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Introduction

A N understanding of the aeroelastic behavior of � ight vehicles
in the transonic and low-supersonicregimes is of great impor-

tance for � ight safety. The � utter boundary in this regime varies
with changes in the initial angle of attack. Aeroelastic analyses and
experiments on the effect of initial angle of attack have been per-
formed previously. Early studies of the two-degree-of freedom air-
foil system were performed using the HYTRAN2 (Ref. 1) and an
Euler code.2 For a three-dimensionalwing at high angles of attack
in incompressible � ow, there is the work by Strganac and Mook.3

In their paper, using the unsteady vortex-lattice method, the equa-
tions of motion were integrated, considering the nonlinear effects
of the separated vortex. Yates et al.4 analyzed the effect of angle of
attack on a large aspect ratio transport-type wing with a supercrit-
ical airfoil, using a modi� ed strip analysis employing wind-tunnel
steady aerodynamic data. Also, the CAP-TSD code5 has been ap-
plied to the active � exible wing wind-tunnel model to investigate
static and dynamic aeroelastic behaviors below Mach 0.95. These
studiesprovidea goodfoundationforunderstandinginitial angle-of-
attack effects, both theoretically and practically, and motivated by
this,we will examine in detail theeffectof both positiveandnegative
angles of attack on a typical � ghter wing-box model with an asym-
metric airfoil in the transonic and low-supersonic� ow regions.The
critical effect of a negative angle of attack and unusual frequency
changes due to the effect of normal shocks are presented.The com-
puted steady aerodynamic results for rigid and deformed shapes
of the model are presented and compared. Also, detailed dynamic
aeroelastic responses are computed using a coupled time-marching
method based on the effective computational structural dynamic
(CSD) and computational � uid dynamic (CFD) techniques,6 which
are similar to those used in Ref. 5. CSD analyses for the wing-box
model have beenperformedusing MSC/NASTRAN. The variations
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of � utter boundary due to the change of initial angles of attack are
also compared for several Mach numbers.

Computational Method
The aeroelastic equations of motion for an elastic wing can be

formulated in terms of generalized displacement response vector
fq.t/g, which is a solution of the following equation:

[Mg]f Rq.t/g C [Cg]f Pq.t/g C [Kg ]fq.t/g D fQ.t; q; Pq/g (1)

where [Mg ] is the generalized mass matrix, [Cg] is the gen-
eralized damping matrix, and [Kg ] is the generalized stiffness
matrix. fQg is the vector of generalized aerodynamic forces
computed by integrating the pressure distributions on the wing
surface as
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where ½ is the freestreamair density;U is the freestreamvelocity;cr

is the reference chord length; S is the wing area; C p is the unsteady
pressure coef� cient on the arbitrary wing surface; the subscripts
L and U refer to the lower and upper surface, respectively; and

Fig. 1 Comparison of steady pressure coef� cients between rigid and
elastic wing (shown at the midspan station).
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Ãi is the i th mode shape. To perform the numerical integration of
Eq. (2), a two-point formula of Gaussian quadrature is used for
each aerodynamic grid cell on the wing surface. In this study, to
consider the characteristics of aeroelastic responses, the coupled
time integration method has been used. Practically speaking, the
damping matrix [Cg ] for each mode is assumed as 2³i !i , based
on the proportional damping concept. To get the converged static
aeroelastic solution rapidly, ³ is arti� cially assumed as 0.95 for
each angle of attack. The detailed numerical process for aeroelastic
computations used in this study is very similar to those described
in Refs. 5 and 6. Also, the computational results for steady and
unsteady aerodynamic analyses using the present TSD 3KR code
are seen from Ref. 7.

Results and Discussion
The typical wing-box model considered here has a wing aspect

ratio of 3.0, taper ratio of 0.23, and a swept-backangle at the leading
edge of 40 deg. The wing section is assumed to be a 64A204 airfoil,
and there is no aerodynamic twist. The aerodynamic root chord
length is 160 in., and it is the same structural model used in Ref. 6,
except for the tip launcherand missile. The full computationalmesh
used is a 75.x/ £ 32.y/ £ 40.z/ grid, where 50 chordwise and 22
spanwise grid points were used on the aerodynamic wing surface.

Figure 1 shows the comparisons of steady pressure coef� cients
between the rigid and the deformed wings at the midspan station
for several Mach numbers. The initial angles of attack considered
here are ¡3, 0, and C3 deg, unless otherwise stated, and the � ight
altitude is considered to be 5000 ft. For these moderate angle-of-
attack conditions, it is assumed that transonic small disturbance
theory can accurately predict the steady and unsteady � ow� elds.
The dynamic pressures used at each Mach number correspond to
� utter conditions.The strong normal shocks on the upper and lower
surfaces can be clearly seen at high-transonicMach numbers of 0.9,
0.93, 0.95, and 0.98. The pressure distributionsfor rigid and elastic
wings are different, even though at a zero angle of attack, because
the wing has an asymmetricairfoilwith positivecamber.Note that in
the high-transonicregion there are large changesof shock positions
between the rigid and elastic wings, but not in the low-transonicand
high-supersonic regions. In the transonic region, the steady shock
on the upper surface moves forward for both positive and negative

Fig. 2 Spanwise lift distributions of rigid and elastic wings.

angles of attack after deformation resulting from static aeroelastic
effects.For thismodel,theaeroelasticdeformationof thewing shape
exhibits a nosedown rotation or washout effects.

Figure 2 represents comparisons of spanwise lift distributions
between rigid and elastic wings. We can see that the lift coef� cients
of the elastic wing can be changed considerably by the structural
deformationsdue to the typicalwashouteffectof a swept-backangle.
It also shows that the variationof spanwise lift coef� cients are larger
than in the case of zero angle of attack at M D 0:95. This result
may be also expected from the large variation of shock positions as
presented in Fig. 1. At Mach 1.2, the variation of spanwise lift for
negativeangle of attack is relativelysmall and dominant at the wing
tip region.

To consider the physical dynamic characteristics, the detailed
aeroelasticresponsesof wing tip trailingedge are compared for sev-
eralMachnumbers,as shownin Fig. 3. All of the responsesare found
to be neutrallystable conditionscorrespondingto the � utter velocity
presented in Fig. 4. An arti� cial modal damping ratio of 0.95 is as-
sumed in the equationsofmotion to achievea fast staticconvergence
and are then removed after 0.3 s. The � rst and second modal veloci-
ties are appliedas initial disturbances.It is shown that as the angleof
attack increases, the mean value of the converged static aeroelastic
responsesof the wing tip also increases.At Mach 0.85, 0.9, and 1.2,
the magnitudes and frequencies of aeroelastic responses are almost
identical for different angles of attack. Note, however, that ampli-
tude and frequency are different for a high transonic Mach number
of 0.95 because of the change of the dominant � utter mode shape.

Figure 4 shows the comparison of computed � utter velocity and
frequency.The � utter velocities and frequencies are normalized by
the referencevalueof Mach 0.7 at ®0 D 0 deg. The � utter dip regions
are observed at the � ight conditionsof M D 0:95 at ®0 D 0 deg and
M D 0:92 at ®0 D ¡3 deg. For positive angles of attack such as
®0 D 3 deg, the � utter dip regions show improved � utter stability
when compared with the zero-angle-of-attackcase. These different
effects for positive and negative angles of attack are mainly due
to the effect of the asymmetric airfoil shape with positive camber.
However, the effect of moderate angles of attack seems to be very
trivial for the supersonic � ow region. The effect of negative angles
of attack tend to be much more important for the � utter stability in
this case.
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Fig. 3 Time-marching aeroelastic responses of elastic wing (shown for wing tip trailing edge).

Fig. 4 Comparisonsof � utter velocity andfrequency vs. Mach number
for various angles of attack.

Conclusions
The present study considered the nonlinear aeroelastic phenom-

ena of a swept-backwing-box model with moderate initial anglesof
attack in the transonic and low-supersonic � ow regions. A coupled
CFD and CSD techniquewas applied to analyze static and dynamic
aeroelasticity. For various angles of attack, static aeroelastic anal-
yses were performed, and then the effects of elastic deformation
on the shock were studied. In the transonic region, there are large
changes of aerodynamic characteristics due to the effect of static

deformation with initial angles of attack. The effects of angle of
attack on the � utter boundary were also studied, and the detailed
dynamic responses are presented. The results typically show that,
for the high-transonic region such as M D 0:95, an initial angle
of attack can induce a change in the dominant � utter mode and
� utter frequency, resulting in a change of � utter speed. Also note
that the airfoil camber plays an important role in � utter stability,
combined with the effect of initial angle of attack and shock wave
location.
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