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Wing-Flutter Calculations with the CAP-TSD Unsteady
Transonic Small-Disturbance Program

Robert M. Bennett,* John T. Batina,t and Herbert J. CunninghamJ
NASA Langley Research Center, Hampton, Virginia

The paper describes the application and assessment of the recently developed CAP-TSD transonic small-dis-
turbance code for flutter prediction. The CAP-TSD program has been developed for aeroelastic analysis of
complete aircraft configurations and was previously applied to the calculation of steady and unsteady pressures
with favorable results. Flutter calculations are presented for two thin, swept-and-tapered wing planforms with
well-defined modal properties. The calculations are for Mach numbers from low subsonic to low supersonic
values, including the transonic range, and are compared with subsonic linear theory and experimental flutter
data. The CAP-TSD flutter results are generally in good agreement with the experimental values and are in good
agreement with subsonic linear theory when wing thickness is neglected.

Nomenclature
b0 = reference length, cr/2
cr - reference length; root chord
ACp = coefficient of lifting pressure, Ap/(pU2/2)
f = frequency, Hz
k = reduced frequency, ubQ/U
M = freestream Mach number
A/? = lifting pressure; positive up
Qi(t) — generalized coordinate of motion for mode i
t = time
U = freestream speed
x,y,z = right-hand orthogonal coordinates
JLI = ratio of wing mass to mass of air in the truncated

cone that encloses the wing
p = freestream flow density
</> = disturbance velocity potential
co,o;/,coa = circular frequency, in general; of mode / and of the

first torsion mode, respectively, rad/s

Introduction

S IGNIFICANT research effort is currently underway to
develop computational fluid dynamics (CFD) methods for

refined unsteady aerodynamics for aeroelastic analysis. Ed-
wards and Thomas1 have given a recent survey, for example,
on computational methods for unsteady transonic flows with
emphasis on applications to aeroelastic analysis and flutter
prediction. The transonic speed range is of primary interest
because the flutter dynamic pressure is typically critical (i.e.,
lower) there. The main effort, especially for three-dimensional
configurations, has been at the transonic small-disturbance
(TSD) equation level, of which the XTRAN3S program is an
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important example.2 For the higher equation levels such as the
Euler and Navier-Stokes, efforts on aeroelastic applications
have been limited to simple two-dimensional airfoils because
of the larger computational cost involved. Two recent efforts
are reported by Bendiksen and Kousen3 and by Wu et al.4

The TSD formulation has the advantage of relatively low
cost and the simplicity of the gridding and geometry prepro-
cessing while retaining much of the essential features of the
physics of unsteady transonic flow. Batina5 has described the
development of a time-accurate approximate factorization
(AF) algorithm applied to the TSD equation that is very stable
and is efficient on current supercomputers with vector arith-
metic. The AF algorithm has subsequently been developed into
a new computer program called CAP-TSD (Computational
Aeroelasticity Program-Transonic Small Disturbance) for
transonic aeroelastic analysis of complete aircraft configura-
tions.6 CAP-TSD has been used to calculate steady and un-
steady pressures on wings and configurations at subsonic,
transonic, and supersonic Mach numbers. Comparisons of
these results with other methods and with experimental data
have been favorable.6'7 However, the CAP-TSD code has been
developed primarily for aeroelastic analysis. Such analysis in-
volves the coupling of the aerodynamics with the structural
characteristics of the configuration under consideration. The
resulting equations of motion for a time-domain or time-
marching aeroelastic analysis are based upon the aircraft natu-
ral vibration modes. These equations are integrated in time
along with the finite-difference solution of the flowfield. Ini-
tial conditions for each mode are input and free decay tran-
sients are calculated. Aeroelastic stability is then deduced from
the free decay records or time histories. Both the underlying
theory and the numerical procedures require evaluation. The
purpose of the present paper is to report on the results of an
evaluation of the application of CAP-TSD for flutter calcula-
tions for some simple cantilevered wings as a necessary first
step in flutter validation before treatment of more complex
configurations.

Two wing planforms are treated for flutter comparisons.
One planform is a series of 45-deg swept wings,8 which are an
AGARD standard configuration for aeroelastic analysis.9 The
other planform is a clipped delta wing10'11 that was used in
some early active controls work. The physical properties and
experimental flutter boundaries for these wings are well de-
fined, which is essential for validation purposes. In addition to
comparisons with experimental data, results from CAP-TSD
with wing thickness neglected are compared with subsonic lin-
ear theory which should give corresponding results. In an ear-
lier paper,12 generalized aerodynamic forces for one of the
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45-deg wings computed from CAP-TSD were shown to be in
good agreement with linear theory forces over a broad range of
reduced frequency. There was also good agreement of
the flutter boundary calculated with CAP-TSD with the
boundaries obtained from linear theory and from experiment.
These flutter results12 and additional calculations are included
herein in order to present a complete set of calculations for the
series of 45-deg wings.

In this paper, a brief description of CAP-TSD and the
aeroelastic analysis and an overall description of the wings
analyzed are given; the flutter results are described.

Computational Procedures
In this section, the computational procedures are described

including the CAP-TSD program, the aeroelastic equations of
motion, the time-marching solution of these equations, and
the modal identification of the resulting free-decay transients.

CAP-TSD Program
The CAP-TSD program is a finite-difference program that

solves the general-frequency modified TSD equation. The
TSD potential equation is defined by

= [(1 -

(1)

Several choices are available for the coeffficients F, G, and
H depending upon the assumptions used in deriving the TSD
equation. For transonic applications, the coefficients are here-
in defined as

F = - 1/2(7 + 1)M2,
H= -(7-

G = l/2(y - 3)M2

(2)

The linear potential equation is recovered by simply setting F,
G, and H equal to zero.

Equation (1) is solved within CAP-TSD by an AF algorithm
developed by Batina.5 In Refs. 5-7, the AF algorithm was
shown to be efficient for application to steady or unsteady
transonic flow problems. It can provide accurate solutions in
only several hundred time steps yielding a significant computa-
tional cost savings when compared to alternative methods.
Recently, several algorithm modifications have been made that
improve the stability of the AF algorithm and the accuracy of
the results.13'14 These algorithm modifications include 1) Eng-
quist-Osher (E-O) type-dependent differencing to more accu-
rately and efficiently treat regions of supersonic flow, 2) exten-
sion of the E-O switch for second-order-accurate upwind dif-
ferencing in supersonic regions to improve the accuracy of the
results, 3) nonreflecting far-field boundary conditions for
more accurate unsteady applications, 4) several modifications
which accelerate convergence to steady state, and 5) entropy
and vorticity modifications for treating strong shock waves
more accurately. The capabilities employed in the present
study include the E-O switch and the nonreflecting boundary
conditions. The CAP-TSD program can treat configurations
with combinations of lifting surfaces and bodies including
canard, wing, tail, control surfaces, tip launchers, pylons,
fuselage, stores, and nacelles. Steady and unsteady pressures
have been presented for several complex aircraft configura-
tions in Ref. 6. The calculated results were in good agreement
with available experimental pressure data which validated
CAP-TSD for multiple component applications with mutual
aerodynamic interference effects.

Equations of Motion
The aeroelastic equations of motion that have been incorpo-

rated in CAP-TSD are based on a right-hand orthogonal coor-
dinate system with the Jt-direction defined as positive down-
stream and the z-direction positive upward. The presentation

herein is limited to the case of an isolated wing with motion in
the z-direction from an undisturbed position in the z = 0 plane.
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, Cis the damping matrix, and K is the
stiffness matrix. Q is the vector of generalized forces defined
by

where A/? is the lifting pressure and /*/ is the vibration mode
shape. Equation (3) is rewritten as

q= - (4)

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.15 Reference 15 describes an aeroelastic solution
for a two-dimensional, two-degree-of-freedom system in terms
of a state equation formulation. Here, by a parallel formula-
tion, a linear state equation is developed from Eq. (4). Each
element of Eq. (4) is a normal mode equation that may be
expressed in first-order state-space form as

(5)
where

A =

/ >~ PU2/2

In these definitions, /n/, cit and &/ are elements of the mass,
damping, and stiffness matrices, respectively, corresponding
to mode /'. Equation (5) is a finite-dimensional linear differen-
tial equation and its solution is given by

x,(t) = exp[A(t-T)]Bu(T)dr (6)

The state-transition matrix &(t) = exp[At], in general, can be
calculated to any assigned accuracy by using a sufficient num-
ber of terms of the series expansion of the matrix exponential
function. For the aeroelastic problem considered here, $(t) is
computed exactly using simple closed-form expressions for
each element of the matrix. As explained in Ref. 15, the first
term in Eq. (6) is the homogeneous response portion of Eq.
(5), while the second term is a convolution integral that repre-
sents the forced response. Numerically, the solution is ad-
vanced from any time step n to step n + 1, by

(7){ (n+l)At

where At is the time step. The simplest approximation for the
integral is to assume that u(r) is constant, u(r)-u(nAt). A
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better approximation is to assume that u varies linearly from
un to «"+1, estimating un+l as un + (un-un~l). The resulting
algorithm is

c«+i _ $xn +QB(3un-un- (8)

where 6 is the integral of the state-transition matrix $. Refer-
ence 16 describes a comparative evaluation of seven alternative
structural integration algorithms including that of Eq. (8). The
modified state-transition matrix integrator of Eq. (8) was
shown to be superior to the others in terms of numerical stabil-
ity and accuracy.

For aeroelastic analysis, two steps are generally required in
performing the calculations. In the first step, the steady-state
flowfield is calculated to account for wing thickness, camber,
and mean angle of attack, thus providing the starting flowfield
for the aeroelastic analysis. The second step is to prescribe an
initial disturbance to begin the structural integration. Experi-
ence has shown that using disturbance velocities in one or more
modes, rather than displacements, is distinctly superior in
avoiding nonphysical, strictly numerical transients and their
possible associated instabilities. For the applications presented
herein, 750-1000 time steps were typically used to compute
about 3-6 cycles of the dominant flutter mode. In determining
a flutter point, the freestream Mach number M and the associ-
ated freestream speed U were held fixed. A judiciously chosen
value of the dynamic pressure pU2/2 is used and free decay
transients are computed. These resulting transients of the gen-
eralized coordinates are analyzed for their content of damped
or growing sine waves, with the rates of growth or decay
indicating whether the dynamic pressure is above or below the
flutter value. This analysis then indicates whether to increase
or decrease the value of dynamic pressure in subsequent runs
to determine a neutrally stable result. Further details are given
in the following section on modal identification. Typically, the
finite-difference solution used is of the order of 200,000 grid
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Fig. 1 Sample modal identification from free decay transient for the
45-deg swept wing calculated using CAP-TSD: a) aeroelastic transient
and least squares curve fit; and b) component modes from curve fit.

points. Each transient generated required about 15 min of
central processing time on the CDC VPS 32 computer.

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

transients that must be analyzed for the modal stability charac-
teristics. An example transient for a 45-deg sweptback wing,
calculated using CAP-TSD, is shown in Fig. la. All four
modes used in the analysis were excited by specifying an initial
condition for each modal velocity, which produces a compli-
cated decay record. This record is analyzed using a least-
squares curve-fit of the response data with complex exponen-
tial functions. The program utilized is a derivative of the one
described in Ref. 17. The components of the transient of Fig.
la are plotted in Fig. Ib to the same scale. The free decay
properties of each mode for this condition are readily appar-
ent. A sufficient range of dynamic pressure must be consid-
ered to determine all relevant flutter points. In cases that in-
volve a large number of modes, it has been found that the
modal identification is simplified if only the principle flutter
mode is excited.

Wing-Flutter Test Cases
The two wing planforms used for flutter comparisons are

briefly described including the airfoil shape and vibration
modes.
45-deg Swept Wings

The wings being analyzed are semispan wind-tunnel-wall-
mounted models8 that have a quarter-chord sweep angle of 45
deg (leading edge sweep of 46.3 deg), a panel aspect ratio of
1.65, and a taper ratio of 0.66. This series of wings was tested
in the Transonic Dynamics Tunnel (TDT) at NASA Langley
Research Center and is an AGARD standard aeroelastic con-
figuration.9 A planview of the wing is shown in Fig. 2 and a
photograph of a model mounted in the TDT is shown in Fig.
3. The wings have a NACA 65A004 airfoil section and were
constructed of laminated mahogany. In order to obtain flutter
for a wide range of Mach number and density conditions in the
TDT, some of the wings had holes drilled through the wing to
reduce the stiffness. To maintain the airfoil shape, the holes
were filled with a rigid foam plastic as can be seen in Fig. 2.
The weakened wings are denoted WEAK1, etc., with the nu-
merical suffix used to distinguish the different models. Models
without the holes are called SOLID 1, etc., with the numerical
suffix also indicating a different model. The models in each
series were designed and fabricated to be as identical to one
another as possible. Both series of models were tested in air
and Freon® test media.

Fig. 2 Planview of 45-deg swept wing.

®Freon: Registered trademark of E. E. duPont de Nemour and Co..
Inc.
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Fig. 3 A 45-deg swept wing in the NASA Langley Transonic Dynam-
ics Tunnel.

Mode 1, f = 9.60 Hz

Mode 2, f = 38.17 Hz

Mode 3, f

Mode 4, f = 91.54 Hz

Fig. 4 Oblique projections of natural vibration modes of 45-deg
swept wing WEAK3.

Mode shapes for both WEAK3 and SOLID2 models were
calculated with a finite-element analysis and are given in Ref.
9. Figure 4 shows oblique projections for the four natural
modes used to model wing WEAK3 structurally. These modes,
numbered 1-4, represent first bending, first torsion, second
bending, and second torsion, respectively. The modal frequen-
cies range from 9.60 Hz for the first bending mode to 91.54 Hz
for the second torsion mode.

The corresponding oblique projections of the modes for
wing SOLID2 are shown in Fig. 5. The modes for this wing are
generally similar to the modes for WEAK3 but differ in detail.
The first four frequencies range from 14.12-122.26 Hz. The
higher frequencies in the SOLID wings reflect the increased
stiffness level over the WEAK series of wings.

Clipped Delta Wing
The second wing analyzed is a clipped delta wing model that

was also tested in Freon in the NASA Langley TDT.10'11 A
view of the model mounted in the TDT is presented in Fig. 6.
The wing has a leading-edge sweep angle of 50.5 deg, a panel
aspect ratio of 1.24, and a taper ratio of 0.142. The airfoil
section is a circular arc with a maximum thickness-to-chord
ratio of 0.03. The wing was constructed of a load-carrying
plate structure with cutouts to simulate a beam structure and
was covered with balsa wood which was contoured to the
required airfoil shape. The model also had two slender under-
wing bodies to simulate engine nacelles. The total mass of
these bodies was about the same as the total mass of the wing.
A fuselage fairing was used to ensure that the wing root was
outside the tunnel-wall boundary layer (Fig. 6).

Mode 1, f = 14.12 Hz

Mode 2, f = 50.91 Hz

Mode 3, f = 68.94 Hz

Mode 4, f = 122.26 Hz

Fig. 5 Oblique projections of natural vibration modes of 45-deg
swept wing SOLID2.

Fig. 6 Clipped delta wing model in the NASA Langley Transonic
Dynamics Tunnel.

Nine natural vibration modes and their associated general-
ized masses were measured.11 Oblique projections of these
modes are shown in Fig. 7. These modes have natural frequen-
cies that range from 7.8 Hz for mode 1 to 58.1 Hz for mode
9. The nacelle masses have a large effect on the mode shapes
particularly in the inboard region of the wing. It also should
be noted that mode 6 contains a large torsion component near
the tip.

Results and Discussion
The flutter results are presented for the series of 45-deg

wings first, followed by the results for the clipped delta wing.
In each case, three sets of analytical results are presented and
compared to the experimental flutter characteristics. The ana-
lytical results correspond to 1) CAP-TSD results obtained us-
ing the linear potential equation [F = G = H = 0 in Eq. (1)] and
modeling the wing as a flat plate, 2) CAP-TSD results obtained
using the complete nonlinear (TSD) equation and including
wing thickness, and 3) subsonic-kernel-function results from
program FAST18 using 100 collocation points (10 in chordwise
and span wise directions) and the maximum quadrature option.
The results from 1 and 3 should, of course, agree as the same
equations are being solved by FAST and by CAP-TSD with the
linear equation option.

Flutter Results for the 45-Deg Swept Wings
Both WEAK and SOLID wings were tested in air and

Freon.8 Calculations using CAP-TSD were made for each
wing in air or Freon as appropriate. The measured flutter
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boundaries for the WEAK series of wings is more extensive
and will be discussed first.

WEAK Wings in Air
Comparisons of flutter characteristics from the linear calcu-

lations with the experimental data are given in Fig. 8. Plots of
flutter-speed index [defined as U/(b0o}c^)] and nondimen-
sional flutter frequency (defined as w/coa)' as functions of
freestream Mach number are shown in Figs. 8a and 8b, respec-
tively. The experimental data are all for wing WEAK3 except
for the point at M = 0.338, which is for wing WEAK4. The
experimental flutter data defines a typical transonic flutter
"dip" with the bottom near M= 1.0 for this case. (Note that
these results are shown with an expanded scale.) The bottom of
the dip in flutter-speed index (Fig. 8a) was defined by the
approach to the M = 1.072 flutter point during the wind-tunnel
operation. Results from the CAP-TSD (linear) code are pre-
sented at 12 values Qf M covering the entire Mach number
range over which the flutter data was measured. Results from
the FAST program are presented for the limited range
0.338 <M< 0.96 since the method is restricted to subsonic

Mode 1, f = 7.8 Hz Mode 2, f = 16.4 Hz Mode 3, f = 24.1 Hz

Mode 4, f = 25.4 Hz Mode 5, f••= 38.2 Hz Mode 6, f = 43.3 Hz

Mode 7, f = 45.9 Hz Mode 8, f = 48.2 Hz Mode 9, f = 58.1 Hz

Fig. 7 Oblique projections of natural vibration modes of clipped
delta wing model.

freestreams. Overall, the linear CAP-TSD results compare
well with the experimental data for subsonic as well as super-
sonic Mach numbers. Note that the subsonic FAST results are
also in good agreement with the data. Such a result is not
unexpected for this very thin wing of moderate sweep and
taper at zero angle of attack. It does indicate that the wing
properties are well defined for benchmark purposes.

In the subsonic Mach number range, the CAP-TSD and
FAST calculations predict a slightly uncoriservative flutter
speed, except at M-0.338, by as much as 2% (Fig. 8a), and
a higher flutter frequency (Fig. 8b) in comparison with the
experimental data. In general though, the linear CAP-TSD
results agree well with the FAST results in both flutter speed
and frequency. The good agreement in this three-way correla-
tion bet wen experiment, linear theory, and CFD flutter results
gives confidence in the CAP-TSD code for flutter prediction.
For this test in air, the mass ratio varies from about 12 at low
Mach numbers to about 250 in the transonic range. The corre-
sponding k values range from about 0.3 at the low Mach
numbers to about 0.08 in the transonic range. Thus, the flutter
in the transonic range for this wing is at a relatively low k
value. ,

Comparisons of flutter characteristics from the linear and
nonlinear CAP-TSD calculations with the experimental data
are giveri in Fig. 9. Figure 9a shows flutter-speed index
vs Mach number, and Fig. 9b shows nondimensional flutter
frequency vs Mach number. Three flutter points are plotted
from the nonlinear CAP-TSD calculations corresponding to
M = 0.678, 0.901, and 0.96. Comparisons between the two sets
of CAP-TSD results show differences due to wing thickness
arid nonlinear effects. With increasing Mach number, these
differences become larger. For example, at M = 0.678, 0.901,
and 0.96, the flutter-speed index decreased by 1, 5, and 19%,
respectively, as shown in Fig. 9a. Similar decreases also occur
in the flutter frequency (Fig. 9b). The decrease in flutter speed
at M — 0.901 is largely due to including wing thickness since
there are no supersonic points in the flow calculations at this
condition. The decrease in flutter speed at M = 0.96 is at-
tributed to both wing thickness and nonlinear effects since an
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Fig. 8 Comparisons between linear flutter calculations with experi-
mental data for the 45-deg swept WEAK wings in air: a) flutter-speed
index vs Mach number; and b) flutter-frequency ratio vs Mach num-
ber.
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Fig. 9 Comparisons between linear and nonlinear CAP-TSD flutter
predictions with experimental data for the 45-deg swept WEAK wings
in air: a) flutter-speed index vs Mach number; and b) flutter-fre-
quency ratio vs Mach number.
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Fig. 11 Comparisons between flutter calculations and experimental
data for the 45-deg swept SOLID wings: a) flutter-speed index vs
Mach number; and b) flutter-frequency ratio vs Mach number.

embedded supersonic region of moderate size was calculated in
the wing tip region. The nonlinear CAP-TSD results at both
M = 0.901 and 0.96 are slightly conservative in comparison
with the experimental flutter-speed index value. Nonetheless,
the nonlinear CAP-TSD flutter results compare favorably with
the experimental data, which is the first step toward validating
the code for general transonic aeroelastic applications.

WEAK Wings in Freon
The flutter characteristics for wings WEAK5 and WEAK6

are presented in Figs. lOa and lOb. Experimental flutter points
are shown for Mach numbers near 0.74, 0.92, and 1.00. These
wings in Freon do not show the strong dip in flutter speed near
M = 0.90 exhibited by the wings in air, but do indicate a signif-
icant decrease in flutter speed in the transonic range. Results
from the subsonic kernel function and CAP-TSD with and
without thickness are shown (Figs. lOa and lOb). Each of the
three results are in good overall agreement with the experimen-
tal flutter speeds and frequencies. The effect of thickness in the
CAP-TSD results is less than 2% in flutter-speed index and
thus relatively small at all three Mach numbers. The mass
ratios for these wings tested in the more dense Freon vary from
about 12-34 as Mach number increases from 0.73-1.0. The
corresponding reduced frequencies vary from 0.34-0.18.
Less effect of thickness normally would be expected at these
higher k values than for the tests in air with lower reduced
frequencies.

SOLID Wings
The experimental flutter characteristics for wings SOLID 1

and SOLID2 are compared with the corresponding analytical
results in Figs. 1 la. and'lib. Wing SOLID! was tested in air
and two data points near M = 0.45 are shown. Wing SOLID2
was tested in Freon and four data points for Mach numbers
from 0.87-1.02 are shown.

The results from FAST for SOLID 1 are shown for constant
mass ratio (14.6) on the left part of Figs, lla and lib. Note
again that these results are shown with an expanded scale. The
flutter speed calculated by FAST is 3% lower than the data
and the frequency about 6% lower. The corresponding results
from CAP-TSD are somewhat lower and show a modest effect
of thickness. Overall, the agreement is somewhat less satisfac-
tory than that for the other wings but still fairly good. The
flutter reduced frequency for this wing is about 0.30.

The corresponding results for SOLID2 are shown in the
right portion of Figs. 1 la and 1 Ib. The results from FAST are
in good agreement with the high subsonic data and are about
3% lower in flutter-speed index than experiment. The corre-
sponding CAP-TSD linear calculations are about 4% lower in
flutter-speed index than the FAST results but with good agree-
ment in flutter-frequency ratio. The effect of thickness shown
by the CAP-TSD nonlinear calculations is stabilizing by about
3% at M = 0.87 to 8% at M = 0.96. A stabilizing effect of
thickness at transonic Mach numbers is surprising. The mass
ratio for this wing ranges from 8.5-12 and the flutter reduced
frequency ranges from about 0.35-0.29 as Mach number in-
creases from 0.87-1.02. The flutter trends for this wing are
quite different than those for WEAK3 in air and in Freon. This
result may possibly be a consequence of the lower mass ratio
and the higher reduced frequencies for this model. For exam-
ple, for the WEAK3 model in air at high mass ratio and low
reduced frequency, there is a large transonic dip and a strong
destabilizing effect of thickness. In Freon, with a decrease in
mass ratio and higher reduced frequency, the transonic dip is
reduced and there is only a small effect of thickness. For
SOLID2 in Freon, where the mass ratio is further decreased
and reduced frequency is even larger, there appears to be a
stabilizing effect of thickness. Thus, the transonic effects for
this wing appear to depend strongly on mass ratio and the
resulting reduced frequency of flutter.
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Fig. 12 Comparisons between flutter calculations and experimental
data for the clipped delta wing: a) flutter-speed index vs Mach num-
ber; and b) flutter-frequency ratio vs Mach number.

Flutter Results for the Clipped Delta Wing
The clipped delta wing analyzed is that denoted as Wing C

of Ref. 11. This planform represents an increase in complexity
from the 45-deg swept wings from the standpoint of the in-
creased sweep and taper of the planform and the number and
complexity of the vibration modes. Previous calculations11

for this model have shown that six modes are required for
flutter analysis and all nine were included in the present calcu-
lations. The same sequence of calculations has been performed
for the clipped delta wing as was performed for 45-deg swept
wings.

There were four measured flutter points for this wing as
shown in Figs. I2a and 12b. These flutter points are near
M = 0.6, 0.7, 0.8, and 0.9 and do not determine the bottom of
the transonic dip in flutter speed. Tests on some similar wings11

indicated the bottom of the dip to be near M = 0.92. The
experimental values of mass ratio range from 12 at M = 0.60 to
44 at M = 0.91 with the corresponding reduced frequencies
(based on root semichord) ranging from 0.76-0.42. The flutter
speeds from FAST are higher than the experimental flutter-
speed index ranging from 4% at M = 0.907 to 1% at M = 0.603
as shown in Fig. 12a. The flutter-frequency ratios are in good
agreement with experiment (Fig. 12b). The FAST results also
show a dip near M = 0.94 that is sensitive to mass ratio. The
corresponding results from CAP-TSD using the linear equa-
tion and flat plate wing for the experimental Mach numbers
are essentially identical to the results from FAST, which fur-
ther verifies the GAP-TSD program. Inclusion of thickness in
the CAP-TSD analysis results in essentially no effect at
M = 0.603 to a 6% reduction in flutter speed at M = 0.907,
which improves the agreement with the experimental flutter
speed.

Concluding Remarks
In an effort to assess the accuracy of the CAP-TSD program

for aeroelastic applications, flutter calculations have been

made for several wings of two different planforms varying in
sweep and taper arid with thin airfoil sections. One planform
is a series of 45-deg swept wings, which is an AGARD standard
configuration for aeroelastic analysis. The other planform is a
clipped delta wing that was used in some early active controls
work. The physical properties and experimental flutter
boundaries for these wings are well defined for validation
purposes.

Extensive comparisons were made between the results of
CAP-TSD using the linear equation and no airfoil thickness
and the results obtained from a subsonic kernel function anal-
ysis. The comparisons indicated good to excellent agreement
for these analyses. The effect of thickness for these thin wings
as determined from CAP-TSD was relatively small and im-
proved the agreement with experiment.

The calculations with CAP-TSD covered an extensive Mach
number range from low subsonic to low supersonic values with
good overall agreement with experiment. Both wings have very
thin airfoil sections and consequently the effects of thickness
were modest. Further analysis for thick and supercritical wings
is needed.
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