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Supersonic Flutter of Aeroelastically Tailored
Oblique Wings

Terrence A. Weisshaar* and Jonathan D. Bohlmannt
Purdue University, West Lafayette, Indiana

Renewed interest in oblique wing aircraft has created curiosity about the possible use of aeroelastic tailoring to
enhance its aeroelastic stability. This paper examines the flutter characteristics of an idealized, advanced com-
posite, oblique wing configuration operating at supersonic speeds. The theoretical model consists of a uniform
property wing with beamlike flexural and torsional flexibility as well as bend-twist deformation cross-coupling.
The wing is free to roll unrestrained about a streamwise roll axis. Quasisteady, linearized, supersonic
aerodynamic theory is used to describe the deformation-dependent aerodynamic forces. The effects of charac-
teristic inertial, aerodynamic, and structural parameters on flutter behavior are surveyed. Among these
parameters are the following: wing aspect ratio; mass ratio; Mach number; fundamental bending-torsion fre-
quency ratio; bend-twist deformation coupling; wing sweep angle; and the wing-to-fuselage roll mass moment of
inertia ratio. It is shown that when tailoring is used to increase the stability of a body-freedom mode, the result is
a reduction of stability of other high-frequency aeroelastic modes. This tradeoff characteristic is similar to that
observed for conventional wings and indicates that excessive wing stiffness cross-coupling is undesirable as a
passive measure to control flutter.

Introduction
A FTER an absence of nearly 10 years, the oblique wing

xjLconcept of the type sketched in Fig. 1 is again receiving
serious consideration.1 During this 10-year period, significant
technological advancements have occurred in a number of
areas important to oblique wing development. These ad-
vances, coupled together with new needs and opportunities,
are such that the oblique wing concept deserves serious con-
sideration as a contender for future civil and military mis-
sions. However, design features unique to the oblique wing
still remain to be considered carefully. Chief among these
features are asymmetrical aeroelastic effects introduced by the
unconventional wing orientation.

Early oblique wing aeroelastic stability studies established
the necessity of including aircraft roll freedom in aeroelastic
analysis or wind-tunnel testing.2'6 Roll freedom allows the
classical forward-swept-wing aeroelastic divergence mode to
be replaced by a low-frequency, oscillatory "body-freedom
flutter" instability that occurs at a higher flight dynamic
pressure than does wing divergence. The inclusion of fuselage
pitch and plunge freedoms leads to an additional increase in
the low-frequency instability speed, but their inclusion is much
less important than roll freedom. The low-frequency flutter
instability is "divergence driven"; a stiffness change that in-
creases the theoretical divergence speed usually will be found
to increase the oblique wing body-freedom fjutter speed.

The purpose of the present study is to examine the impor-
tance and the effect of certain design parameters on aero-
elastic stability features of oblique winged aircraft operating
at supersonic speeds. The first portion of the study is restricted
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to orthotropic wing structures to assess the importance of
several conventional parameters to oblique wing supersonic
flutter and also to underscore the presence of a sizable number
of design parameter combinations. Finally, the study focuses
on the inclusion of a bounded laminate stiffness design
parameter that defines and permits bend-twist wing deforma-
tion coupling. The effect of this coupling parameter on
aeroelastic stability is illustrated and its influence compared to
the influence of geometrical wing sweep on oblique wing
flutter. Let us now turn to a discussion of the analytical model
used for this study.

Aeroelastic Model
The theoretical model developed for this study provides a

simple, effective method for displaying the potential effects of
laminate tailoring on oblique wing aeroelastic stability. The
structural idealization itself has been used in previous oblique
wing studies4 (but without stiffness cross-coupling) and has
revealed accurately oblique wing flutter trends in the low-
speed flow region. Figure 2 shows the planform geometry of
the idealization. As indicated, taper was not considered as a
study parameter. Although the wing is swept at an angle A
with respect to the flow, note that the wingtips are not parallel
to the flow except when A is zero.

Although the complex built-up structure of an actual air-
craft wing is composed of numerous internal members and a
cover skin, for this idealization the combined effect of these
structural elements is lumped into three essential stiffness
parameters. Figure 3 shows the cross section of a beamlike ele-
ment to illustrate the deformations w and 0 and internal resul-
tant moments M and T. The y axis in Fig. 3 is the reference
axis (RA), which is also shown in Fig. 2. Conventional
engineering beam models choose the RA to be the shear
center, the position where a shear force can be applied without
causing twist at that section. As a result, bending and twisting
deformation of an orthotropic beam are uncoupled when
static equilibrium equations are written with respect to this
axis.

If the beam is anisotropic, then at any cross section the rela-
tionship between the internal moment resultants (bending mo-
ment M and torque T)9 and the beam curvature d2w/dy2, and
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Fig. 1 Hypothetical oblique wing aircraft configuration.

twist rate d6/dy, may be expressed as

l_ r EI -K

T\ \ -K GJ 0'
(1)

The primes refer to differentiation with respect to y. Three
anisotropic beam stiffness parameters appear in Eq. (1): EI, a
bending stiffness parameter; GJ, a torsional stiffness
parameter^ and K, a bend-twist coupling parameter. The
parameter K creates the effect called " stiffness cross-
coupling" and depends on the RA location and the laminate
details, as well as internal structural member arrangements; K
may be positive, negative, or zero. For an orthotropic beam,
the RA is chosen so that K=0.

The relationship in Eq. (1) can be inverted to obtain a flex-
ibility relation, written as7

1 l/EI g/EI

l/GJ
(2)

As a result, Mr is bounded as follows:

where g=K/GJ and k=K/EI.
Strain energy considerations require the value of kg (a non-

dimensional product) to lie between zero and unity. This prod-
uct may be expressed conveniently in terms of a nondimen-
sional stiffness cross-coupling parameter Mr, defined by the
relationship

(3)

(4)

Because of the definitions of w, 6, M, and Tin Eqs. (1) and
(2), negative values of A' are associated with configurations in
which upward bending ( + w and + w") is accompanied by
nose-down twist ( — 6). How one actually achieves this defor-
mation or stiffness cross-coupling, as represented by K, is a
matter of design ingenuity. Design strategies for such coupling
range from: the development of flexible hinge-line orientation
for folding wings and all-movable tails; off-axis spar orienta-
tions; and tailored anisotropic skins for lifting surfaces. Of all
the ideas proposed to date, the most promising seems to be
that of anisotropic, unbalanced (but midplane symmetric)
laminated wing skin surfaces.

Fig. 2 Analytical model planform geometry, showing definitions of
axis systems, the reference axis, dimensions and center-of-mass
position.

Fig. 3 Anisotropic beam cross-section showing internal resultant
moments and deformation sign convention.

Figure 4 provides an example of the type of deformation
coupling that will result from directional ply orientation of a
single-ply composite plate. It is seen from Fig. 4a that, when
the plies are oriented along the span wise direction, an upward
aerodynamic load causes bending deformation that, viewed
from the side, results in a decrease in the streamwise angle of
attack. As indicated in Fig. 4b, the off-axis rotation of plies
will cause bend-twist deformation cross-coupling (more com-
monly called stiffness cross-coupling) that leads to the op-
posite situation. The first situation is referred to as washout
behavior, whereas the second is called wash-in behavior.

Numerous external and internal structural details, par-
ticularly laminate geometry, determine and control the values
of EIt GJ, and K. A change in one such detail, e.g., skin orien-
tation, will cause simultaneous changes in all three stiffness
parameters. As a result, the credit for a change in aeroelastic
performance (e.g., an increase in flutter speed) caused by rota-
tion of a certain laminate ply may be difficult to attribute to
EIy GJ, or K9 because all three change. The focus of this study
will be solely on the influence of stiffness cross-coupling K\ as
a result, EI and GJ are held fixed. In practice, this would re-
quire a redesign of the cross-sectional structural geometry
each time K is changed. Although this might be viewed as a
limitation, the purpose of the present study is to assess the ef-
fectiveness of oblique wing tailoring using bend-twist defor-
mation coupling, but not to design an actual oblique wing
aircraft.

Equation (1) may be used to develop the strain energy stored
in an advanced composite beam/wing. This strain energy U, is

(5)
The expression in Eq. (5), when used with assumed deflection
functions for w(y,t) and 0(y,t),is used to construct the wing
structural stiffness matrix used for this study.
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Fig. 4 Effects of wing geometry and ply orienta-
tion on streamwise angle of attack due to bending
deformation.

a)
A-A

Wash-Out b)
A-A

Wash-In

A plate model also might be used to model the wing struc-
tural deformation. In this case, El, GJ, and K are computed
from a knowledge of equivalent plate constants. Note that the
expression in Eq. (5) does not include one potentially impor-
tant plate stiffness term, a term that is found to be propor-
tional to (d26/dy2)2. The origin of this stiffness term is trace-
able to the requirement that a cantilever plate edge not only re-
main untwisted, but it must remain undeflected along the root
support. Because of its one-dimensional character, a beam
model cannot enforce this latter condition. A chordwise struc-
tural stiffness term S0 multiplies this torsional curvature term.
For moderately high-aspect-ratio metallic structures whose
ratio of shear modulus G to Young's modulus E is small, this
warping term is of little consequence. However, for composite
materials whose ratio of effective moduli is rather large, the
effect of this additional term may be significant, even when
the structural aspect ratio is large.8 However, for this study,
the possibility of increased torsional restraint due to this term
is not included.

Aerodynamic Forces
The deformation-dependent aerodynamic forces are mod-

eled using a quasisteady, second-order piston theory. The
merits of this theory are discussed by Morgan et al.9 The basic
assumptions of piston theory are that the aerodynamic profile
is slender and that the Mach number is high (M2^!). A
modification of ordinary piston theory, due to Van Dyke,10 is
used for the present aeroelastic model. Van Dyke's theory
presumes that the flow is quasisteady, but, unlike piston the-
ory, it contains no restriction that the Mach number is large in
comparison to unity.

In terms of the planform coordinates defined in Fig. 2, the
linearized expression for the pressure differential Ap on the
wing is, from piston theory,

(6)

where aw is the speed of sound and p^ the air density. Since
the streamwise coordinate x (shown in Fig. 2) is a function of
spanwise coordinates x and y, the derivative dw/dx is written
as

dx
dw dw

cos A-I—-— sinA
dx (7)

The out-of-plane displacement of the wing shown in Fig. 2
is decomposed into two parts—that due to wing flexibility and
that due to rigid-body rolling motion. The displacement of the

15 45 60 A

Forward Sweep Angle (degrees)

Fig. 5 Effect of stiffness cross-coupling and wing forward-sweep
angle on sweptforward wing divergence speed. Reference axis/shear
center position is located 0.10 semichord ahead of the midchord line;
M = 2.5.

wing surface w(x,y,t), is now written as

w(x,y,t)=wF(y,t)-xe(y,t)+$cosA(y-x tanA) (8)

Equation (8) does not allow camber bending (bending
displacement or curvature along the x axis). The bending
displacement wF(y,t) is measured with respect to the fuselage
root along the reference axis. Using Eqs. (7) and (8), the
pressure differential can be expressed in terms of spanwise and
chordwise derivatives, as follows:

-e-xB/ tanA

(9)
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In Eq. (9), the primes refer to partial differention with respect
to y, whereas the overdots represent partial differentiation
with respect to time. The Principle of Virtual Work and the
Rayleigh-Ritz method are then used to define the generalized
forces Qi for the system in terms of Ap and chosen assumed
displacements of the flexible wing surface.

Kinetic Energy
When Eq. (8) is differentiated with respect to time t, and

then integrated into the chordwise direction, the kinetic energy
of the wing Tw can be written in the following integral form:

Tw = -

+ Ie

-20$ cosA(Sy-Ie tanA) }dy

+ ($ cosA)2 (my2 - 2Sy tanA

-S tanA)

(10)

Integration into the chordwise direction defines inertia terms,
the symbols S, Ie, and m, written as follows:

(Ha)

(lib)

(He)

Added to Eq. (10) is the kinetic energy due to fuselage rota-
tion, expressed as Tf9

(12)

These equations of motion for this model describe the tran-
sient motion of the system that results when it is slightly per-
turbed from an initial, deformed, and static equilibrium
position.

Equations of Motion
The choice of polynomials as assumed displacement func-

tions, their substitution into Eqs. (5), (9), and (10), and subse-
quent integration make it possible to use Lagrange's equations
to produce a set of linear algebraic equations of motion. Non-
dimensionalization provides a set of equations of motion hav-
ing the following matrix form:

= {0} (13)

The vector {£} is constructed as follows:

wR/L

WL/L \ (14)

$cosA

The symbols WR and WL represent wingtip bending defor-
mation, whereas BR and 6L are the wingtip twist angles. Com-
bining the structural stiffness matrix [Ks] and the aero-
dynamic stiffness matrix into a single matrix [K], Eq. (13) is
rewritten as

£} = {0) (15)

Note that [M], [B], and [K] are matrices of real numbers,
while {£} represents a vector consisting of the five generalized
displacements. The [B] matrix is a function of aerodynamic
parameters such as Mach number. The lengthy expressions for
the elements of these matrices are presented in Ref. 11.

The equations of motion are written in state-space form as
follows:

{z} = [A] [z] (16)

The 10 elements of the state vector [z] represent the five
generalized displacements and their corresponding time de-
rivatives. This vector is written as

(17)

The matrix [A ] contains the equation of motion together with
the identity defining the state vector U). Using the matrices
defined in Eq. (15), [A] is written as

0 /

-M~1K -M'1B
(18)

The Laplace transform of Eq. (16) provides an eigenvalue
problem. The eigenvalues of the Laplace transform of [A ] are
written as

S = (19)

The parameter ue is a reference torsional stiffness parameter
used for parameter nondimensionalization. The real part of s
may be interpreted as the system damping, whereas the im-
aginary part corresponds to the oscillatory part of the tran-
sient response of the disturbed system. As a result, the
aeroelastic stability criterion becomes that of examining the
sign of (7/co0. If a/o)0 is greater than zero, the system is
unstable.

Nondimensional Parameters Affecting Flutter Speed
The reference frequency co# represents the natural frequency

of a uniform cantilever beam of length L when the beam is ex-
cited in an uncoupled torsion mode. The reference bending
frequency COB is a similar parameter used to represent the un-
coupled cantilever fundamental bending frequency. These
reference parameters were used to replace the stiffness
parameters GJ and El, respectively. Both modes would occur
ar zero airspeed only when the wing static imbalance xe and
stiffness parameter K are zero. As a result, there is no simple
relationship between K and UB and ue. However, a relation-
ship between K, ¥, o)e, and co5 can be developed by integrating
the Rayleigh-Ritz shape functions. Integration provides the
following relationship11:

K= (20)

The factor under the square root sign is unique to the shape
functions used for this study. As a result of Eq. (20), the
parameter K can be replaced by reference quantities.

Several other important parameters appear_in the matrices
that define the equations of motion. A term J^—L/b defines
the aspect ratio of the unswept wing. Note from Fig. 2 that the
wingspan, tip to tip, is 2L and that b - c/2. A nondimensional
static unbalance term xe, shown in Fig. 2, represents the loca-
tion of the sectional centers of mass, measured positive aft of
the reference axis in units of semichords. Negative values of xe
imply that the line of centers of mass is forward (toward the
leading edge) of the RA. Similarly, the nondimensional
parameter a shown in Fig. 2 locates the RA position in units of
b, with respect to the midchord position. A negative value of a
indicates that the reference axis is forward of the midchord.
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The parameter re is a nondimensional radius of gyration of
the chordwise section, measured about the RA. A mass ratio
parameter /*, defined as m/irpb2, describes the relative density
ratio of a wing section to the air density, whereas the Mach
number M defines the speed regime. Finally, the frequency
ratio co5/co0 is a measure of the relative stiffnesses in bending
and torsion at zero airspeed when Jt0 and K are zero.

Let us now turn to the examination of the results of several
analyses whose purpose was to identify the influence of
parameters, particularly stiffness cross-coupling, on aero-
elastic stability. The first task will be to examine the influence
of the cross-coupling parameter Mr on the divergence of a sym-
metrical, supersonic, forward-swept wing fixed at the root

Oblique Wing Aeroelastic Stability-
Roll Freedom Excluded

The eigenvalues s of the matrix [A ] in Eq. (18) are velocity
dependent. The stability analysis begins by fixing M and selec-
ting a range of airspeeds (in this case, nondimensional
airspeed V/bu>Q ) ; at a given airspeed, values of s are then
determined. Wing divergence is a special instability that occurs
when, at a certain airspeed, one of these eigenvalues migrates
from the left half-plane to the right half-plane of a root-locus
plot by passing through the origin. At wing divergence, an
eigenvalue is located at the origin of this graphical
display (5 = 0). If the airspeed is increased slightly, the real part
of the eigenvalue becomes positive, while the imaginary part
remains zero; motion is of the form est and clearly unstable.

Because of this special mathematical feature, i.e., s = 0,
divergence is often referred to as a "static" instability. The
term static is used because inertia and damping effects are not
present in Eq. (13) when 5 = 0. As a result, the dynamic in-
stability problem may be recast in the following form, with a
dynamic pressure parameter X as the eigenvalue:

(21)
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Fig. 6 Effect of reference axis/shear center position on the diver-
gence speed of an orthotropic sweptforward wing. The divergence
velocity parameter is plotted against forward-sweep angle. No stiff-
ness cross-coupling is present. RA values indicate magnitude of a used
in the analysis.

Equation (21) contains both the structural stiffness matrix
[Ks] and the aerodynamic stiffness matrix [KA ] . This latter
matrix is multiplied by the eigenvalue parameter X2, defined as

X2=- (22)

The behavior of this eigenvalue X2, as a function of stiffness
cross-coupling, will be examined. The combination
(£«0/OVj* occurring in Eq. (22) is referred to as the
"stiffness-altitude parameter" and is sometimes denoted as #
in aeroelastic literature. However, because the present interest
focuses on isolating the effects of the nondimensional
parameter Mr on divergence, the Mach number and the mass
ratio fj, (but not the speed of sound) will be fixed in the studies
to follow. In this case, X is proportional to (V/bu e ) , written
as V.

First, consider a clamped sweptforward wing with the
following physical parameters:

SU12, x,,= -0.1, («*/«, j =0.2'

re=0.4, M.=-50, 0=-0.10, M=2.5

[Note that, although some of these parameters are inertial,
when the determinant of Eq. (21) is expanded and dimensional
expressions are inserted, only stiffness terms will remain to
define the divergence speed.]

Figure 5 shows the results of a divergence analysis of the
isolated, clamped forward-swept wing portion of an oblique
wing with a variable-sweep angle. Consider first the case
labeled Mr = 0. Figure 5 indicates that, without deformation
cross-coupling, the wing will not encounter divergence in-
stability unless it is swept forward about 17 deg. If the wing is
swept forward beyond 17 deg, the airspeed at which it will
diverge declines rapidly with sweep. Note that there is both a
lower portion and an upper portion to the stability boundary
in Fig. 5. At a fixed forward-swept angle, say 30 deg, increas-
ing the airspeed will lead to divergence (contact with the lower
boundary). Further increases in airspeed will lead to contact
with the upper boundary. At this point, an airspeed increase
will lead to a restabilization of the unstable wing.

Consider now the curve labeled Mr = -0.25, corresponding
to moderate, negative (bend-up/twist-down) cross-coupling to
create washout. As indicated in Fig. 5, negative cross-coupling
is stabilizing and tends to displace the Mr = 0 static stability
boundary to the right. As a result, with ^ = -0.25, no static
instability is expected unless forward-swept angles are in ex-
cess of 45 deg.

The addition of wash-in in the form of positive (bend-
up/twist-up) cross-coupling is seen to be destabilizing. If
$ = -0.25, the wing must be swept aft (the region A<0 in
Fig. 5) to create sufficient washout to preclude divergence.
Note that large positive cross-coupling, Mr = 0.50, is very
destabilizing.

Let us now examine the effect of the chordwise shear center
position with respect to the midchord on divergence of a wing
without stiffness cross-coupling. In this case, the RA is the line
of shear centers. The shear center position when M^ = 0 is deter-
mined by the chordwise thickness distribution of laminate
plies and the location of the wing box within the wing cross
section. To illustrate the effects of shear center position, con-
sider Fig. 6. This figure displays the nondimensional diver-
gence speed parameter plotted against the forward-swept an-
gle for the same wing described in Fig. 5, but with zero
deformation cross-coupling. Note that the curve labeled
RA= -0.1 (the value of a is -0.1) in Fig. 6 corresponds to
that labeled ^ = 0 in Fig. 5.

Consider first an RA/shear center position at the midchord
(a = 0). The chordwise position of the aerodynamic center is
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Fig. 7 Effect of the roll-mass-ratio parameter 70//y on flutter speed
of the baseline orthotropic oblique wing with freedom to roll. Stiff-
ness cross-coupling is excluded; M= 1.

predicted by supersonic theory to also lie at the midchord. The
effect of the colinearity between the shear centers and the
aerodynamic centers is seen from the curve labeled RA = 0 in
Fig. 6. Because neither elastic coupling nor aerodynamic
coupling is present, divergence is not possible at zero sweep.
Bending divergence is possible only if A is nonzero and the
wing lies in the forward-swept region.

Moving the RA forward of the wing midchord (a<Q)
creates favorable aerodynamic coupling, which creates
washout by twisting the wing down when the wing develops in-
creased loads due to bending, As a result, the wing tends to
unload itself somewhat, as evidenced by the rightward shift in
the stability curves shown in Fig. 6. A combination of negative
cross-coupling (bend-up/twist-down) due to forward ply
orientation and a forward position of the reference axis should
create large divergence speeds.

Introduction of stiffness cross-coupling, or ¥, into the
design creates elastic coupling along the reference axis. The
aeroelastic effect of this elastic coupling is equivalent to the
geometrical coupling effects of planform sweep. Reference 12
defines a parameter that is used to categorize subcritical wing
static aeroelastic behavior. In terms of the parameters used for
this study, the "sweep" parameter P is defined as

(23)ba

Equation (23) contains the parameter R9' defined as
R = GJ/EI, rather than the ratio UB/UB used for the present
study.

When the structure is orthotropic, with the reference axis
position a and primary stiffness ratio R fixed, the sweep
parameter is a function only of geometric sweep A. With stiff-
ness cross-coupling included, the sweep angle and ^ appear
together so that the parameter ^/VS may be thought of as an
effective aeroelastic sweep (the analogy is not perfect, since ̂
also appears in the denominator). When the wing is swept for-
ward [A<0 in Eq. (23)], the deliterious effects of forward

bco

=0.8

=1.2

15 30 45 60 A
Sweep Angle (degrees)

Fig. 8 Effect of the bending-torsion stiffness parameter w#/«0 on
oblique wing flutter speed Vf at different sweep angles and M=2.5.

sweep can be canceled by adding negative ^ to the design to
keep P close to zero, as has been illustrated in Fig. 5. When
used on both oblique wing halves, the effect of ^ is to aero-
elastically unsweep the wing, as illustrated in the next section.

Effect of Wing/Fuselage Roll Freedom
on Aeroelastic Stability

The results in the previous section agree qualitatively with
previously published studies on divergence tailoring. With roll
excluded, we had effectively assumed that the roll inertia of
the fuselage, defined as If in Eq. (12), is infinite or that the
ratio IQ/I/ is zero. As a result, motion of the two wing por-
tions of the oblique wing was decoupled. When the aircraft
wing-body combination is allowed to roll in response to a
small initial disturbance, the dynamic eigenvalue problem
must be considered. In this case, the eigenvalue becomes
s = (7/0)0 +JU/U0 and X2 resumes its role as a system parameter.

If the ratio I$/If is not zero, the possibility exists that inertia
coupling can alter the aeroelastic stability significantly. Con-
sider Fig. 7, which shows the results of a roll-free stability
(flutter) analysis at fixed Mach number (M= 2.5). This exam-
ple has no stiffness cross-coupling, i.e., ̂  = 0. Three different
values of the ratio /0/// were considered.

One portion of the flutter stability boundary closely
resembles the divergence boundaries seen in previous figures,
but displaced slightly to the right, indicating that the presence
of roll freedom is stabilizing. This stability boundary,
associated with larger oblique wing sweep angles, say above 20
deg, is associated with relatively low reduced frequencies
[defined as ajfr/For (u/ue)/V]. The instability in this region
is "bending driven," meaning that the streamwise angle of at-
tack generated by bending displacement generates significant
aerodynamic forces that tend to predominate over those due
to torsion. An examination of the eigenvector associated with
this instability shows that both wings deflect upward, in
phase, to create an unbalanced roll moment. As the wings flex
downward, the roll moment reverses, setting up an oscillatory
rocking motion about the fuselage center line. This instability
has been observed in ad hoc wind-tunnel tests.
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Fig. 9 Altitude-stiffness parameter /3 vs oblique wing sweep angle for
three Mach numbers. Regions above each boundary are stable
regions.
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Fig. 10 Effect of stiffness cross-coupling on roll-free oblique wing
aeroelastic stability. Symmetrical spanwise ply structural arrangement
is used, M= 2.5.

At lower sweep angles, the flutter instabilities are associated
with more classical bending-torsion flutter that have higher
reduced frequencies, but have very little fuselage rolling mo-
tion apparent. ISfote that the curve labeled /0///= 10 in Fig. 7
has three distinct segments, indicating sweep-angle-dependent
switching between critical modes.

Figure 8 shows the effects on flutter of changing the wing
bending-torsion frequency ratio for a wing with roll freedom
and /0///= 5, but with ̂  still zero. It is seen from Fig. 8 that,
unless the uncoupled bending frequency is rather low in com-
parison to the uncoupled torsion frequency, unfavorable
stability behavior can result when o>B/co0 is increased, par-
ticularly at low sweep angles. If we regard cop as fixed and then
change co5 to effect changes in the ratio co5/coe, we see that the
* pending-driven*' low-frequency flutter boundary moves to
the right (and perhaps upward) as expected. On the other
hand, values of the frequency ratio w5/co0 closer to unity have
a deliterious effect on flutter similar to that observed on con-
ventional symmetrical aircraft.

Figure 8 also indicates that careful consideration must be
given to the choice of UB/UO in any demonstrative parameter
study. It can be shown that, in terms of the parameters and
assumed modes used in the present study, the relationship be-

B-B
Wash-Out

Fig. 11 Asymmetrical ply arrangement for oblique wing stability
enhancement.

tween co5/coe and the problem parameters is

El- = 0.72?r -^
GJ (24)

In this case, a value aj^/co^ = 0.20 is realistic and was used in
the rest of the study. Note, however, the wide range of
possibilities present in Fig. 8 and the difficulty of making any
sweeping conclusions about parametric influence on flutter.

The results presented thus far have been generated at con-
stant Mach number (M=.2.5) and plotted against oblique
wing sweep angle A and the parameter V=Vb/ue. To
establish the actual flutter velocity, a match point must be
determined by first selecting the altitude for which /* = 50 and
then establishing the speed of sound, #«,. A horizontal line at
V - 2.5a00/bue must then be drawn on Fig. 8 to locate the crit-
ical sweep* angle at this altitude, Maeh number combination.

An alternative data presentation is shown in Fig. 9 and plots
the altitude-stiffness parameter $ against sweep angle.
The altitude stiffness parameter [previously defined as
fi =• (&o0/fl«x> )V/I] makes it possible to survey critical combina-
tions of altitude (a^ and Vpt) and stiffness (ue) at different
sweep angles. Figure 9 is unusual in that the region above the
boundary is the stable region. The destabilizing effect of
oblique wing sweep and increasing Mach number is apparent.

Effect on Flutter of the Stiffness
Cross-Coupling Parameter ty

We how come to the main purpose of this paper, the ex-
amination of the effect of the nondimensional parameter ̂  on
supersonic oblique wing flutter. Two basic types of structural
configurations are considered. The first type of configuration
incorporates a span wise-symmetrical, advanced composite ply
orientation; the second type uses an antisymmetrical con-
figuration. We will consider the span wise-symmetric structure
first.

Spanwise ply symmetry (as opposed to cross-sectional sym-
metry) means that the parameter ̂  is the same for both wings,
i.e., if one wing tends to washout due to elastic coupling so,
too, does the other. This can happen only if the plies that fur-
nish the cross-coupling effect are discontinuous at the fuselage
intersection and have a V-shape when viewed from above.

Figure 10 shows the results of a flutter analysis in which the
critical reduced airspeed parameter V- Vb/ue is plotted
against oblique wing sweep angle, A, for the span wise-sym-
metrical configuration. The effects of five different values of
Mr (including ^ = 0) are shown in Fig. 10.
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Fig. 12 Effect of asymmetrical stiffness cross-coupling on roll-free
oblique wing aeroelastic stability. M=2.5; /0//y = 5. Values of *
shown on the figure are those for the aft-swept wing.

The addition of wing elastic washout (^ < 0) causes the low-
frequency, body-freedom flutter boundary to move to the
right, as one would expect. However, the higher-frequency
bending-torsion flutter boundary is displaced downward when
washout is added. This downward movement occurs because,
for root-fixed symmetrical wings, improvements in the
divergence speed through washout cross-coupling are achieved
at the expense of lowering the flutter speed. These tendencies
are seen to carry over to the oblique wing configuration. In-
stances of critical mode switching are also apparent in Fig. 10,
indicating that complex modal coupling is created by the addi-
tion of stiffness cross-coupling.

When a span wise-symmetrical wash-in laminate is created
(^ greater than zero)* both the aft-swept and forward-swept
wings are aeroelastically destiffened by wash-in. The result is
the effect observed on the two lower curves (^ = 0.25 and
0.50) in Fig. 10, where it is seen that the body-freedom mode is
destabilized.

From a theoretical point of view (and perhaps a manufac-
turing viewpoint), it would be more sensible to design
aeroelastic washout into the forward-swept wing and wash-in
into the aft-swept wing. Such a procedure would improve the
stability characteristics of the forward-swept wing as well as
the lift effectiveness of the aft-swept wing. As indicated by Eq.
(23), the addition of -¥ to a forward-swept wing (A<0)
and +^ to the aft-swept wing (A>0) will aeroelastically
"desweep" the oblique wing angle, while still preserving the
advantages of aerodynamic sweep. This unsymmetrical con-
figuration, constructed by laying continuous plies across the
wing, is shown in Fig. 11.

Figure 12 shows the results of stability calculations for a
roll-free oblique wing with different amounts of asymmetrical
stiffness cross-coupling. Trends similar to those observed
previously when symmetrical stiffness cross-coupling was
employed are seen, with the exception that the high-frequency
bending-torsion flutter boundary is not as unfavorably af-
fected by the introduction of asymmetrical stiffness cross-
coupling. Note that the ^ values labeled on this figure are
those present of the aft-swept portion.

Some of the complexities introduced by asymmetrical stiff-
ness cross-coupling and asymmetrical sweep are clearly evi-
dent in the stability boundaries shown in Fig. 12. When ^ is
0.25 on the aft wing (and - 0.25 on the forward wing) there is

Nondimensional Flutter Velocity(~E^~

-0.05

Fig. 13 Damping (a/u>0) as a function of nondimensional velocity at
three different oblique wing sweep angles, illustrating mode switching.
Asymmetrical ply orientation with \J/ = 0.25 on the aft-swept wing.

evidence of switching between critical modes when the oblique
wing sweep angle is in the vicinity of A = 8, 45, and 55 deg.
Consider the flutter behavior when the sweep angle A is near
45 deg.

Changing the oblique wing sweep angle can trigger a mode
switch, as can be seen in Fig. 13. In this figure, the value of the
damping parameter a/coe (the real part of the eigenvalue s) is
plotted against V= V/bue for two distinct vibration modes, at
three different sweep angles, while ^ is held fixed. When
A = 40 deg, a body-freedom mode with wing bending and
significant roll motion coupling is critical. When wing sweep is
increased, the crossing point for flutter in this mode, a/ue = 0,
moves outward until, at A = 45 deg, it no longer crosses the
axis. However, there is a simultaneous change in damping in a
second bending-torsion mode that causes it to become critical;
its crossing point moves to the left as A is increased from
A = 40 to 50 deg and, as a result, only a small change in VF is
recorded as the sweep angle increases. The result is that this
mode becomes critical near A = 45 deg, indicative of the com-
plexities of the oblique wing flutter phenomenon.

Summary and Conclusions
The development of a theoretical model of an aeroelastic

oblique wing that is economical, but still relevant, has been
described. This model has been used in a number of flutter
and divergence studies to illustrate the complex interactions
among diverse parameters such as wing bending-torsion stiff-
ness, sweep angle, and stiffness cross-coupling. These results
indicate that lessons learned and opportunities available in the
aeroelastic tailoring of symmetrical aircraft can be carried
over to oblique wing design.

The freedom of the oblique wing/fuselage combination to
roll as the result of an aeroelastic disturbance tends to stabilize
the aircraft at moderate to large sweep angles (as compared to
the stability of a similar wing whose root is held fixed). At
lower sweep angles, instability occurs as the result of classical
bend-twist wing flutter with a minimal amount of roll motion
influence. The introduction of bend-twist stiffness cross-
coupling to stabilize the wing/fuselage body-freedom flutter
mode, which is bending stiffness critical, tends to destabilize
the classical bending-torsion flutter mode. As a result, the in-
clusion of excessive amounts of cross-coupling may be
counterproductive, depending on the oblique sweep angle at
which the aircraft is operating.

The addition of stiffness cross-coupling into a design can in-
crease the complexity of the dynamic interactions between
modes of motion to the extent that some modes of stability
switch from being critical to being noncritical. When stiffness
cross-coupling is added to the configuration in a spanwise an-
tisymmetrical manner, the result is an effective static aero-
elastic desweeping of the wing that may possibly enhance



JANUARY 1989 OBLIQUE WINGS 83

stability while preserving the advantages of aerodynamic
sweep. The result is that aeroelastic tailoring, when done
correctly, may provide additional increased aeroelastic per-
formance while preserving the fundamental advantages of
oblique wing sweep at high speeds.
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