polynomials. The
in-plane strains are written in terms of the previously defined
displacements using the classical engineering beam theory as-
sumptions. The slope of the cover skins is assumed to be small
so that the strain components in the plane tangent to the skin
do not differ significantly from the in-plane strains for the
beam, that is, the strain components in the x-y plane.

A discussion of the lateral bending deflection is in order
here. This degree of freedom is introduced to account for the
non-symmetry of the structure caused by the arbitrary shape of
the wing skin and the presence of stringers and webs. The
principal axes of the beam cross section are in general not
parallel to the y- and z-element coordinate axes, and a bending
load in the z-axis induces a lateral deflection v in the y-axis.

The in-plane strains then are

e = €0 + Ykl + zx! (1a)
€y = eg + 2k, (1b)
Yxy = 'ng + ZKyy (IC)

where €2, €, v, are the strains at y = z = 0, and «,, &, and «,,
are the curvatures. In the case of the beam ¢, amd «, can be
expressed in terms of the other strains. The relevant strains and
curvatures are related to the degrees of freedom and are given
in detail in Ref. 6. After interpolating the various displace-
ments in terms of the nodal degrees of freedom, the strain-dis-
placement relations can be expressed as

(e} = [Bl{q} @

where [} = (€3, €2, vY), k¥, Key, Yxe» K2 )¢ is the strain vector
and {g} is the nodal displacement vector.

The top and bottom covers of the box are analyzed as a
single laminate, which is assumed to be in a state of plane
stress. The local bending of the skins is neglected. Rewriting
Eq. (1) in matrix form, we get at any point of coordinates (y,z)

of a cross section
€x
{e}={ey}=mne°1 G)
’YX}’

where the matrix [H] is given in Ref. 6. The stress-strain rela-
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tions are given as

Oy _
= {oy} =[Ql{e} C))
Ty

where [Q)], the local transformed reduced stiffness matrix, is a
function of the material properties and fiber orientation angle.
Substituting Eq. (4) into Eq. (3) yields

{o} = [QIH]{%} &)

The resultant forces acting on a cross section are now defined
as

b
(N} = Szb § [H]{c}dzdy ©)

2

where b is the chord of the beam, z; is the z-coordinate of the
bottom surface of the beam, and z, is the z-coordinate of the
top surface of the beam. Substituting Eq. (5) into Eq. (6) yields

2

b
(N} = H \ § [H](0) {H]dzdy] (e} )

3
Thus

(N} = [DL]{e"} ®

with matrix [DL] given as follows.

Az An Ax B Bn By YA
A Ax Aes Bis By Beg YA4
[DL}= |Bu Bn B Du Dn D YBy (g
By, Bxn By D Dn Dy YB
Big By Bs Dig Dy D YBs
YA, YA, YA¢ YB, YB, YBs YD

The A, B and D are defined by analogy with the Classical
Lamination Theory as

g N+1 -
Alj = b kz:l (zk_zk—l)Q{'j(‘dy
3 k=
b
i (2} —z2-)Qldy (10a)
j\_g ; k k—1 ij

ij =12, and 6 (10b)

b

D, = SibltE (2} —zi-)Qkdy

L - U
53

and the terms pertaining to the lateral bending deflections are

b
5 N+1

YA; = S 4 E @k — 2 Qfdy (11a)
b

YB; = E_g 2 kZ (2 —z¢-)Qdy (11b)

’5’ N+1 ~ _
YD=\",» kEl @ ~z-)@hdy Jj=12,and6 (llc)
b7 &

where n is the total number of plies, and zi is the coordinate

AEROELASTIC ANALYSIS OF DAMAGED WINGS 331

of the top surface of the kth ply, numbered from the top
down. The summation goes from 1 to n + 1 instead of n be-
cause in the box beam analysis the space between the top and
bottom covers is considered as a lamina with zero material
properties. This allows for a common numbering sequence to
be used throughout the depth of the beam and allows for the
analysis of beam plates where the top and bottom covers are
simply joined together.

The z; are functions of y and are given in Ref. 6. Note that
the A, B, and D matrices as used in this study differ from those
used in the Classical Lamination Theory due to the fact that an
integration over the y-coordinate is performed in this study to
take into account the curvature of the top and bottom skins of
the wing. In that sense, the present developments may be con-
sidered to be similar to those given by Giles’ towards an equiv-
alent plate analysis for laminated box wings using the Ray-
leigh-Ritz method.

The plate resultants N, and M, may be equated to zero,
consistent with the beam theory assumptions neglecting the
lateral stresses g,> ®

N, = Aped + Azzeg + A26'ygy + Bak¥ + Bk, + Bagksy
+ YA =0 (12a)

M, = By + Bye) + Bagysy + Dik? + Dk, + Digry
+ YByi =0 (12b)
However, the in-plane strain ) and the bending curvature &,

are assumed to be nonzero. Solving the above equations simul-
taneously for ¢J and &, the following expressions are obtained

1 B,,B B
& = B l:(AIZ - _25—12>€9: + <A26 - —%‘Bﬁ> e
Ba_ . 22 2

Dy,
By,Dy, By, Do
(B~ 2222 oy o By —22E28
< 2Dy >Kx +< " "Dy oy
B»YB
+ <YA2 —M>K§} (13a)
Dy,
1 By A By A
k, = 52 |:<BIZ —%u>€2 + <st——%‘2§> vy
By _p, » 2
Ax
BBy, BBy
+ | Dy — ¥+ Dy ——=—=
< 12 A22 >Kx < 26 A22 Kxy
By YA,
+ <YBZ 2 > x] (13b)
Ax

N, and M, can now be eliminated from the constitutive rela-
tions to obtain

N YA € A1 B
Ny Ui Aes Big Bgs YAg ’ng A5 Bas 5
MY =By B Dy Dis YBi<ky >+ B Dp f}}
M., Bis Bes Dis Des  YBg| |k B Da ¢

M} YA, YAs YB, YBs YD| k; YA, YB,

L4 L P I N ,(14)
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where ¢) and ky are given in terms of the remaining strains by
Eqgs. (13).

The transverse shear deformation is included in this formu-
lation by splitting the transverse deflection in two parts:?

w=wy + w (15)

The w, is evaluated following Timoshenko’s method in which
the transverse shear force-strain relation is the same as that
used in Refs. 5 and 8.

Stringers’ and Webs’ Contribution

A stringer can be positioned at each of the eight sections,
nodal lines running spanwise from one end of the element to
the other end. The stringers are defined by their moduli E; and
cross-sectional areas, 4;. They are assumed to carry the axial
stress o, only. Consequently, the terms defined in the previous
sections are modified as given in Ref. 6. A shear web can be
positioned between the top and bottom nodes of each of the
four pairs of section nodes running along the length of the
element. Each web is defined by its thickness A#; and shear
modulus G;and is assumed to carry transverse shear stresses 7,;
only. The transverse shear stiffness can be easily modified by
the presence of webs.

Warping Correction Factor

Timoshenko’s theory of beams neglects the axial restraint
effects introduced by a clamped root. A cantilevered beam is
not free to assume its normal deformed shape, and plane sec-
tions no longer remain plane under deformation. The shear-
stress distribution is modified, and the torsional stiffness is
increased. These effects vanish away from the root, but several
studies by Crawley and Dugundji et al.>!% have shown that the
decay length can be much larger for composite beams than for
isotropic ones. In order to take these effects into account, the
torsional stiffness term in the constitutive relations is multi-
plied by the warping correction factor , defined by Crawley
and Dugundji.® The warping correction factor is a function of
both the material properties and the beam geometry and goes
to 1 as the beam aspect ratio increases.

The strain energy expression for an element of length £ is
given as

¢
U=1§ {e}V{Nldx (16)
2o

The details of the rest of the formulation of the various
element matrices is quite standard, and thus it is not being
given here. The details can be found in Ref. 6. It should be
noted that a static condensation technique was used at the
element level to reduce the number of degrees of the element
from 24 to 12 by retaining only the degrees of freedom for w,,
w;, and the twist angle 7 at each node.

A coordinate transformation was used to account for differ-
ent sweep angles for different segments of the wing.

Aeroelastic Model

The aerodynamic strip theory as developed by Barmby et
al.!' and modified by Yates!? to account for finite span effects
is used. The wing is divided in strips oriented normal to the
spanwise axis and is assumed to undergo infinitesimal har-
monic oscillations about its steady-state position. Chordwise
camber effects are neglected so that the relevant displacements
are the twist angle 7 and the vertical deflection of the reference
line w. The aerodynamic loads are resolved as a lift L, positive
up, acting at the aerodynamic center, and a moment M about
the reference line positive leading edge up.

Finite span effects are accounted for by replacing the two-di-
mensional values of a., the nondimensional offset between
aerodynamic center and semichord line, and C,,, the lift curve
slope, by steady-state values obtained from any suitable
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method, as for example the Weissinger L-method.
Assuming sinusoidal motion of frequency w:

wit) = wix)e™, 706, t) = T(x)e™ an

the aerodynamic loads are from Ref. 13:
L =po*[Lyw + L7+ L+ L7’} (18a)
M = p?[M,w + M, + My + M, 7'] (18b)

where § = ¥ and p = air density. The variables L,,, L,, Lg, L,,
M, , M,, My and M, are given in Ref. 13.

The displacements w = w;, + w;, 6, 7, 7/ may be expressed
as functions of the reduced nodal displacement vector in terms
of Hermitian Polynomials and their derivatives: w = N, {q}
and similarly for 4, 7 and 7’. Thus

L = o?{L,N), + LgNj + LN} + LNl }{q} (19)
M = *{M,N), + MyN} + M,N!+ M. .N!}{q) (20)

To derive the aerodynamic matrix, we express the noncon-
servative virtual work due to the distributed aerodynamic
loading along the span of the element:

¢ f
W = j‘ dwldx + g dtMdx (¥A))
0 0

¢
{oq }’[SO (LwNwNy, + LeNWN§ + LN N + L N,N;. (22)

+ MWNTN‘fv +M0NTN9t + MTN'IN: + MT’N‘IN;’)de]{Q)
= {6g }'w?lal{q]} (23)

Thus the nodal load vector equivalent to the distributed aero-
dynamic loading is w?[a]{q} where [a] is the complex element
aerodynamic matrix.

The integration of the aerodynamic matrix follows the
Gaussian quadrature. Note that the aerodynamic matrix is not
symmetric.

The equations of motion of the wing oscillating in unsteady
flow are

(K1 = [M]e? - [A]0?) g} = {0} @4

where [A ], the assembled aerodynamic matrix, is a function of
the flow speed ¥ through the reduced frequency k = “%. These
equations are solved for the flutter speed and frequency using
the familiar V-g method. Divergence can also be obtained
from the V-g method. It is characterized by the structural
damping of a mode going abruptly from a negative value to
zero (without crossing the V-axis) at the same time the fre-
quency goes to zero. This is obtained for a very low value of
the reduced frequency k.

Alternatively, the divergence speed V is obtained by setting
the mass matrix and the time-dependent terms of the aerody-
namic matrix to zero and solving the equations of motion. The
corresponding eigenvalue problem is

{[Aqad —AKI}{g} =0 @5

where [Ag.] is now real and A = 1/V2. The largest positive
eigenvalue yields the divergence speed of the wing.

Numerical Results
Evaluative Analysis

This section presents the results obtained by the present
element for a number of problems found in the literature. The
evaluation process was divided in four phases to validate suc-
cessively all components of the model. Several static deflection
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cases were first analyzed to check the stiffness matrix. The
mass matrix formulation was then verified by solving prob-
lems in free vibrations. Having gained confidence in the struc-
tural model, attention was focused on the divergence speed of
straight, forward, and swept-back wings. Finally, the solution
procedure and the dynamic aerodynamic matrix were evalu-
ated by performing a number of flutter calculations on wings
for which alternative results were available.

Static Response of Builtup Double Swept Wing

In addition to a number of simple problems, the capability
of the present development for solving static problems was
evaluated by analyzing a complex structure representative of
current forward swept designs. The wing is shown in Fig. 2,
and it features double sweep, both chord and thickness tapers,
and unsymmetrical top and bottom shapes and laminations. It
includes four webs and eight stringers. The top and bottom
skins are made of layers of graphite/epoxy (E; = 19.0 x 10°
psi, £, = 1.89 x 108 psi, v;, = 0.38, Gy, = 0.93 x 10 psi) ori-

2179

Fig. 3 Builtup wing model for the present work.
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ented at 0, 90, +45 and —45 deg. The thickness of each layer
varies in each segment in the wing.

The wing was subjected to a vertical tip load and the tip
deflection obtained by two different methods: the present for-
mulation and WIDOWAC!* were compared. The WIDOWAC
model uses rod, shear-web, and triangular membrane ele-
ments. The present one-dimensional model, shown in Fig. 3,
uses eight elements to account for the changes in sweep, taper,
and skin thickness along the span. For this study, orientation
of the laminates constituting the covers was varied from 0 to
180 deg. relative to the spanwise axes of each element. This
was achieved by assigning the same design variable to the
orientation of all laminas.

The tip deflection is plotted against the cover orientation in
Fig. 4. Note that the boundary conditions for the two models
are different: the root and tip of the WIDOWAC model are
parallel to the airstream. The present formulation, on the
other hand, is one-dimensional and therefore assumes an ef-
fective root and tip perpendicular to the midchord line. The
agreement shown in Fig. 4 is nevertheless found to be very
good.

51
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Fig. 4 Tip deflection of a builtup wing under tip load.
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Fig. 6 Natural frequencies of a box beam.

Free Vibration Analysis

A number of test examples were studied to evaluate the
performance of this element to obtain the free vibration re-
sponse. These test examples included 1) a unidirectional
Graphite/Epoxy Cantilever beam, 2) rectangular symmet-
rically laminated cantilever plates, 3) unsymmetrically lami-
nated square plate, and 4) a box beam shown in Fig. 5. For all
these examples, the results obtained using the present formula-
tion were found to be in good agreement with those available
in the literature. For example, Fig. 6 shows the comparison of
the first three natural frequencies obtained by Kapania,
Bergen, and Barthelemy!® and the present formulation using
four elements. The results in Ref. 15 were obtained using the
Equivalent Plate Model program developed by Giles.”

Divergence and Flutter

Attention was next turned to the evaluation of the aerody-
namic matrix. The evaluative examples included 1) divergence
of swept isotropic wings for which alternative results were
available, 2) divergence and flutter of swept wings for which
analytical and experimental results were given by Barmby,
Cunningham and Garrick,!' 3) divergence and flutter of
Graphite/Epoxy laminated cantilever plates for which analyti-
cal and experimental results were given by Hollowell and Du-
gundji!® and by Landsberger and Dugundji,!” and 4) diver-
gence and flutter of box beams for which analytical results
were obtained by Kapania, Bergen and Barthelemy.!* For all
the examples considered, good agreement was obtained be-
tween the present results and those obtained by other investiga-
tors. Figure 7, for instance, shows the summary of the results
obtained in this study for the unswept, 30-deg swept forward
and 30-deg swept-back plates. The present results were found
to be in good agreement with those given in Ref. 17. For more
details, the reader is referred to Ref. 6.

Aeroelastic Properties of Unsymmetric and Damaged Wings

Most studies on the aeroelastic response of laminated wings
are limited to structures having a plane of symmetry perpen-
dicular to the thickness direction. In that case, the [B] matrix
from Classical Lamination Theory is zero and flexure and
extension are decoupled, thereby greatly simplifying the analy-
sis. Actual designs, however, are not in general symmetric. In
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addition, damage to the structure caused by fatigue, manufac-
turing defects, or impact is unlikely to occur in a symmetric
fashion. The behavior of an initially symmetric structure is
thus going to be modified by both the lower stiffness and the
presence of bending-stretching coupling. In this section, the
capability of the present formulation to analyze unsymmetric
structures is exploited to study the influence of the B, coupling
terms on the aeroelastic response of a laminated beam.

Angle Ply Beam-Plate

The purpose of this section is to investigate the influence of
the coupling term Bjs. A beam having a rectangular solid cross
section and a lamination sequence of [( + 45/-45),] has been
chosen, where the total thickness of the beam is kept constant
as n is varied.
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The rectangular uniform beam having the following proper-
ties is used: E; =6.9x 101 N/m?, E,=15.0x 10° N/m?,
vip=0.30, G;;=15%x10"" N/m? p=2.71x 10kg/m?,
f=1.5m, b =.1m, h=0.0049 m. The sweep angle is set to
zero. Note that in this case the D)s and D, are zero. The
divergence and flutter speeds are shown in Fig. 8. It is seen that
for n = 1, which yields the highest value for By, the critical
speeds are down to 66% of their symmetric values but that the
ratio converges very rapidly towards 1 as n increases.

Angle Ply Forward Swept Box Beam

One of the most important aerospace applications of fiber
reinforced materials is the tailoring of forward swept wings for
divergence elimination. Only one such design is flying today,
and very little information is available concerning the damage
tolerance of composite forward swept wings. As a first step, it
is of interest to investigate the influence of asymmetry on the
aeroelastic response of such wings. For this purpose, the previ-
ously defined box beam (see Fig. 5) was swept at a 30 deg
forward angle and assigned a [6/(+ 45/ — 45),/6] stacking se-
quence. The total thickness of the skins was kept constant as
n was varied. Prior to varying n, a wing having similar bending
stiffnesses, with a symmetric lamination sequence of [/ +45/
—45/—45/+45/0), was aeroelastically tailored for diver-
gence. The maximum divergence speed was obtained for
0 = 36 deg. This value of § was then kept constant, and the
value of 7 increased. Table 1 presents results for Byg, El,,,
GJop. Koy, and (Vd/ V), where K., is the bending-torsion cou-
pling term which is the cornerstone of aeroelastic tailoring,
and V,is the divergence speed of the symmetric wing for § = 0
deg. A striking result is the large increase in divergence speed
when a high bending-stretching coupling is present. The exam-
ination of the equivalent stiffnesses® for this case reveals only
a modest increase for K., and small decreases for El,, and

Table 1 Aeroelastic response of a [36/(45/ —45 deg),/36 deg]
forward swept angle ply box beam

n Va/Vig Elg(Nm?)  Glog(N.m?)  Keg(N.m?)  Byg(N)
1 35.0 848,356. 207,269. 254,471.  776,440.
2 3.0 855,139. 225,785. 244,602. 2011.
3 2.01 855,139. 225,593. 244,465, 0.
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Fig. 9 Flutter and divergence speeds of a damaged box beam.
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GJ,,, but divergence elimination is a phenomenon known to
vary greatly for slight changes in fiber orientation. This result
suggests that asymmetry might be a design option for forward
swept wings. As in the previous section, the influence of By
vanishes rapidly when # is increased.

Damaged Unswept Box Beam

The influence of damage on the aeroelastic response of an
unswept box beam having the same geometry and material
properties as in the previous section was next studied. The
cover skins are unidirectional, the fibers being oriented paral-
lel to the spanwise axis (f = 0 deg). Both top and bottom skins
are made of ten layers of equal thickness. The beam is modeled
using six elements, and damage is applied to the top skin of the
next to last element (going towards the tip). This location was
found by Eastep et al.* to be critical for flutter. The damage
was modeled as a complete loss of stiffness for the correspond-
ing layers. The mass and geometry of the structure was as-
sumed to remain unchanged. In particular, the aerodynamic
loads retain their undamaged values. This modeling is there-
fore not adequate for analyzing that impact induced damage
for which the airfoil shape, and therefore the aerodynamic
loads, would be modified. It is also not possible to simulate
damage to only the inner plies of the skin or due to delamina-
tion. In that case, the remaining layers above and below the
damaged plies would act as distinct entities. Such a behavior
was modeled by Kapania and Wolfe.!® Figure 9 presents the
divergence and flutter speeds of the beam as functions of the
number of damaged layers. Once again, the influence of the
bending-extension coupling introduced by the damage induced
unsymmetry vanishes rapidly as the unsymmetry decreases. In
the present case, however, when the entire top cover is dam-
aged this coupling causes the stiffnesses to go to very low
values, yielding zero divergence and flutter speeds.

For comparison purposes, damaging the wing in a symmet-
ric fashion to obtain the same decrease for [4] and [D] but no
[B] terms yielded a decrease in divergence speed of 2.3%, and
the flutter speed decreased by 2.1%. Unsymmetry is thus seen
to have important effects on the aeroelastic response of dam-
aged composite wings.
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Undamaged and Damaged Builtup Wing

Finally the aeroelastic behavior of the double swept wing
described previously (see Figs. 2-4) was studied. This wing
features top and bottom cover skins of different curvatures
and thicknesses and top and bottom stringers of different size.
1t is thus strongly unsymmetric.

For this study, a common design variable was assigned to all
laminae of the top and bottom cover skins of all the elements.
This design variable, a convenient parameter to study the tai-
loring effects, was then varied from 0-180 deg, and the diver-
gence and flutter speeds obtained for all orientations. It should
be pointed out, however, that this variable is not an actual
orientation angle but rather an ‘‘orientation parameter.’”’ The
cover skins are made of a combination of 0, 90 and + /—45
deg plies, and have different initial orientation angles in each
element.

Figure 10 shows the aeroelastic response of the undamaged
wing. Of interest is the range of angles around 120 deg for
which divergence is eliminated. The (current) actual design for
this wing calls for a design variable value of 117 deg. It is seen
that outside this narrow range, divergence is more critical than
flutter. Also noteworthy is the sudden switch in flutter mode
for 8 = 85 deg.

Effect of Damage

Having obtained the initial response of the wing, a damage
study was performed. The location of the damage is the same
as in the previous section. The cover at this point is made of a
thick (= .3 in.) 90-deg ply and thin (= .05 in.) + /—45-deg
and 0-deg plies. Note that § = 117 deg places the strongest
direction of the 90-deg ply between 10 and 30 deg forward of
the wing axis, which is known to be the optimum position for
divergence elimination.

Two damage cases were studied, where 90% (case 1) and
100% (case 2) of the 90 deg ply were damaged. Results are
shown for flutter and divergence in Fig. 11 for case 1 and in
Fig. 12 for case 2. The trends revealed in the previous sections
are again apparent here, the wing’s aeroelastic response being
affected when a very high bending-extension coupling is
present. Also note that the flutter speed is affected more than
the divergence speed for untailored configurations, that is,
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Fig. 12 Flutter and divergence speeds of a damaged builtup wing,
second case.

when the fiber angle parameter @ is outside of the interval 110
deg-140 deg for which divergence is eliminated. Within this
interval, however, damage is seen to weaken the divergence
elimination capacity.

Concluding Remarks

A simple element for the aeroelastic analysis of laminated
wings has been developed. The formulation allows for unsym-
metric laminations, arbitrary geometry including chord and
thickness taper, and multiple sweep angles. The formulation
and computer program have been evaluated by solving prob-
lems found in the literature. The element provides an efficient
tool for the rapid analysis of a wide range of aeroelastic struc-
tures.

The capacity of the element to analyze unsymmetrically lam-
inated structures was exploited by studying the influence of
bending-extension coupling on the aeroelastic response of
composite wings. It was found that this coupling lowers the
bending and torsional stiffnesses but may in some cases in-
crease the bending-torsion interaction which allows for aeroe-
lastic tailoring of composite lifting surfaces. It is thus possible
to enhance the aeroelastic performance of such structures by
introducing unsymmetry in the design. Unsymmetry due to
damage, however, was shown to have a detrimental effect for
the wings investigated because of a simultaneous drop in the
extensional, bending, and bending-extension stiffnesses.

Limitations of the present model should be kept in mind.
The torsional stiffness of the wing is assumed to be provided
only by the top and bottom covers. This neglects the axial
stress system induced in the axially restrained stringers by the
torsional deformations. The contribution of the webs is also
neglected. Also, the present one-dimensional model may not
account properly for the stress distribution and load transfer
mechanisms in the different components of the damaged
builtup structure.
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