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Application of Transonic Small Disturbance Theory to the
Active Flexible Wing Model

Walter A. Silva* and Robert M. Bennettt
NASA Langley Research Center, Hampton, Virginia 23681

The CAP-TSD code, developed at the NASA Langley Research Center, is applied to the active flexible wing wind-
tunnel model for prediction of transonic aeroelastic behavior. A semispan computational model is used for evaluation
of symmetric motions, and a full-span model is used for evaluation of antisymmetric motions. Static aeroelastic
solutions using the computational aeroelasticity program-transonic small disturbance, are computed. Dynamic (flut-
ter) analyses are then performed as perturbations about the static aeroelastic deformations and presented as flutter
boundaries in terms of Mach number and dynamic pressure. Flutter boundaries that take into account modal
refinements, vorticity and entropy corrections, antisymmetric motions, and sensitivity to the modeling of the wingtip
ballast stores are also presented and compared with experimental flutter results.

Introduction

A N understanding of the aeroelastic behavior of flight
vehicles in the transonic Mach number regime is of great

importance for flight safety. For example, it is well known
that aircraft flying into or through the transonic regime may
encounter a region of reduced flutter speed known as the
transonic flutter dip. Valuable insight into the nature of this
transonic flutter dip phenomenon is provided by Isogai1 for
a typical, two-dimensional stream wise section of an aft-swept
wing, while a comparison of aerodynamic predictions with the
experiments reported by Davis and Malcolm2 reveals the lim-
itations of linear theory when applied in the transonic regime.
Linear aerodynamic predictions, although highly successful
in the subsonic and supersonic regimes, normally cannot be
used to predict transonic aeroelastic behavior accurately.
Transonic flow equations capable of modeling flow nonlin-
earities (shocks, boundary layer, separation, and vorticity),
and boundary conditions that induce nonlinear effects (airfoil
thickness and shape, and large deflections), then must be
solved. The surveys by Edwards and Malone3 and Ballhaus
and Bridgeman4 review developments in the field of com-
putational transonic aeroelasticity. Some of these develop-
ments include modeling of the Navier-Stokes equations5 and
the Euler equations6 for flutter analysis. Application of these
higher-order formulations to complete aircraft configurations
have been limited due to the large computational resources
required. Certain assumptions regarding the flow that results
in reduced-order formulations such as the full potential
equation7 and the computationally efficient transonic small-
disturbance (TSD) equation can be made. Research efforts in-
volving the TSD formulation include the development of the
XTRAN3S code,8 the work by Yang et al.,9 and many others.

The computational aeroelasticity program-transonic small
disturbance (CAP-TSD) code was developed at the NASA
Langley Research Center (LaRC). CAP-TSD is capable of
analysis of configurations that have multiple lifting surfaces
with control surfaces, bodies (nacelles, stores), vertical sur-
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faces, and a fuselage, and solves the TSD equation using an
efficient approximate factorization scheme.10 References 11
and 12 verified the ability of the code to predict steady and
unsteady pressures accurately for wings and configurations at
subsonic, transonic, and supersonic Mach numbers. Flutter
prediction using CAP-TSD for two thin, swept and tapered
wings compared well with experimental flutter results.13

The goal of the present study was to update the transonic
aeroelastic analysis of the active flexible wing (AFW) wind-
tunnel model14 that was reported in Ref. 15. The AFW model
is a full-span, sting-mounted wind-tunnel model designed and
built by the Rockwell International Corporation. A photo-
graph of the AFW model can be seen in the accompanying
editorial. The main goal of the AFW program was to design,
implement, and validate digital control laws for flutter sup-
pression14 that could operate simultaneously with rolling ma-
neuver control laws. Therefore, knowledge of possible regions
of instability was desirable.

This article first presents the computational procedures con-
tained in CAP-TSD. This includes a brief description of the
TSD formulation and the coupled aerodynamic and structural
equations of motion that are integrated in time. These equa-
tions were used for static and dynamic aeroelastic analyses of
the AFW wind-tunnel model. An important conclusion of
studies by Yates et al.16 and Yates and Chu17 was that the
accuracy of the transonic flutter prediction is highly dependent
on the accuracy of the static aeroelastic state of the wing. As
a result, a procedure for computing static aeroelastic deforma-
tions15 was applied to the AFW computational model. The
dynamic behavior was computed as a perturbation about pre-
viously computed static aeroelastic solutions. The resultant
dynamic time histories of the generalized displacements were
then analyzed using a modal identification technique to es-
timate the stability parameters (damping and frequency) of
the system at a given Mach number and dynamic pressure.
Dynamic results are presented in the form of flutter bound-
aries, in terms of Mach number and flutter dynamic pressure.
Flutter boundaries that account for corrected modeling15 of
the wingtip ballast store of the AFW wind-tunnel model, up-
dated mode shapes and frequencies, vorticity and entropy
corrections, and a subsonic antisymmetric flutter result, are
presented and compared with experimental flutter results.

Computational Procedures
In this section, an overview of the computational proce-

dures including a description of the CAP-TSD code, the
aeroelastic equations of motion, the time-marching solution
of these equations, and the modal identification of the re-
sulting free decay transients are presented.
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TSD Equation
The CAP-TSD code is a finite difference program that solves

the general-frequency modified TSD potential equation

MKh + 2</>v), = [(1 - Af y#v + F</>; + G0?L

where My_ is the freestream Mach number, </> is the disturbance
velocity potential, and the subscripts of <p represent partial
derivatives.

Several choices are available for the coefficients F, G, and
//, depending upon the assumptions used in deriving the TSD
equation. For current applications, the coefficients are de-
fined as

surface(s), and /z, is the vibration mode shape. Equation (3)
is rewritten as

F = -3(7 + l)Ml

G = i(y - 3)Ml

H = -(y - l)Ml

(2)

where y is the ratio of specific heats. The linear potential
equation is recovered simply by setting F, G, and H equal to
zero.

Equation (1) is solved within CAP-TSD by a time-accurate
approximate factorization (AF) algorithm developed by Ba-
tina.10 In Refs. 11-13, the AF algorithm was shown to be
efficient for application to steady or unsteady transonic flow
problems.

Several algorithm modifications have been made that im-
prove the stability of the AF algorithm and the accuracy of
the results.18-19 Two of these improvements are vorticity and
entropy corrections19 for improved shock modeling. The ef-
fect of these corrections on the transonic flutter boundary of
the AFW wind-tunnel model was investigated and is presented
in a subsequent section of this article.

The CAP-TSD program can be used for analysis of config-
urations with combinations of lifting surfaces and bodies in-
cluding canard, wing, tail, control surfaces, tip launchers,
pylons, fuselage, stores, and nacelles. The configuration ca-
pability of the current version of CAP-TSD permits the cal-
culation of pressures on the fuselage and bodies. In this ver-
sion, however, modal perturbations of the fuselage and bodies
were not included in the boundary conditions, and the inte-
gration of the pressures on the fuselage and on bodies (for
computation of the generalized aerodynamic forces) was not
included in the aeroelastic solution. However, the aerody-
namic influence of the fuselage and the wingtip body of the
AFW wind-tunnel model were included as interference effects
upon the wing pressures.

Equations of Motion
The aeroelastic equations of motion are based on a right-

hand orthogonal coordinate system with the x direction de-
fined as positive downstream, the y direction positive out the
right wing, and the z direction positive upward. The equations
of motion may be written as

Mq + Cq + Kq = Q (3)

where q is a vector of generalized displacements, M is the
generalized mass matrix, C is the generalized damping matrix,
and K is the generalized stiffness matrix. Q is the vector of
generalized forces where its elements are defined as

j dSft- -

A/? is the lifting pressure, p is the fluid density, cr is the root
chord, U is the freestream velocity, S is the area of the lifting

q = -M~lKq - M lC<j + M {Q (4)

to permit integration of the equation with respect to time.

Time-Marching Aeroelastic Solution
The aeroelastic solution procedure implemented within CAP-

TSD for integrating Eq. (4) is similar to that described by
Edwards et al.2() Equation (4) is composed of normal mode
equations that may be expressed in linear, first-order state-
space form as

= Axt But (5)

where

— ml

u, = AC,,/*,-

" PU2/2

In these definitions, mn c,, and k, are elements of the mass,
damping, and stiffness matrices, respectively, corresponding
to mode /. The analytical solution to Eq. (5) is found in Ref.
20, and a description of its numerical implementation in CAP-
TSD is found in Ref. 13.

For aeroelastic analysis, two steps generally are required
in performing the calculations. In the first step, the steady-
state flowfield is calculated to account for wing thickness,
camber, mean angle of attack, and static aeroelastic defor-
mation, thus providing the starting flowfield for the dynamic
aeroelastic analysis. Previously published CAP-TSD flutter
studies, with the exception of Ref. 15, analyzed only sym-
metric wings at zero steady angle of attack,13 thereby avoiding
the problem of static aeroelastic deformations. For the AFW
wind-tunnel model, the airfoil sections are not symmetric and
the wing has twist. Thus, a procedure for computing static
aeroelastic solutions had to be developed before an accurate
dynamic analysis could be performed. The dynamic analysis
then would be a perturbation about a converged static aero-
elastic solution at each Mach number and dynamic pressure
of interest.

The procedure developed15 and applied in this study for
computing static aeroelastic deformations is to allow the struc-
ture and aerodynamics to interact with no initial excitation
(no initial deflection or velocity), and with a large value of
viscous damping to prevent divergence of the solution. This
method resulted in convergence of the generalized displace-
ments. Static aeroelastic deformations should be independent
of viscous damping and, therefore, different values of viscous
damping (£ - 0.375, 0.707, and 0.99) were evaluated. A
typical result for this type of analysis is presented in Fig. 1,
which shows a representative variation of a generalized dis-
placement as a function of computational time steps for the
three values of viscous damping. It is clear from Fig. 1 that
the generalized displacements converged to a value that is
independent of the value of viscous damping. Furthermore,
the larger the value of viscous damping, the faster the con-
vergence. Therefore, the highest value of viscous damping
(( = 0.99) was used in order to accelerate the static aeroelastic
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time steps

Fig. 1 Convergence of generalized displacements for different values
of viscous damping.
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Fig. 2 Example of modal identification: a) aeroelastic transient and
b) offset and identified modal components.

solution. For the applications presented herein, 2000-4000
time steps were used to converge the static aeroelastic solu-
tions. All CAP-TSD solutions were computed on a Cray com-
puter and averaged about 3.25 s/time step.

An interesting result of this procedure was that it allowed
the computation of static aeroelastic deformations at dynamic
pressures above the flutter dynamic pressure for the AFW
wind-tunnel model. Once converged, static aeroelastic solu-
tions were computed, the next step was to prescribe an initial
disturbance to begin the dynamic structural integration. Modal
velocities in the first three modes were used as initial pertur-
bations. Approximately 7 cycles of the lowest frequency (first)
mode were needed for accurate modal identification. For a
constant, nondimensional time step of 0.01, this required 8000
time steps. In determining a flutter point, the freestream Mach
number My_, and the associated freestream speed U, were
held fixed. A value of the dynamic pressure, q = pU2/2, then
was used, and free decay transients were computed. These
resulting transients of the generalized coordinates were an-
alyzed for their content of damped or growing sine-waves,
with the rates of decay or growth indicating whether the dy-
namic pressure was above or below the flutter value. This
indicated whether to increase or decrease the value of dynamic
pressure in subsequent analyses to determine a neutrally sta-
ble result.

Modal Identification
As previously mentioned, CAP-TSD generates free decay

transients that must be analyzed for the modal stability char-
acteristics. A typical transient for the AFW model, calculated
using CAP-TSD, is shown in Fig. 2a. The first three modes
used in the analysis were excited by specifying an initial con-
dition for each modal velocity to produce a complex decay
record. This record is analyzed using a least-squares curve-fit
of the response data with complex exponential functions. The
program utilized is a derivative of the one described in Ref.
21. The components of the transient of Fig. 2a are plotted in
Fig. 2b to the same scale. The free decay properties of each
mode for this condition are readily apparent, and the mean
or offset value is the static aeroelastic deformation of the
mode being analyzed. A sufficient range of dynamic pressure
must be considered to determine all relevant flutter points.

Analysis and Results
CAP-TSD Computational Model

The AFW geometry data, including detailed airfoil shape
information, was obtained from Rockwell International. From
this geometry data, two computational models were gener-
ated. A half-span model, with a vertical plane of symmetry
specified at the centerline, was used for symmetric analyses,
and a full-span model was used for antisymmetric analyses.
Both computational models consisted of a fuselage, a region
aft of the main wing and next to the fuselage referred to as
the coat-tail, the main wing(s) with four control surfaces per
wing, and the wingtip ballast store(s). The four control sur-
faces per wing are the leading-edge inboard (LEI), leading-
edge outboard (LEO), trailing-edge inboard (TEI), and trail-
ing-edge outboard (TEO). Each control surface has a chord
that is 25% of the local chord and a span that is 28% of the
semispan. The airfoil definition includes the control surface
actuator bumps on the outboard half of the wing. There are
slight surface discontinuities on the wind-tunnel model where
the wing box and control surfaces meet (at the quarter- and
three-quarter-chord). These discontinuities are not included
in the analytical model because of potential numerical diffi-
culties. The effect of the actuator bumps and the control
surface/wing box discontinuities on the measured and com-
puted static pressure distributions will be presented in a sub-
sequent section.

The grid dimensions for the half-span model are 134 x 51
x 62 in the x, _y , and z directions, respectively, for a total of
423,708 grid points. The grid extends 10 root chords upstream,
10 root chords downstream, 2 semispan lengths in the _y di-
rection, and 10 root chords in the positive and negative z
direction. The full-span grid is dimensioned 134 x 101 x 62
grid points in the x, _y , and z directions (839,108 grid points).
The wind-tunnel sting mount is modeled by extending the

Fig. 3 CAP-TSD computational model of the AFW.
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Fig. 4 Pressure distributions at M-^

computational fuselage aft to the downstream boundary of
the grid. The grid density was increased in regions where large
changes in the flow were expected, such as at the leading
edge, trailing edge, wingtip, and control-surface sides and
hinge lines.

A computer-generated image of the CAP-TSD model of
the AFW wind-tunnel model is shown in Fig. 3. Although not
shown in the figure, a protrusion on the underside of the
fuselage that houses the model's pitch actuator is also included
in the analytical model.

Analytical modes and frequencies were obtained from a
finite-element model, that includes the mass of the tip ballast
store, and separated into symmetric and antisymmetric modal
data sets. The flutter analyses of Ref. 15 were performed using
analytical mode shapes with measured frequencies (from a
ground vibration test). Since the symmetric data were shown
by linear analysis14 to be the most flutter critical in the higher,
subsonic Mach number regime, only symmetric motions were
analyzed in Ref. 15 using the semispan model. Since then, an
updated set of symmetric and antisymmetric mode shapes
were generated based on experimental data. These updated
mode shapes are defined for a denser set of structural points
for improved accuracy in the interpolation procedure. The
interpolation of mode shape displacements and slopes at the
computational grid points was done via a surface spline.22

Each structural section was splined separately and then re-
combined to form the necessary input to CAP-TSD. The sep-
arate structural sections are the wing box, coat-tail, and the
four control surfaces. Slender bodies such as the fuselage and
tip ballast store are not given any modal definition in CAP-
TSD, as previously mentioned. Therefore, no modal data
were needed for these components.

Static Results—Pressure Distributions
The accuracy of the static aeroelastic solution was inves-

tigated in Ref. 15 by comparing analytical results obtained
using the original set of symmetric mode shapes with existing
experimental data. Two sets of experimental data from pre-
vious AFW wind-tunnel tests in a heavy gas were used for
this purpose. These data included 1) pressure coefficient dis-
tributions and 2) control-surface effectiveness parameters. In
Ref. 15, by comparing calculated and experimental pressure
distributions at a chosen Mach number and dynamic pressure,
it was concluded that the static aeroelastic procedure provided
reasonable estimates of the static aeroelastic deformation of
the AFW wind-tunnel model using the original set of mode
shapes. It also was concluded that comparisons of the cal-
culated and experimental control surface effectiveness param-
eters were reasonable qualitatively, but were deficient quan-
titatively due to the lack of viscous effects in the CAP-TSD
model. Therefore, in the present study, the accuracy of the
static aeroelastic procedure is not reassessed, but instead only

0.50 0.75 1.00

0.9 and q = 150 psf in a heavy gas.

a comparison of calculated pressure distributions using the
updated set of mode shapes and the experimental pressure
distributions is presented. The AFW configuration for these
previous tests did not include the tip ballast store used in the
recent test, so that in order for the CAP-TSD calculations to
compare with the earlier experiments, the tip ballast store
was deleted from the computational model and replaced by
a tip fairing.

Figure 4 presents pressure coefficient distributions vs frac-
tion of chord for CAP-TSD with the updated set of mode
shapes and experiment at M^ = 0.9 and a dynamic pressure
of 150 psf at the three span wise stations shown. As with the
original set of mode shapes, the overall agreement between
the most recent analysis and experiment is good, with some
discrepancies occurring near the trailing edge and wingtip.
The first two span stations compare reasonably well from the
leading edge up to about 60% of the local chord. Sudden
changes in the experimental data can be seen near the quarter-
chord at the second span station, and near the three-quarter-
chord for all three span stations. These disruptions in the flow
may be caused by the previously-mentioned physical discon-
tinuities where wing box and control surfaces meet. At the
second and third span stations, the effect of the actuator bumps
on the lower surface pressures is evident. Agreement between
analysis and experiment deteriorates at the outboard span
station, possibly due to separated and/or tip vortex flow around
the wingtip region.

Comparisons of the static aeroelastic results using the up-
dated structural model with those of the previous model of
Ref. 15 show essentially the same behavior. There exists a
slight difference between the two results at the first span
station near the three-quarter-chord location where the up-
dated structural model reveals the presence, or beginnings of,
a shock that was not present with the original structural model.
This appears to be a slight improvement in comparison with
the test data. However, the exact cause of the sudden change
in the experimental pressure distribution at this location is
not clear, as it may be due to a shock or to the geometric
discontinuity that exists at the quarter-chord and three-quarter-
chord locations of the wing.

Dynamic Results—Symmetric Motions

Flutter dynamic pressures were computed at Mv_ = 0.5, 0.9,
0.92, 0.93, 0.94, and 0.95. The analyses that included the
vorticity and entropy corrections were computed at M.,. =
0.5, 0.9, 0.92, 0.93, and 0.95. The original flutter boundary
computed prior to the 1989 wind-tunnel test includes a flutter
dynamic pressure at M^ = 0.975. Although the results for all
of these Mach numbers are included in the figures, results
are discussed primarily for the M^ = 0.5, 0.9, 0.93, and 0.95
cases. All flutter analyses are for the AFW model in air at
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1.5-deg angle of attack, and include a viscous damping of
0.015 (structural damping of 0.03) for all modes.

In Ref. 15, a rather severe transonic flutter dip was com-
puted using the CAP-TSD code, and the bottom of this com-
putational transonic flutter dip did not agree well with experi-
ment. Figure 5, from Ref. 15, is a comparison of the CAP-TSD
computed flutter boundary, the linear flutter boundary de-
fined using the doublet lattice theory, and the experimental
flutter results from the Fall of 1989 and the Spring of 1991
wind-tunnel tests. The doublet lattice model includes a lifting-
surface modeling of the wingtip ballast stores.

Accounting for nonlinearities in the flow, by the application
of the CAP-TSD code, is a clear improvement over the linear
flutter predictions at transonic Mach numbers, since the CAP-
TSD prediction indicated the presence of a severe transonic
flutter dip. The no-flutter track, shown in the figure, is the
path, in terms of Mach number and dynamic pressure, through
which the wind tunnel proceeded for which no flutter was
encountered. Therefore, this no-flutter track defines a lower
bound for the bottom of the experimental transonic flutter
dip, which disagrees with the bottom of the transonic flutter
dip predicted using CAP-TSD. As a result, one of the goals
of the present study was to investigate some of the possible
causes of this discrepancy by modifying and improving specific
elements of the analysis.

Corrected Tip Store Modeling
The first improvement to the analysis was the correction of

an error in the modeling of the wingtip ballast store. The
error consisted of a sign change in a portion of the slopes that
geometrically define the tip store. The effect of this error was
investigated, and the resultant flutter boundary for the cor-
rected wingtip ballast store model is presented in Fig. 6 along
with the original, uncorrected flutter boundary presented in
Fig. 5. At My, = 0.5, the effect of the corrected tip store
model was to reduce the flutter dynamic pressure from 290
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Fig. 5 Comparison of linear, nonlinear, and experimental flutter
boundaries for original mode shapes.15
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to 259 psf with a change in flutter frequency from 10.70 to
11.20 Hz. At this Mach number there was no change in the
flutter mechanism from the mechanism reported in Ref. 15,
which consisted of a classical coalescence of the first-bending
mode and the first-torsion mode. The flutter dynamic pressure
dropped only slightly at My. = 0.9 from 190 to 182 psf, while
at M^ = 0.93 the flutter dynamic pressure increased from 52
to 77 psf. The flutter dynamic pressure at Mx = 0.95 increased
significantly from 81 to 133 psf. Again, the flutter mechanism
at these three transonic Mach numbers was essentially the
same as the mechanism reported in Ref. 15 for transonic Mach
numbers, which consisted of a first-bending-dominated insta-
bility. The changes in flutter frequency at My, = 0.9, 0.93,
and 0.95 were, respectively, from 9.50 to 9.36 Hz, from 7.78
to 8.08 Hz, and from 8.07 to 8.83 Hz.

The corrected modeling of the wingtip ballast store there-
fore improved the flutter boundary by moving the flutter dy-
namic pressure in the direction of the experimental results at
all Mach numbers. These results also indicate the sensitivity
of the calculated flutter boundary to the modeling of tip aero-
dynamics at subsonic and transonic conditions. For all of the
results that follow, the corrected modeling of the wingtip
ballast store has been included.

Updated Mode Shapes and Frequencies
An updated and improved set of mode shapes and fre-

quencies were obtained after the wind-tunnel test of 1989.
The following improvements were made: 1) refinements to
the structural model based on experimental data, and 2) a
denser set of structural points for improved mode shape def-
inition, in particular around the control surface regions and
the wingtip region of the AFW wind-tunnel model.

The flutter boundary obtained using the updated structural
model is shown in Fig. 7 and compared to that obtained using
the original structural model (corrected tip store model from
Fig. 6). There is an increase in flutter dynamic pressure at
Mx = 0.5 with the new structural model. The increase in
flutter dynamic pressure is from 259 to 281 psf with a decrease
in flutter frequency from 11.20 to 10.86 Hz. At M.,_ = 0.9,
the flutter dynamic pressure increases from 182 to 203 psf
with a slight change in flutter frequency from 9.36 to 9.44 Hz.
The flutter dynamic pressure at M^ = 0.93 increases signif-
icantly from 77 to 103 psf with an increase in frequency from
8.08 to 8.32 Hz. For Mx = 0.95 the flutter dynamic pressure
also increases significantly from 133 to 183 psf with an increase
in flutter frequency from 8.83 to 9.33 Hz.

The updated structural model brings the computational re-
sults into closer agreement with experimental results at tran-
sonic Mach numbers greater than My. = 0.9. But at M-,. =
0.5 and 0.9 the comparison with experiment is degraded. A
possible reason for this deficiency in the CAP-TSD prediction
is that the current version of the code treats bodies such as

q f .psf
300 n

200-

100-

CAP-TSD (symmetric)
——original structural model (1989),

corrected tip store
——- updated structural model (1990),

corrected tip store

symmetric

Fig. 6 The effect of the corrected tip store modeling on the symmetric
flutter boundary using the original structural model.
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Fig. 7 Comparison of symmetric flutter boundaries for original (cor-
rected) and updated structural models.
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the wingtip ballast store and fuselage as aerodynamic influ-
ences with no modal definition. Although the effect of a mo-
dally-defined fuselage on the flutter boundary may be mini-
mal, the effect of a modally-defined wingtip ballast store is
probably significant, as can be seen by the sensitivity to changes
in the modeling of the wingtip ballast store in Fig. 6. These
effects should be investigated when a version of the CAP-
TSD code becomes available that accounts for modal defor-
mations of the fuselage and bodies, and thus, the contribution
of these components to the generalized aerodynamic forces.
Viscous effects, not accounted for in the current inviscid ver-
sion of the code, also may have a significant effect on the
subsonic and transonic flutter boundaries.

Vorticity and Entropy Corrections
The vorticity and entropy corrections defined in Ref. 19

and incorporated into current versions of the CAP-TSD code
were applied with updated mode shapes and frequencies at
Mx - 0.5, 0.9, 0.92, 0.93, and 0.95. These corrections typi-
cally reduce shock strength and shift the shock location for-
ward. The resultant flutter boundary due to the implemen-
tation of these corrections is compared to the transonic portion
of the flutter boundary for the updated structural model with-
out vorticity and entropy corrections in Fig. 8. The effect of
the corrections at M.,_ = 0.9 is minimal, lowering the flutter
dynamic pressure from 203 to 200 psf, and reducing the flutter
frequency from 9.44 to 9.40 Hz. The effects of the corrections
are significant at M.,_ = 0.93, where the flutter dynamic pres-
sure increased from 103 to 126 psf with an increase in flutter
frequency from 8.32 to 8.53 Hz. An interesting effect is no-
ticed at M^ = 0.95, in that the flutter dynamic pressure is
reduced from 183 to 130 psf and the flutter frequency drops
from 9.33 to 8.60 Hz. The effect of the vorticity and entropy
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Fig. 8 Experimental and computational symmetric flutter boundaries
with and without vorticity and entropy corrections.
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Fig. 9 Comparison of calculated symmetric and antisymmetric flutter
boundaries with experimental results.

corrections is therefore significant, in that it improves the
correlation with experiment at the transonic Mach numbers
evaluated. The inclusion of vorticity and entropy also tends
to widen the rather steep and narrow transonic flutter dip
previously computed (Figs. 5-7).

In general, for symmetric motions, the effects of improved
and updated analyses resulted in excellent agreement with
experiment at transonic conditions while resulting in some
degradation of the comparisons at M^ = 0.5 and 0.9. It is
possible that accounting for the modal definition of the wing-
tip ballast store will provide some insight into this discrepancy.
It is also interesting to note that the computational result at
M^ = 0.92 is insensitive to the computational modifications
and improvements described above, and compares extremely
well with experiment. At this Mach number, the calculated
flutter dynamic pressure, for the vorticity and entropy case,
e.g., is 151 psf, which differs only slightly from the experi-
mental flutter value of 156 psf.

Dynamic Results—Antisymmetric Motions
In order to generate antisymmetric aeroelastic responses,

a full-span model of the AFW wind-tunnel model was gen-
erated. A progressive verification of the full-span model and
of the capability of the CAP-TSD code for handling full-span
aeroelastic analyses was deemed necessary before any anti-
symmetric flutter analyses were performed. This progressive
verification proceeded as follows. First, a full-span, rigid, and
steady solution was compared to a semispan, rigid, and steady
solution at the same Mach number. Lift and pitching moment
coefficients for both cases were identical, thereby verifying
the aerodynamic modeling of the full-span model and the
accurate implementation of the symmetric boundary condi-
tion for the semispan model. Second, static aeroelastic so-
lutions were computed for both models using symmetric modes
at a chosen Mach number and dynamic pressure. Again, the
resultant lift and pitching moment coefficients, including static
aeroelastic deformation of both models, were in exact agree-
ment, verifying the modal definition of the full-span model.
Finally, a full-span, symmetric dynamic analysis was com-
pared to a semi-span, symmetric dynamic analysis resulting
in identical transients, verifying the full-span model for dy-
namic analyses.

An important aspect of the antisymmetric flutter analyses
was the necessary addition of symmetric mode shapes to the
aeroelastic modeling along with the antisymmetric mode shapes.
The reason for this is that since dynamic analyses are com-
puted about converged static aeroelastic solutions and since
static aeroelastic solutions are symmetric for a vehicle defined
symmetrically about its centerline, antisymmetric dynamic
analyses require the inclusion of symmetric modes as well.
The computational model therefore consisted of 10 symmetric
modes needed for static aeroelastic solutions, and 10 antisym-
metric modes needed for the dynamic aeroelastic solutions.
These additional modes did not increase the computer time
significantly as the finite difference solution of Eq. (1) dom-
inated the CPU time.

Figure 9 is a comparison of the nonlinear CAP-TSD sym-
metric flutter boundary for the updated set of mode shapes
with vorticity and entropy corrections (Fig. 8), the nonlinear
CAP-TSD antisymmetric flutter boundary and the symmetric
and antisymmetric experimental flutter points. Although the
CAP-TSD-predicted antisymmetric flutter dynamic pressure
of 272 psf at AC = 0.5 is significantly higher than the exper-
imental value of 219 psf at M^ = 0.4, the CAP-TSD analyses
indicate that the antisymmetric instability is lower in flutter
dynamic pressure than the symmetric instability at M.,_ = 0.5,
but higher in flutter dynamic pressure than the symmetric
instability at M*, = 0.9. This is consistent with the experi-
mental results. The discrepancy between the CAP-TSD re-
sults at Mx = 0.5 and the subsonic experimental flutter results
may be due to the lack of modal definition of the wingtip
ballast store and, thus, its contribution to the unsteady gen-
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eralized forces in the CAP-TSD computations. The effect of
a modally-defined wingtip ballast store on the subsonic and
transonic CAP-TSD flutter boundaries still needs to be in-
vestigated. Furthermore, viscous effects have not been ad-
dressed by the analyses presented thus far, and need to be
investigated as well.

Concluding Remarks
In this study, the calculated symmetric aeroelastic behavior

of the AFW wind-tunnel model using the CAP-TSD code was
updated. In addition, the full-span, antisymmetric aeroelastic
capability of the code was evaluated, and symmetric and an-
tisymmetric results were compared with experimental flutter
data.

The updated dynamic analyses consisted of modifications
and improvements to key elements of the aeroelastic mod-
eling. These modifications and improvements included a cor-
rected aerodynamic modeling of the wingtip ballast store, an
updated structural model, and the addition of vorticity and
entropy corrections.

A static aeroelastic procedure previously developed was
applied to an updated structural model. Results compared
favorably with experimental data from a previous AFW wind-
tunnel test. Static aeroelastic solutions therefore provided rea-
sonable estimates of the static aeroelastic deformation of the
wing. Dynamic analyses then were performed as perturba-
tions about converged static aeroelastic solutions.

The corrected modeling of the wingtip ballast store resulted
in improved correlation with subsonic and transonic sym-
metric experimental flutter points. The significant sensitivity
of the aeroelastic analyses to changes in the modeling of the
wingtip ballast store was revealed. The updated structural
model improved the correlation with experiment at transonic
Mach numbers, but degraded the correlation with experiment
at the subsonic condition. The addition of vorticity and en-
tropy corrections provided further improvements in the cor-
relation with experiment at transonic Mach numbers. This is
an indication of the importance of including vorticity and
entropy effects in the computations.

A full-span computational model of the AFW wind-tunnel
model was generated and used for computing an antisym-
metric flutter boundary. Deficiencies in the correlation with
experiment at M^ = 0.5 may be due to the lack of modal
definition in the aerodynamics of the wingtip ballast store,
which might have a significant effect on the generalized aero-
dynamic forces of the vehicle. Viscous (boundary-layer) ef-
fects, not accounted for in the CAP-TSD code, may also play
an important role in both the subsonic and transonic regimes.
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