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REPRODUSIBILITY 0% THE

COMPARLSON OF SUPERCRITICAL AND CONVENTLONAL WING

FLUTTER CHARACLERISTICS

Abstraet

To evaluate the concern that the flutter char-
acteristics of supercritical wings might be signif-
icantly different from those of wings with conven-
tional airfoils, a wind-tunnel study was undertaken
to directly compare the measured flutter boundaries

of two dynamically similar aeroelastic models which

Fad the same planform, maximum thickness—to-chord
‘ratio, and as nearly identical stiffness and mass
distributions as possible, with one wing having a
supercritical airfoil and the other a conventional
airfail. The considerations and problems associated
wicth flutcer testing supercritical wing models at

or near design Lift coefficlents are discussed

and the measured transonic boundaries of the two
wings are compared with boundaries calculated with

a subsonic Iifring surface theory.

Increducrion

The supercritical wing concept holds much
promigse for increased aerodynamic efficiency and
for allowing more efficient structural design. Of
some coitcern to an aeroelastician is the possi-
bility that wings with supercritical airfoil sec-
tions exhibit aerodynamic characteristics substan-
tially different from these of wings with conven-
tieual airfoils. Reference 1 presents a good
discussion of the different aerodynamic character—
istics of superciditical and conventional airfoils.
Figure 1 from Reference 1 Indicates schematically
some of the aerodynamic diEferences, For instance,
in additien to the delayed rise in drag as sonic
speed 1s approached, higher 1ift coefficlents are
attainable, the center of pressure is generally
located farther downstream, and the pressuze
distribution may be more sensitive to perturba—
tions in the airfoil shape. There has been, there~
fore, sonr concern that the flutter characteristics
of such a wing might be significancly different
from those of wings with cenventional airfeils,
and rhat special model flutter testing cechniques,
such as testing 2t or nesr the design lift coef-
ficiant, might be required. This paper presents
some rasults of a study thac was undertaken te
evaluate this goncern, to decermine unique problems,
if any, assoclated with wind-tunnel testing of
supercritical wing Elutter models, and to evaluate
the saigabildty of a: byplcal curvenr transonic
flutter ahalysls progedure Eor supercritical wings.

Modeldng and Testing Considerations

Agg:oach

The approach selected was to directly compare
the measured flutter characteristics of two
dynimically similar transonic aercelastic models
which had the same planform, maximum thickness-to-
chord ratio and as nearly identical stiffness and

mass distributions as possible. One had a super-—
critical airfoll and the ocher o conventional air-

foil. The configuration chosen f{or the supercritical

wing model was that of the research wing on the
modiffed TF-8A airplama, shown in Figure 2 {(Ref. 1),
which was used as a test bed to evaluate under full-
scale conditions the aerodynamic performance pre-—
dicted by wind-tunpel studies. It was convenient

to use this wing configuration because the geometry,
including airfoil sections, were already defined and
experimental pressure distribution data were avail-
able. The wing geometry simulated that which would
be applicable to a high-speed transport aircraft but
structurally the TF-BA supercritical wing was
"boilerplate" in the sense that it was relatively
much more stiff (to minimize contour discortions)
than a transport wing structure. Therefore, in
order to have a model wing with stiffness levels
more nearly like a transpert wing and to permit
flurrer speeds attainable in the wind cunnel, the
stiffness and mass levels used for the flutter model
were considerably reduced Fram those of the TF-8A
research wing although the distributions of stiff-
ness and mass of the model were similaz to those of
che full-scale wing.

Madel Design Considerations

Since there were, at the time of the model
design, tentative plans to build a more realistde-
ally Flexible supercritical wing for the TF-84 air=
plane for later studies of aercelastic effecrs, it
was decided to design the model for the present
studies so that associated components (L.e., side+
wall half-body, balance, cte.) could be used for
future flucter glearance and correlation studies
for flight/wind-tunnel aeroelastic deformatien.
These considerations led to a half-body representa-
tion. of the TF~BA fuselage for tunnel wall mounting
the wing, and a geometrie scale factor of 0.27.

The 0.27-scale factor permits simuitaneous Froude
number scaling (for static deflections}, and Mach
number sealing, when the model 1s tested in Freon
in the Langley Research Center Transonic Dynamics
Tunnel (TDI) at simulated flight cruise altitudes.
In addition, of course, the large scale increases
the model Reynolds number, which £or these tests
varied from about 3 to 9 million, based on the
streamrise chord at the two-thirds semispan statdion.
Figure 3 is a photograph of the supercritical wing
modal mounted in the TDT an the TF-BA half-fuselage.
Note chat the airplane engine air inlec at the
bottom of the fuselage under the cockpit has been
faired into the nose contour. HNo empénnage was
simeiated other than including an equivalent cross-—
sectional area near the rear of the fuselage.

The companion ''conventional’ wing model was
geometrically identical to the supercritilcal wing
model at the root thus allowing proper falring into
the fuselage half-bedy. On che conventional- wing,
airfoll sections derived from those of a current
wide-body jet transpovt were used from the wing tip
to 24-percent semispan. Adrfoil sections from this

" location inboarnd were generated by tangentially

i
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fairing constant percent chord lines between the
root airfoil surface (common to boch modaels) and

the alrfoil surface at che 24X semispan stntion.
Figure 4 is a schematic drawing showing the planform
and size of the two model wings and their relation-
ship to the half-bady and sidewall mount.

The wings were mounted on a force balance in
the fuselage half-body. The balance was attached
ko a tunnel sidewall turntable which could be
rotated ta change the wing and half-body angle of
attack. The balance measured only statie forces
on the wing. Elecrcrical resittance wire strain
gages mounted on the wings were used to record
model motions.

Model Properties

The censtruction techniques used for both
wings were identical. The wings, one of which is
shesm in Figure 5 before the lower skin was applied,
were fabricated with continuous fiberglass skins
to provide the smooth surface desirable for super-
critical flow. The fiberglass skins, which pro-
vided the required design stiffness distributions
for the wings, were stabllized wich a full depth
phenolic impregnated nylon honeycomb core. Bal-
lasting masses were inserted in the core to obtaln
the desired mass distributions. The masses of the
supercritical and conventional wings were 21,205 kg
(46.75 1bm) and 21.546 kg (47.50 1bm), respec—
tively. The measured bending and torsion stiff-
ness distributions of the two wings are compared
in Flgure 6, and the flrst four weasured natural
frequencies generalized masses, and node lines of
the conventicnal and supercritdcal wings are com-
pated in Figure 7. The peneraldized masses are
based on wode shapes normslized to unity at the
point of maximum measured modal deflection for
each mode. The structural properties of the two
wings are seen to be quite similar.

Since the supercritical ard conventional
wings experience different aerodynamic load distri-
butions, it was desirable to desipn each wing
individually o a "no-wind jig shapa" such that at
a particular tunnel Mach number and dynamic pres=
sure, each wing deforms under l-g aercdynamic
leads in a manner sc that the deflections of the
leading and trailing edges of the conventional
wing ave approximately the same as vhose of the
supercritical wing. This “shape” can be con-
sidered the "cruise shape" and the tunmel Mach
number and dynamic pressute "cruise conditions."
The simulated design tunnel cruise conditions
choser For the two wings were:

Conventional Supercritical
Mach Number 0.50 0.99
Dynamic Pressure 2.73 kn/m® 2.20 kn/o?

(57 1bf/sq/Er) (46 Lbf/sq/EE)

Lift Coefficient 0.30 0.37

Lift 769N (173 1bf) 769(173 1bE)
The no-wind jig shapes of the conventional and
supercritical wings are shown in Figure 8 in
termsé of :the spanwise deviation of the slastic
axis (essentdally the 50% chovrd line) from a
reference polnt at the wing toot. Alsoc shown is
the twist angle neasured near the tip.

Wind Tunnel and Test Procedure

The models were tested in che Langley Research
Center Transonie Nynamics Tunnel. This tunnel has &
4 .B88-meter (16-~ft) square rtest sectlion with cropped
corners and is a return~flow, variable-pressure,
slotted=-throat wind tunnel. It is capable of opera-
tion at sragnazion pressures from about 1724 N/m
(1/4 1b/in?) to atmospheric pressure and at Mach
numbers up to 1.2, Mach numbeér and dynamic pressure
cant be varied independentcly with either air or
Freon-12 used as a test medium. Freon-12 was used
in the present jnvestigation. Average stagnation
temperature during the tests was approximately 49° C
(120° F}. In addition ro the model inscrumentation
mertioned previeusly, motion-picture and still
gameras were used te record model dynamic motions

. and staric deflections.

In order to realistically simulate wing defor-
macion due ro l-g 1ift, rhe model angle of attack
was adjusted to maintain a reasonably constant load
of 769 Newtons (173 Lbf) (the desipn 1ift condition)
while searching for the Fflutter boundaries. Fig-
ure 9 illustrates the manner in which the tests were
generally conducted. The open syimbol indicates the
point at which the conventicnal wing should be
deformed to the "cruise shape.” (Rough measurements
indicated that the cruise shapes of the two wings
actually were not precisely the same. This may have
been due to slight differences in stiffness or to
inaccuracies in calculaced aercdynamlc loads used
to define the jig shapes.} If this point is con-

sidered to be the tunnel condition which simulates

a trangport airplane "cruise" veleocity and altitude,

then the corresponding required 1.2 Vp flutter
safety margin (typlcally) would bLe as indicated.
Assuming the airplane wing stiffness is properly
simulated, then the meodel wings would progressively
deform as would those of a constant weight ailrplane
as the flutter botndary is aprroached. At flutrer
onset, fast-actinpg tunnel bypass valves weré opened
which rapidly reduced Mach nugiber and dynamic pres—
sure before model damage occurred.

Discussion.ané Results

Elut;et.Calculatiops

Flutter calculations for both the supercritical
and conventional wings have been made using measured
modé shapes and generalized masses of the First siik
structural modes. Downwash cellocation points were
specified at 10 spanwise stations with six points
along the streamwise chord at each startion. These
calculations, which employed subsonie Iifting sut=-
face theory (Ref. 2} in computer programs that are

‘partially described in Reference 3, made ne allow-

ance for alrfoil shape since the lifting surface is
modeled as a flat plate. Differences in calcu-
lated flutter cuaracteristics of the supercritical
and conventional wings are therefore attributable
only te the sctructural differences between the
wings as reflected in the natural vibratien
characteristics.

Calculated dynamic pressures at flutter and

~ flutter frequencies are shown in Figure 10 for Mach

numbers from 0.6 to 0.99, The calculated dynamic
pressuce at flutter for the conventlonal wing

{(Fig. 10{a)) was consistently lower than that of the
supercritical wing throughout the Mach aumber range.
Since subsonic kermel funetion aerodynamics were
used, the results at Mach numbers neat one ars. not



reliable and can only be used to make relatrive
comparisons between the two wings.

The calculated flutter frequencies shown in
Figure 10(b) are between the frequencles of the
first two structural modes (see Fig. 7). From
Vg plots (velocity versus damping) it could be
seen that the second bending mode damping became
negative at the fletter point.

Values of the mass ratie, Y (ratio of the mass
of the wing to the mass of test medium contained in
the volume generated by revolving ecach streamwise
chord about its midpeint), at flucter varied from
about 8 at 0.6 Mach number up vo approximately 30
at 0.99 Mach number

Wind-Turinel Results

Measured dynamic pressures at Flutter and
flutter frequencies for the supercricical and che
conventional wing are shown in Figures 11 and 12,
respectively. Curves from the calculared results
in Figure 10 are shown again for comparison with
the experimental resulrs. Qualitatively, the
Elutter characteristics of the two winps were quite
similar. ¥Figures 11l(a) and 12(a) indicate that
below 0.8 Mach number the calculated and measured
dynamic pressures are in fairly good agreement,
with the measured values being slightly greater.
Above 0.8 Mach number the measured dynamic pressures
decrease rapidiy with Mach number to a minimum
between 1.00 and 1.05 and then increase rapidly.
The peint on the high Mach number side of the dip
were obtained by first bringing the tunnel.speed
up to about 1.1 Mach number at low dynamic pressurer .
increasing dynamic pressure at a constant Mach
number to a level above the lowest Elucter polnc,
and then decreasing Mach number entil the flutter
boundary was reached. As the dynamic pressure was
increased between Mach numbers of 1.00 and 1.05
the wing response changed very gradeally from low
osclllations to sustained flutter. Consequently,
the minimum dynamic pressure at flutter in this
region was not precisely defined but lies somewhere
in the crosshatched area.

From Figures 11(b) and 12{(b) ir may be seen
that the calculated flutter frequencies are
gererally in good agreement with measured values
both in magnitude and trend with Mach numbar.

As mentioned previously, the general test pro-
cedure was to tTy to obtain flutter points with a
constant nominal 1ift of 769 Mewgons (173 1bf) on
each wing (Lift at the hypothetical deslgn cruise
point). A few rest conditions which were repeatcd
with the lifr about 50% below the nominal value did
not shuw a significant effect of Lifit on rhe
flutter condition. The test dats were not adeguate,
however, to show conclusively that the flutter
response was complerely independent of 1ifre.

The conventional wing was tested with and with—
out transition strips on the upper and lower sur—
faces to determine what effect, iF any, boundary
layer tripping might have on the flutter character-
isties. No significant effect was noced (Fig. 12).
All tests of the supercritical wing were zonducted
with transivion strips.

.To study the passibility that the rapid dip in
the measured flutter boundaries might be due te
tunnel wall incerference effects, a 40% size model

of the same planform was tested. This wing con-
sisted of an aluminum plate which was covered with
balsa te obtain the same airfeil shape as the con-
ventional wing with the same spanwise thickness
distribution but with no camber. The node lines and
order of frequencies for the first three strucetural
mles were similar to the larpe winpgs. The flutter
characteristics of the small model were similar to
those of the larger wings. Tt fluttered at a fre-
quency between the first and sccond natural mode

and the flutter boundary exhibited the same rapid
decrease near Mach 1 fellowed by a rapid recovery
as was found with the larger wings. It is therefore
concluded that the extreme transenic dips exhibited
by the larper wings were characteristics of the
configurations.

The curves of mrasured flulzer dynamis pressure
versus Mach number shown on Figures 11 and L2 are
shown again in Fipure 13 for direct comparison.

At subsonic Mach numbers the boundary for the super-
critieal wing 1is above rhe conventional wing as

was predicred by the flutter ealculations (reflect-
ing the slipht diffsrences in etructurel pronercles
of the two wings). In the transonic region, how-
ever, the supercritical wing boundary decreases

more rapldly and the minimum flutter point vccurs

at a dynamic pressure which is below the conven~
tional wing boundary.

An attempt has beenm made to adjust the measured
results to remove the difference between the bound-
aries of the two wings due to differences in struc-
tural preperties.. For the caleculated flutter
points shown in Figure 10, the flutter dynamic pres-
sure ratio, qcunventionalfq"upercrltlcal' has an
average valve of 0.94. TIn Figure 14 the super=-
crit?cal wing boundary has been multiplied by 0.34
and is shown for comparison with the unadjussed

- conventional wing boundary. Thus, when the effacts

of structural differences are accounted for by use
of the gubsonic calculared fiucter bovndaries, if is
seen that up to about 0.9 Mach number, the experi-~
mental boundaries are almost identical, but the
transonic dip is much more pronounced for the
supercritical wing.

There awve several poassible factors which may
have causad the minimum flutter dynamic pressure
of the supercrit’cal wing to be as much as 30%
below that of tho conventionsl wing. It may be
that the cffects of the slight differences in modal
characteristics of the two wings are not complecely
accounted For in the Mach region f£rom 0.9 to 1.05
by application of a constant factor (based on sub-
sonic caleulations) chroughout the Mach number
range, although it would be difficult to racional-
ize that the small srrzuctueral differences alone
could aceounz for the difference in the transonic
dips shown.

Another possibilivy is chat eirfoil shape
affects acoount For some or all of the difference
in the flutrer boundaries im the sonic ramga. The
nature of these effects have not been definitely
ascertained. Unpublished data, eobtained from a
smaller gsreel pressure model, also having the same
geometTy as the F8 supercritical vesearch wiag,
indigate a 50% to 75% increase in lift—curve-slope
at low angles of attack over the Mach number range
from abeut 0.8 to 1.0. The large increase in-
lift-curve-slope as saonic speed is appreached is
likely to be an important factor in the relatively
sharp transonic dip of both wings since the flutter



dynamivc pressure Lends te be approximaiely propor-
tional to the Inverse of lift-curve-slope. Unfor-
tunately, no directly comparable lift-cuatve-siope
data are available for the conventional wing used
in the current tests so that it is wob possible to
definitely actribute the more severe transonic

dip of the supearcritical wing to relatively higher
lift—curve-slopes. (Such a comparison will he the
subject of 2 future study.} However, there s
some avidence (Ref. 4, for example) to suppest
that a supercritical wing designed for opt fmum
aerodynamie characteristics at a high subsonic
Mach number can exhibit higher lifec—curve-slopes
near the design Mach nember than & siwrilar wing
with conventional ajrfeil sections.

Another characteriscic of the supercriticatl
airfoil rthat may contribute to the difference in
the flutter boundaries is the more "aft loaded"
condition of supercritical wings. Chordwise
pressure distributions messured on the two wings
at the 65% semi-span station showed, as expected,
the center of pressure on the supercritical wing
to be considerably farther downstream than that of
the conventional wing. Unsteady acrodynamle forces
acting on the wing due to alternately separating
and attaching [low and pscillating shacks there-
Eore may more effectively produce unsteady tor-
sional maments an the supereritis .l wing.

It should be noted that even if the lower
mipimum flutter dynamic pressure of the super-
critical wing is wholly aterZbutable to airfoil
shape effects, the supereritical sirfeil shape
of fers the possibility For greater structural
efficiency as a compensating factor. For instance,
it should be possible to obtain a stiffer scructure
for a given structural weight due te the near
maximum thickness of the suparcritical wing that is
maintained over a larger fraction of the chord. In
the present srudy this benefit was noc utilized, of
tourse, since the intent was te have the structural
stiffnesses of the two wings as nearly the same as
possiblie. :

Finally, it should be noted that the results
of this study are directly applicable only to the
particular high-speed configuracions studied.
Care should be exercised in applying the resulrs
to other supercritical configurations until the
mechanisms which produce the observed differences
- in flutter characteristics are defined.

Concluding Remarks

Experimental and analycical studies te compare
the flucter characteristies of a high-speed,
transpovt—type, sopercritical wing with those of a
nearly structurally identical wing that had conven-
tional sirfoil sections indicate the following:

Subsonie kernel function aercdynamic theory .
‘predicted very wall che Elutte; boundary of both

the supereritical and conventional wings uwp to
aboug 0.85 Much number. Analvtical results did
not indicace the large vransenic dip determined
experimentally fFor both wings.

Analytical resules indicated chat unwanted
structural dissimilarities between the twe wings
had the effect ni causing the dynamic pressuvres
at Flucter of the conventional wing te be about
94% of those ol the supercriatical wing.

The natural vibration modes that coalesced to
produce flutter were the same For both the super-—
cricital and conventional wings.

No effect of lift on the fleiter characteris-
ties of either wing were discernible when 1ift was
reduced by 50%.

Tests on a 40%Z size simplified model of the
canventional wing indicated the same rapid decrease
in flutter dynamic pressurce and rapid recovery near
Mach 1 as was exhibi-=d by the larger models.

With scruetural dissimilarities gecounted for
by application of the subsonic analytieal results,
the flucrter boundaries of the supercritiecal and
conventional wings were nearly identical up to a
Mach aumber of abeout 0.9 after which the super-—
critical winpg experienced 4 much more pronounced
transonic dip.

The results indicate a need for further studies
to determine explicitly the aerodynamic mechanisms
which contribute to the observed differences in the
flutter characteristics of supercritical and con-
ventional wings.
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SUPERCRITICAL) CONVENTIONAL |
FREQUENCY Hyz.| FREQUENCY Hz,
ODE NODE LINES | NODE LINES
FIRST BEND 5,29 547
SECOND BEND | 15,08 L0 & [,
FIRSYTORSEON | 3710 _ | 36,50 .
THIRD BEND 28 . [0 .

(a) Frequencies and node lines,

SUPERCRITICAL WING | CONVENTIONAL WING
MODE FREQUENCY Gﬁﬁgé'- FREQUENCY GE{&RF;J%L
Hz Kg Hz KL
FIRST BENDING 5,29 .85 5.47 .85
SECOND BENGING |  15.08 .47 19.13 a7
FIRST TORSION 37.10 R 36,50 a2
THIRD BENDING 2.8 .Ef? 46.0 29

(b) Frequencies and generalized masses,

Flgure 7. Comparison of measured natural Ere-
quencies, node lines, and generalized masses.
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{a) Flutter boundary.
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(b} ¥Flutter frequency.

Calculated flutter beoundaries and
frequencies.

Figere 10.
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(a) Flutcer boundary.
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(b} Flutter frequency-
Flgure 1!. Comparison of measured and calculated

flucter characteriscies of supercritical wing.
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Flutter bouadary.
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(b) Flurrer frequency.
Figure 12. Comparison of measured and calculated
flecter characteristies of conventional wing.
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Fipure 13. Comparison of measured Flucrer boundaries

of conventional and supercritical wings unadjusted
for scructural differences.
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Figure 14.
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Cotparisen of conventional wing {lutter

boundary with adjusted supereritical wing boundary.
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