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SUMMARY

It is well known that wings with supercritical airfoils generally have lower transonic
flutter speeds than similar wings with conventional airfoils and that small increases
in angle of attack from zero and the accompanying static aeroelastic deformatfons have
further detrimental effects on transonic flutter. This paper presents the results of
an effort to calculate the effects of angle of attack and the associated aeroelastic
deformation on the flutter of a highly swept supercritical wing (TF-8A) by use of the
modified strip analysis employed in previous studies of this wing. The spanwise
distributions of steady-state section Jift-curve slope and aerodynamic center required
as input for these calculations were obtained from static aeroelastic calculations for
the wing by use of the FL022 transonic code and an assumed dynamic pressure. The
process is iterative so that flutter can be obtained at the same dynamic pressure as
that used to calculate the statically deformed shape and loading about which the
flutter oscillation occurs (matched conditions). The resuits of this investigation
show that the unconventional backward turn of the transonic dip in the experimental
flutter boundary for angles of attack greater than zero is caused by variations in
mass ratio and not by static aercelastic deformation, although inclusion of the latter
appears to be required for quantitative accuracy in the calculations. For the very
high subsonic Mach numbers of this investigation, however, quantitative accuracy will
also require inclusion of viscous effects on shock strength and location.

SYMBOLS
ac nondimensional distance from midchord to section aerodynamic center
? measured perpendicular to elastic axis, positive rearward, fraction of
semichord
b semichord of wing measured perpendicular to elastic axis at station n
by semichord of wing at spanwise reference station (n = 0.75)
cLo wing 1ift coefficient at a=0
CLa wing lift-curve slope
Cy section 1ift coefficient for a section perpendicular to elastic axis
cla,n section 1ift-curve slope for a section perpendicular to elastic axis
Cm section-pitching moment coefficient referred to midchord for a section
perpendicular to elastic axis
k reduced frequency, bpw/VCoShg,
M freestream Mach number
"y mass of wing per unit span at spanwise reference station (n = 0.75)
q freestream dynamic pressure
v freestream speed
VI flutter-speed index, 5;;¥?=:
a angle of attack at wing root
n nondimensional coordinate measured from wing root along elastic axis,

fraction of elastic axis length

Aea sweep angle of elastic axis



mass ratio based on spanwise reference station (n = 0.75), mr/ﬁpbi

Y
p freestream density
™ circular frequency of vibration
wp reference frequency, frequency of first uncoupled torsional mode of wing
INTRODUCTION

It is well known that the use of supercritical airfoils, rather than conventional
airfoils, can have adverse effects on the transonic flutter characteristics of 1ifting
surfaces. The effects include reduction of transonic flutter speeds (refs. 1 to 3) and
increased rate of degradation of flutter speed with small increases in angle of attack
{refs. 4 and 5). 1In order to gain insight into these deleterious effects and the
physical phenomena involved, a computational flutter study was conducted half a dozen
years aga for a flutter model of the supercritical wing of the TF-8A airplane (fig.

1). Since adequate aerodynamic theories for three-dimensional unsteady transonic flow
were not available, the modified strip analysis (refs. 6 to 12) was used. Spanwise
distributions of steady-state section lift-curve slope and aerodynamic center, required
as input to the flutter calculations, were obtained from wind-tunnel pressure
measurements on another model of the same airplane.

The calculated flutter results compared well with experiments for 00 and 19 angles

of attack but did not reproduce the drastic decline in transonic flutter speeds shown
by the experiments at 29 and 3° angles of attack {ref. 5). The trends seemed to
indicate, however, that the latter discrepancy was caused at least to some extent by
the fact that the pressure model, from which the aerodynamic inputs were obtained, was
two orders of magnitude stiffer than the flutter model and hence deformed statically
much less than the flutter model.

The present investigation was initiated to address that problem. The same methodology
is used except that the spanwise distributions of section lift-curve slope and
aerodynamic center are obtained from static aeroelastic calculations for the flutter
model employing the FLO22 full-potential code (ref. 13). Dynamic pressure is iterated
between the aeroelastic calculation and the flutter calculation in order to obtain
flutter at the same dynamic pressure as that used to calculate the static deformation
and loading. The objective of this investigation is not to develop new methodology but
to study the physical phenomena involved.

FLUTTER ANALYSIS METHOD

The modified strip analysis (ref. 6) is formulated for wing strips oriented normal to
the elastic axis and is based on stripwise application of Theodorsen-type aerodynamics
(ref. 14) in which the 1ift-curve slope of 2n and aerodynamic center at quarter chord
are replaced, respectively, by the 1ift-curve slope and aerodynamic center for the same
strip of the three-dimensional wing at the appropriate Mach number and angle of

attack. The downwash collocation point, where the downwash induced by the aerodynamic
load is set equal to the kinematic downwash, is modified accordingly. The aerodynamic
admittance function (circulation function) is modified for compressibility by use of
two-dimensional unsteady compressible-flow theory (ref. 15).

The simple example of section 1ift L on an unswept wing can be used to illustrate the
changes to Theodorsen aerodynamics that are involved in the modified strip analysis.

For a three-dimensional wing in compressible steady flow, the section 1ift is given in
terms of the section 1ift-curve slope cl and the static angle of attack o or

a,n
alternatively the downwash Q=aV.

= 2 =
L Cz na %V (2b) ¢

[ 35

p¥YbQ
"‘a,n

For two-dimensional incompressible oscillatory fiow, the section 1{ft as given by
Theodorsen can be expressed in similar form.

L = 2xpV¥bQC + noncirculatory terms

Now, however, the 1ift-curve slope for two-dimensional incompressible flow is 2=, and
the circulatory 1ift is multiplied by an aerodynamic admittance function {(circulation
function) C(k)=Fy + i1Gyj. The downwash Q is the unsteady downwash evaluated at the
three-quarter-chord po*nt which is the collocation point for induced and kinematic
downwash in two-dimensional incompressible flow. Noncirculatory 1ift terms which have
no counterpart for steady flow are also included. )

For three-dimensional compressible osciilatory flow, the Theodorsen form of the
expression is retained for the modified strip analysis

L =¢ pVDQC + noncirculatory terms
a,n




but with three modifications: (a) The lift-curve slope is no longer 2r but the value
for the particular section of the three-dimensional wing at the particular Mach number,
angle of attack, and other conditions being studied. (b) The downwash collocation
point is no longer at three-quarter chord but is relocated to satisfy the trailing-edge
condition for the particular section lift-curve slope and aerodynamic-center position
involved. (c) The circulation function for incompressible flow is modified in
magnitude only to account for compressibility.

2, o2
G F
P C s c
ClkaM) = gy (Fp + 36p) = o {Fy + 16y)

Fi* 6

where subscripts C and I indicate values for two-dimensional compressible and
incompressible flow, respectively. Similar modifications are also made, of course, in
the corresponding expression for section pitching moment (refs. 6 and 7). Note that no
arbitrary user-selected parameters are included in the expressions in order to improve
the agreement with experimental flutter data or with other calculations.

The modified strip analysis has consistently given good flutter results for a broad
range of swept and unswept wings at speeds up to hypersonic (ref. 7}, including effects
of wing thickness (refs. 9 and 10) and angle of attack (ref. 11). 1In particular, this
method which was developed in the mid 1950's (ref. 6) was used successfully in 1959 to
calculate transonic flutter characteristics for some swept wings with conventional
airfoils (ref. 8). 1In 1979, it was used to calculate transonic flutter of the present
supercritical wing at essentially zero angle of attack with exceptionally good results
(ref. 3). That study was extended in 1980 to include nonzero angles of attack {(ref.5).

PREVIOUS FLUTTER CALCULATIONS FOR TF-8A WING

For Experiments in Freon-12

In the calculations for the TF-8A wing shown in figure 2 (from ref. 3), the required
aerodynamic parameters were obtained from steady-state surface pressure measurements in
the Langley 8-foot Transonic Tunnel (ref. 16). In the subsonic range, agreement
between calculated and measured flutter boundaries is excellent. 1In the transonic
range, a transonic dip is calculated which closely resembles the experimental one with
regard to both shape and depth. However, the calculated dip occurs at about 0.04 Mach
number lower than the experimental one. The reason for this difference is not known
with certainty. There is some evidence, however, that indicates that the difference
may be associated with model size relative to tunnel dimensions. The pressure model
from which the aerodynamic coefficients were obtained for use in the flutter
calculations was smaller relative to tunnel size than was the flutter model.

Note also that the experimental flutter data in figure 2 as well as the aerodynamic
parameters used in the corresponding flutter calculations were obtained at essentially
zero angle of attack. Consequently, the associated static aerodynamic loads and
aeroelastic deformations were small and were not expected to influence flutter
characteristics to any significant extent.

The experimental flutter data shown in figure 2 were obtained with Freon-12* gas used
as test medium. Therefore, the associated values of mass ratio (fig. 3) were
relatively low.

For Experiments in Air

The good results shown in figure 2 (from ref. 3) encouraged an extension of the study
to examine the effects of angle of attack on flutter (ref. 5). The required

aerodynamic parameters Cza n(n) and a. n(n) were obtained from the same wind-tunnel
’

pressure data as before, and representative values are shown in figures 4 and 5,

Figure 4 shows representative spanwise distributions of section lift-curve slope and
aerodynamic center obtained from measured surface pressures at two subsonic Mach
numbers. Nonlinearity with respect to angle of attack is minor at Mach number 0.25 but
increases as Mach number rises to 0.80, especially in the aerodynamic center location.
?ote th?t the TF-8A wing was designed for an unusually high drag-rise Mach number
M=0.99).

As Mach number increases further, nonlinearity (as typified in fig. 5) becomes
substantial and portends growing sensitivity of flutter speed to changes in angle of
attack. Note, however, that the aerodynamic model on which the pressures were measured
was two orders of magnitude stiffer than the flutter model in both bending and

torsion. Consequently, aeroelastic deformation of the aerodynamic model was small, and
the effects of angle of attack shown here are essentially aerodynamic (rather than
aeroelastic) in origin.

* Freon is a registered trademark of E. I. DuPont de Nemours Co., Inc.



The corresponding flutter results for angles of attack from 0 deg to 3 deg are shown in
figures 6(a) to 6(d) (from ref. 5). Note that the mass-ratio values shown on the
figures for these experiments in air are considerably higher than those for the
experiments in Freon-12 which were shown in figures 2 and 3.

At each Mach number for which the aerodynamic experiments were conducted (ref. 16),
pressures on the wing surface were measured at two levels of freestream dynamic
pressure, and both were used in the flutter calculations of reference 5 as indicated by
the solid and dash lines in figures 6(a) to 6(d). Moreover, the Mach numbers for the
aerodynamic experiments did not coincide with the experimental flutter Mach numbers.
Therefore, no attempt was made to match experimental flutter conditions point for point
with respect to Mach number and mass ratio. Instead, the flutter calculations were
made only for the maximum and minimum experimental values of mass ratio at each angle
of attack.

For « = 0 (fig. 6(a)), static aeroelastic deformations of the flutter model were not
significant, and the conventionally shaped experimental flutter boundary is reasonably
well predicted by the calculated values which are about 6 percent conservative at M =
0.85 and a bit more so at the bottom of the transonic dip.

When a is increased to 19 {(fig. 6(b)), the depth and location of the transonic dip
are still adequately predicted, but the unconventional backward turn of the
experimental boundary is not.

When a is further increased to 2° and 3° (figs. 6(c) and 6 (d), respectively), the
backward turn of the experimental transonic flutter boundary becomes much more
pronounced, and the bottom of the dip obviously drops drastically although the actual
bottom is not defined by the available data points. The extent of this decline is not
adequately predicted by the calculations. There is some evidence to indicate, however,
that this discrepancy was caused at least to some extent by the fact that the pressure
model, from which aerodynamic parameters were obtained for the flutter calculations,
did not deform aeroelastically nearly as much as the flutter model did. Hence the
aerodynamic parameters were not those relevant to the statically deformed wing shape
about which the experimental flutter motion occurred. See reference 5 for more
detailed discussion.

Experimental transonic flutter data for angles of attack up to 2.05 deg are presented
in reference 17 for a high-aspect-ratio supercritical wing with, however, lower sweep
angle and lower drag-rise Mach number than those for the TF-8A. The wing of reference
17 was provided some degree of flexibility in pitch, but the torsional stiffness of the
wing itself appears to have been sufficiently high to prevent twisting deformations of
significant magnitude. The measured transonic flutter boundary for that wing at 2.05
deg angle of attack is remarkably similar to the flutter boundary calculated for the
TF-8A wing at 2 deg angle of attack using aerodynamic parameters obtained with the
comparatively stiff pressure model of reference 16 (fig. 6{c)). The flutter boundaries
for both wings show a retatively broad conventional-looking initial transonic dip
followed by a steeper, narrower, deeper, and lower second dip. Second dips of this
sort have been observed in wind-tunnel flutter-test results for other models under
conditions for which static aeroelastic deformations would be expected to be mimimal
(e.g., ref. 18).

Finally, it is illuminating to examine the variation of mass ratio with Mach number for
the experimental flutter data shown in figures 6(a) to 6{(c). On the curves of these
parameters (fig. 7) the only firm values are those represented by the symbols which
correspond to the "hard" flutter points in figures 6(a) to 6(c). The curves faired
through the symbols in figure 7, however, are consistent with the curves faired through
the "hard" flutter points in figures 6(a) to 6{(c).

For a = 0, the variation of mass ratio is moderate and of conventional form (compare
fig. 3). For a = 1 deg and especially for a« = 2 deg, on the other hand, the deep
backward-turning transonic dips shown in figures 6(b) and 6(c) correspond to
substantial increases in mass ratio. These wide excursions in mass ratio indicate that
the experimental flutter boundaries follow substantially different tracks across the
flutter-speed surface (defined by Vi = f(M,up)) for «a = 0, 1, and 2 degrees. The

large values of mass ratio in themselves wou{d produce low values of flutter-speed
index. This point will be addressed subsequently in this paper. See also the more
detailed discussion of the flutter-speed surface and the implications for flutter
experiments and data interpretation in Appendix C of reference 10 and in reference 12.

PRESENT ANALYSIS

The inadequacy of the available experimental aerodynamic data for application to
conditions involving significant static aeroelastic deformation of the flutter model
led to the present study in which the required aerodynamic parameters were obtained
from static aeroelastic calculations (fig. 8) incorporating FL0O22 aerodynamics (ref,
13). Pressure distributions were thus computed for the aeroelastically deformed wing
at a given Mach number, several angles of attack, and an initially chosen dynamic
pressure. Since experimental flutter data were available, the Mach numbers and dynamic
pressures were taken to be those for the measured flutter points. The calculated
pressures were integrated to generate spanwise distributions of section 1ift and
pitching-moment coefficients. These coefficients were then spline fitted as functions
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of angle of attack, and the spline curves were analytically differentiated to produce
section 1lift-curve slopes and moment-curve slopes (and hence aerodynamic centers) for
the angles of attack at which the flutter data were measured. The spanwise
distributioins of section 1ift-curve slope and aerodynamic center were input to the
modified strip analysis to generate generalized aerodynamic forces for use in the FAST
flutter-analysis program (ref. 19). The resulting flutter dynamic pressure could then
be used to modify the dynamic pressure input to the static aeroelastic calculation and
the process iterated to produce flutter and static deformation {and associated pressure
distributions) for the same (matched) dynamic pressure.

The FL022 finite-difference code (ref. 13) implements a nonconservation form of the
full potential equation. It was employed in this investigation because it had been
previously incorporated into a static aeroelastic analysis (ref. 20) and previously
used by the present first author in some unpublished calculations of the type presented
here but for a different supercritical wing.

RESULTS AND DISCUSSION

For all of the flutter calculations made with aerodynamic parameters from FL022, the
Mach number, angle of attack and mass ratio for the experimental flutter points were
essentially duplicated. As in reference 3 and 5, six measured natural modes of
vibration were used in all flutter calculations. In figs. 9 and 10, the results are
compared with the previously shown experimental flutter points and with the flutter
boundaries calculated with the experimental aerodynamic parameters described previously
(e.g., figs. 4 and 5; see also ref. 5). Note that the present calculations have been
limited to the subsonic side of the transonic dip. Investigation of the subsonic side
was considered to be sufficient to indicate the occurrence, character, and causes of
the backward-turning transonic dip.

Calculations for Design Shape of Wing

An initial set of aerodynamic (FLO22) calculations was made for the wing deformed into
its design shape and treated as rigid. The spanwise distributions of section
lift-curve slope and aerodynamic center thus obtained were used in some initial flutter
calculations. The resulting nondimensional flutter speeds Vi are represented by the
diamond symbols in figs. 9 and 10. For zero angle of attack {(fig. 9(a)), the
calculated flutter speeds are in good agreement with experiment and differ very little
from those obtained with the experimental aerodynamic parameters for (normally) the
design shape. At o =1 deg (fig. 9(b)), the agreement is again good at the lowest
experimental Mach number and mass ratio, but the calculated points become progressively
unconservative as mass ratio increases to 547. It is important to note, however, that
the backward turn of the flutter boundary is clearly indicated by the three calculated
points, thus indicating that varying aeroelastic deformation is not essential to
produce this behavior. Instead, the backward turn shown here is caused by the
indicated variation in mass ratio. If the three calculated points are compared on the
basis of a constant mass ratio, say up = 450. (results not shown), no backward turn
appears. Results that are qualitatively similar to those in fig. 9(b) for o« = 1 deg
are shown in fig. 9(c) for a = 2 deg.

These progressively more unconservative predictions of flutter-speed index as mass
ratio increases were anticipated from these calculations in which static aeroelastic
deformation was neglected. Consider the experimental flutter boundary shown in figs.
9(c) and 10 for the flexible flutter model. As mass ratio increases, the flutter-speed
index {(and hence flutter dynamic pressure) decreases. As dynamic pressure decreases,
static aeroelastic deformation (notably wing washout) diminishes, and section
lift-curve slopes increase, especially over the outboard sections of the wing. As
section lift-curve slopes increase, flutter dynamic pressure and flutter-speed index
decrease. In other words, as mass ratio increases, diminishing static aeroelastic
deformation of the flutter model contributes to lower flutter-speed index, and that
effect is not included in the calculations for the rigid design shape (figs. 9(b) and
(c) and fig. 10). Moreover, static loads and deformations and their effects should
increase with increasing angle of attack, and the effects just described are indeed
observed in figs. 9(a), (b), and (c) to become more pronounced as angle of attack
increases. In fact, the effects of static deflection appear to be negligible at zero
angle of attack (fig. 9(a)).

In fig. 10 the experimental and calculated transonic dips in fig. 9(c) have been
enlarged and the calculations extended to show the bottom portion of the dip which has
been calculated by use of the mass-ratio variation for a = 2 deg shown in fig. 7. The
latter, in turn, is consistent with the bottom portion of the dip faired through the
experimental flutter points. These calculations for the rigid design shape show
clearly that the unconventional backward-turning transonic flutter boundary is caused
by variation in mass ratio and not by static aeroelastic deformation. Accuracy in
predicting this kind of dip, however, does appear to require consideration of static
deformation.

Calculations for Flexible Wing

When the wing is treated as flexible in the static-aeroelastic portion of the
calculation procedure shown schematically in fig. 8, the "initial shape" input to the



"aeroelastic FL022" iterative calculation of pressures and deformations may be the
undeformed shape or, if available, a better approximation to the aeroelastically
converged shape. If the latter is used, however, it is still necessary to input the
undeformed shape ("jig" shape) of the wing into “"aeroelastic FL022" so that the
calculated deformations may be added to it in order to obtain the output deformed shape
and associated pressure distribution. Since jig-shape measurements for the TF-8A
flutter-model wing were not available, a jig shape was calculated by subtracting from
the design shape the deformations caused by the load distribution on the design shape
at the design condition (M = 0.99, C_ = 0.37).

For the flexible wing the experimental flutter dynamic pressure was input to the static
aeroelastic calculation (fig. 8), and a single pass was made through the computational
sequence. Although the outer g-loop has not been closed at this time, the accuracy of
the calculated results {triangle symbols in figs. 9(a) and (b)) is well indicated by
comparison of the calculated and experimental flutter points. Since the experimental
flutter dynamic pressure was input, perfect agreement between calculation and
experiment would be indicated by the same flutter dynamic pressure being calculated in
a single pass through the outer loop. It is evident in figs. 9{a) and (b), however,
that the inclusion of structural flexibility in combination with FL022 leads to
excessively high flutter speeds. This result was not unanticipated.

For the higher Mach numbers and higher loading conditions potential-flow methods,
including FLO022, characteristically produce shockwaves that are too strong and too far
aft. Moreover, once the shock has moved aft, it exhibits very little further movement
with changes in angle of attack or deformation and hence generates 1ittle further
change in section lift-curve slopes and aerodynamic centers. Thus, for example, in the
present calculations of loading (and hence deformation) at the design condition (M =
0.99, CL = 0.37), calculated cL was considerably higher and CL was considerably

0 a
lower than corresponding experimental values (from ref. 16). These aerodynamic
deficiencies raise doubts concerning the accuracy of the calculated jig shape. 1In
addition, the low values of calculated lift-curve slopes also contribute to the
excesively high calculated flutter speeds shown in figs. 9(a) and (b).

In contrast, the wing in a physical {(viscous) flow will experience shocks that are
weaker and farther forward. Consequently, as flutter dynamic pressure decreases into
the transonic dip, the flexible wing deforms less and less, the outer wing sections
assume higher local angles of attack, as previously described, shocks strengthen and
migrate aft, and the effective section lift-curve slopes increase. This effect of
diminishing deformation thus contributes to a still lower flutter dynamic pressure.
Since this behavior is not accurately obtained from FL0O22, it is evident that, as
expected, accurate flutter prediction will require the inclusion of viscous effects on
shock strength and location. Static aeroelastic and flutter calculations are in
progress with the FL0O22 code replaced by the FLO30 code (full-potential,
conservation-form, finite-volume code) (ref. 21), including a coupled boundary-layer
code (ref. 22) in order to address the current deficiencies.

CONCLUDING REMARKS

Modified-strip-analysis flutter calcultations have been made for a supercritical wing
with high design Mach number using aerodynamic parameters obtained from the FL022
full-potential-flow code for the design shape (rigid) and for the aeroelastically
deformed wing at approximately the flutter dynamic pressure. The unconventional
backward turn of the transonic flutter boundary found experimentally at nonzero angles
of attack was also calculated with aerodynamic parameters for the rigid design shape
and was shown to be caused by variations in mass ratio. Quantitative accuracy in
predicting this kind of transonic dip, however, appears to require consideration of
static aeroelastic deformation. Inadequacies of the full-potential code at the high
subsonic Mach numbers involved led to excessively high calculated flutter speeds for
the flexible wing resulting from (1) poor definition of jig shape from the design
shape, and (2) low values of section lift-curve slopes and aftward locations of section
aerodynamic centers (relative to experiments) caused by excessively aftward shock
locations that changed little with changes in angle of attack. The present methodology
is valid, but accurate flutter predictions will require the inclusion of viscous
effects on shock strength and location, at least for the wing used in this study. Such
calculations are in progress.
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SECTION A-A
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Fig. 1 - Supercritical wing flutter mode)
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