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SYSTEMATIC PLAN-FORM SERIES

By Norman S. Land and Frank T. Abbott, Jr.

SUMMARY

An investigation was made of the transonic flutter characteristics
at zero 1lift of a model of a wing for a new fighter airplane. The
results showed that the flutter characteristics of the fighter wing model
were similar to those of a comparable systematic plan-form series of
models partially reported in NACA RM L53GlOa. It was also found that a
change in airfoil section from one with a slight leading-edge droop and
chord-extension to a symmetrical NACA section did not affect the flutter
characteristics.

INTRODUCT ION

The National Advisory Committee for Aeronautics was requested to
determine the transonic flutter boundaries of the wing and tail of a new
fighter airplane by means of model tests in the Langley transonic blow-
down tunnel. This report presents the results of one of these investi-
gations, that of determining the zero-lift flutter characteristics of a
model of the airplane wing over a range of Mach numbers from 0.85 to 1.34.
The range of Reynolds numbers was generally between 2.0 x 10° and
B35 % 106 (based on streamwise root chord), and the range of density
ratios u was from 40 to 120.

Although the plan form of this wing was covered in the range of the
systematic series of wing plan forms reported in reference 1, two pos-
sibly important differences in geometry were present in this wing:
thickness-ratio taper and leading-edge camber or droop. Tests of this
specific wing were, therefore, felt desirable in order to gain some appre-
ciation of the importance of these two differences. The wing tested had
an aspect ratio of 4, a taper ratio of @35, 35° of sweepback, 2.5°
of negative dihedral, airfoil sections tapering in thickness from
6 percent at the root to 4 percent at the tip, and a rounded tip. The
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airplane wing has an NACA symmetrical airfoil section modified to incor-
porate a slight leading-edge droop and chord-extension. Models with
these sections and with unmodified NACA symmetrical sections were tested.

The results are presented as the ratio of experimental flutter speed
to a calculated subsonic flutter speed based on a well-known method.

SYMBOLS

A aspect ratio including body intercept

a distance in wing half-chords from midchord to elastic-axis
position, measured positive rearward

b half-chord perpendicular to quarter-chord line, ft

br half-chord perpendicular to quarter-chord line at inter-
sectlion of quarter-chord line and fuselage, ft

EI wing bending stiffness, 1b-in.2

GJ wing torsional stiffness, 1b-in.2

g structural-damping coefficient

Ia polar moment of inertia of wing section about elastic axis,
slug-ft2/ft

k reduced-frequency parameter, %?

1 length of wing panel along quarter-chord line from inter-

section of quarter-chord line with edge of fuselage to
intersection with theoretical tip, ft

M Mach number

m mass of wing per unit length along quarter-chord line,
slugs/ft

q dynamic pressure, 1b/sq in.

Tz nondimensional radius of gyration of wing section about

o 1/2
elastic axis, (Ia/ém >
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\ stream velocity, ft/sec
Ve/VR flutter-speed ratio
% distance in half-chords from wing section elastic-axis
F position to wing section center-of-gravity position mea-

sured perpendiecular to quarter-chord line, measured posi-
tive rearward

| nondimensional coordinate along quarter-chord line, frac-
GionNor engbhe ey

ratio of mass of wing to mass of cylinder of air of diameter

i equal to chord of wing, both taken for equal length along
quarter-chord line, rry’:rpb2

A angle of sweepback of quarter-chord line, deg

0 air density, slugs/cu ft

w angular frequency of vibration, radians/sec

Subscripts:

a uncoupled torsion mode

e experimental values at start of flutter

R calculated values

MODELS

The models tested had an aspect ratio (including body intercept)
of 4, a taper ratio of 0.5, a sweep angle of 550 of the quarter chord,
and rounded tips. Each of the models had 2.5° of negative dihedral.
Thetairfoll sections(streamwise) of all models tapered from approxi-
mately 6 percent in thickness at the root to approximately 4 percent at
the tip. Models employing two different airfoil sections were tested.
One model, designated model 9, had an NACA 65A006 airfoil section at the
root and an NACA 65A004 section at the tip. Two other models (models TA
and 14) had airfoil sections modified from the above NACA 65A-sections
to incorporate a slight leading-edge droop and chord-extension. The per-
tinent dimensions of the models are glven in figure 1.
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Model TA was made from solid mahogany with a sprayed, exterior
coating of a phenolic-base material. This coating, which was approxi-
mately 0.006 inch thick, was employed in order to stiffen the model.
Models 9 and 14 were made of laminated wood with the laminations run-
ning spanwise. The laminations were alternately mahogany and a com-
pressed, plastic impregnated wood. Each lamination was approximately
1/8 inch wide.

The bending and torsional stiffnesses given in table I were deter-
mined from the load-deflection relationships at several statlons, the
bending or torsion loads being applied near the tip of the wing which
was mounted as a cantilever. The deflections were measured with the
aid of an optical system. A light source and telescope projected an
image of the cross hairs of the telescope in a direction perpendicular
to the chord plane of the wing. At each spanwise station, a l/8-inch-
square plane mirror was mounted on the surface of the wing. The reflected
image of the cross hairs was projected on a scale a sufficient distance
away to result in adequate deflection of the image for small angular
deflections of the mirror.

In order to determine the natural frequencies of vibration, the
model was mounted as a cantilever, as in the tunnel tests, and excited
at various frequencies. Excitation was accomplished by means of an elec-
trodynamic vibrator driven by a variable-frequency audio oscillator.
The vibrator was applied at various points along a chord line at approxi-
mately 0.2 panel span. Node lines were found by sprinkling table salt on
the upper surface of the wing and observing the lines along which the
grains remained stationary. The resulting data are given in figures 2
to 4. No measurements of mode shapes were made,

The chordwise location of the elastic axis of each wing was deter-
mined at a number of spanwise stations by applying a concentrated bending
load at several positions along the chord line. The chordwise position
of the load which resulted in only bending deflection located a point on
the elastic axis. Deflections were observed with the aid of the optical
system previously described. Location of the elastic axis for each wing
is given in table I.

Subsequent to the tests, one wing panel of each model was sawed into
segments perpendicular to the quarter-chord line. With these segments,
the mass per unit length and center-of-gravity location were determined.
Each segment was swung on a torsion pendulum to determine its moment of
inertia about the elastic axis. Data thus obtained on locations of the
center of gravity, the mass, and the moment of inertia are given in
Gabilies 1.

The structural-damping coefficients in bending were determined from
a study of the decrement of free bending vibrations. An average value
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of all three models was 0.018. Some variation in these determinations
existed for each model as well as between models but the magnitude of
the variations was such as to cause only a 1l- or 2-percent variation in
calculated flutter speed.

APPARATUS AND TESTS

Wind Tunnel

The tests described in this report were conducted in the Langley
transonic blowdown tunnel. This tunnel and its initial use in a flutter
investigation are described in reference 2 which compares transonic flut-
ter data from several sources. The value of the Langley transonic blow-
down tunnel for a flutter investigation lies in the fact that the Mach
number can be held constant (by operating choked) while the density is
gradually increased until flutter occurs. ©Since the flutter velocity is
dependent on the air density and the Mach number, one model may be flut-
tered at several Mach numbers by using different sizes of the downstream
orifice plates which control the Mach number at which the orifice chokes.
An additional feature of the tunnel is that the air-supply valves may be
closed rapidly and, therefore, prevent the model from fluttering to
destruction.

Model Support

The model was supported as shown in figure 5 by a 3-inch-diameter
steel fuselage, the chord plane of the wing intersecting the fuselage
near its center line. This fuselage was cylindrical in form and was
alined with the center of the tunnel. It extended upstream into the
settling chamber where the ailr velocity is low. Because the fuselage
nose was in a low-velocity region and because there was no fuselage sup-
port in the test section ahead of the model, no shock waves were gener-
ated by the fuselage which could reflect from the tunnel walls back on
the model.

Instrumentation

A1l the data taken were recorded as time histories by a recording
oscillograph. The signals from the various pickups were fed to the oscil-
lograph elements through appropriate amplifiers. Motions of the wing
panels of the model were recorded through the use of strain gages mounted
near the root of each panel. Two sets of gages on each panel were ori-
ented so that one set was sensitive primarily to bending deflections and
the other was sensitive primarily to torsional deflections of the panel.
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In addition to the instrumentation used for recording data, some
instrumentation was used which was designed to aid in conducting the
tests. The model could be observed directly by the test crew with the
use of an optlcal system which projected an image of the wing on a
ground-glass screen in the test house. In the early phases of the test,
some high-speed motion pictures (approximately 1,500 frames per second )
were taken during flutter. These were studied to determine qualilta-
tively whether the lowest bending and torsion modes would approximate
the elastic curves of the wing during flutter.

Because of the difficulty in distinguishing between buffeting,
intermittent flutter, and steady flutter when directly viewing the model,
an additional observation method was employed. In this system, the ampli-
fied signals from the bending and torsion strain gages were applied to
two cathode-ray oscilloscopes, one oscilloscope for each wing panel. The
bending signals were applied to the vertical axes of the oscilloscopes
and the torsion signals to the horizontal axes. This method of presenta-
tion gave a clearly recognizable pattern for each type of vibration
encountered by the model. Buffeting, or forced oscillations, of the model
resulted in a random, Jumbled pattern on the oscilloscopes. Steady flut-
ter resulted in a simple Lissajous figure inasmuch as both bending and
torsional oscillations occur at the same frequency during flutter. Inter-
mittent flutter therefore made a pattern changing from the random to the
simple.

Method of Testing

Prior to making flutter observations, the model was adjusted to zero
1ift. This was done by making a low-speed run and observing the model on
the viewing screen. Adjustment of the angle of attack of the model was
made until no bending deflection of the wing tips could be observed.

Each run was made by continually opening the air-supply valves which
continually increased the dynamic pressure until steady flutter was
observed. Steady flutter was allowed to continue for only a second or
two; then the air-supply valves were closed. These runs were made with
various tunnel orifice plates so that the available Mach number range was
covered. As a check on the structural integrity of the model, an oscil-
lograph record of the free bending vibrations of each wing panel was made
before every run. Later examination of these records showed whether flut-
ter had caused structural damage to the model as evidenced by any changes
in natural frequency or damping.
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COMPUTATIONS

Reference flutter speeds Vg and frequencies wr Wwere computed for

each model and are given in table II for each experimental flutter point.
The use of reference flutter speed as a means of reducing experimental
flutter data to a comparable basis has been discussed 1n references 1 and
3, and the methods of computation outlined in these reports were followed
in the present investigation.

The computations were based on two-dimensional incompressible-flow
aerodynamic coefficients, and the terms involving the spanwise derivative
of the velocity potential were omitted.

The effect of wing taper was brought into the aerodynamic terms by
weighting the reduced frequency k according to the chord variation and
by representing the Theodorsen functions F(k) and G(k) by a linear
variation between their root and tip values. As was mentioned in refer-
ence 1, representing the Theodorsen functions in this manner was a con-
venience in setting up the computations for automatic, punchcard computing
equipment; comparative checks by manual computing methods showed excel-
lent agreement.

The effective length of each wing panel 1s defined in the calculations
as the length of the quarter-chord line between the tip and the inter-
section with the fuselage (fig. 1). Various physical parameters given in
table IT are defined in relation to this line or perpendicular to it as
applicable,

The two lowest uncoupled mode shapes of a uniform cantilever beam
given in reference 4 were used to approximate the flutter modes as was
done in reference 1., Frequencies used in the calculations were measured
as described in a preceding section. Although these corresponded to
coupled modes of vibration, application of the method of reference 3
showed that the values used were close to those of the uncoupled modes.

Values of the flutter-speed parameter Vh/b“u were obtained from

the solution of the flutter-stability determinant as a function of the
structural damping for given values of the air density. The assumption
was made in these calculations that the structural damping in bending was
equal to that in torsion. Values of the reference flutter speed Vr

were then obtained by using the measured structural damping in bending
for each wing, together with the appropriate air density.
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RESULTS AND DISCUSSION

The experimental data that were obtained are given in table II.
Included in this table are the corresponding calculated reference flutter
speeds and frequencies.

Visual observations made during these tests and the tests of refer-
ence 1 indicated that flutter did not always begin suddenly and violently.
Subsequent examination of the test records verified this observation.
Typical samples from the oscillograph records of bending and torsion
strain-gage output for one wing panel illustrate this point in figure 6,
although amplitudes of oscillations in part (a) should not be compared
with those in parts (b) and (c) because of differences in amplification.
At subsonic Mach numbers, flutter tended to start with explosive violence
and with little or no previous warning as shown in figure 6(a). At the
higher supersonic Mach numbers, within the range of these tests, a region
of low damping was encountered before sustained flutter occurred. This
region of low damping was characterized by bursts of relatively low-
amplitude, short-duration flutter as shown in figure 6(b). With further
increase in speed or air density, the damping decreased slowly, as evi-
denced by an increasing number of flutter bursts, until finally a sus-
tained large-amplitude flutter condition was reached as shown in

figure 6(c).

Some appreciation of the change in damping as sustained flutter is
approached may be gained from the typical examples shown in figure T.
This figure shows the frequencies of bending and torsional oscillations
(indicated by the strain-gage records) as the dynamic pressure was
increased from zero to that for both subsonic and supersonic flutter.
These data can be considered as crude frequency spectra of the bending
and torsional oscillations as flutter is approached. At zero dynamic
pressure, of course, no oscillations were actually observed, but any
disturbance of the model would result in oscillations at the lowest natu-
ral frequencies in bending and torsion. At low values of dynamic pressure,
airstream disturbances resulted in oscillations at frequencies near these
still-air natural frequencies. As the dynamic pressure increased, the
frequencies of oscillation in bending and torsion approached each other
and when flutter occurred they were equal. As illustrated in figure 7(a)
for subsonic flutter, the two frequencies approached each other rapidly
and the spectra of the frequencies were narrow. However, an approach to
flutter at a supersonic Mach number, as illustrated in figure 7(b), was
characterized by rather wide frequency spectra and a region of overlap-
ping of the extremes of the bending and torsional spectra. It is this
region where low damping was indicated by intermittent flutter. Steady
flutter is indicated in figure 7 by the predominant bending and torsional
frequencies being equal. All the data taken were analyzed in this fashion
as an ald in determining a boundary of intermittent flutter as well as
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steady flutter. The extent of the region of low damping as a function
of Mach number is shown for a typical model in figure 8. Since free-air
conditions may be much more steady than those of the tunnel, intermittent
flutter in the region of low damping may not occur in flight as was
observed during the model tests. The limited extent and detail of free-
flight-flutter information, however, precludes comparisons of behavior

in the low-damping region between wind-tunnel and flight tests.

The ratio of the experimental sustained flutter speeds to the refer-
ence flutter speed for the three models is shown in figure 9., For compar-
ison, curves for wings with 30° and 45° of sweep are also given in fig-
ure 9, These curves are data (unpublished) from a continuation of the
systematic series reported in reference 1. These latter wings had sym-
metrical airfoil sections of 4-percent thickness, an aspect ratio of k4,

a taper ratio of 0.6, square-tip plan forms, and no dihedral. It can be
seen that the flutter-speed ratios of the practical wings of the present

investigation with 350 of sweep fall in between those of the 300 and h5°
swept wings over the range of Mach numbers from about 0.95 to 1.25. At a
Mach number of gbout 0.9, the fighter-wing data show a dip in the flutter-
speed ratio. This same tendency was shown in the data of reference 5.

At Mach numbers from 1.2 to l.3h, there seems to be a definite tendency
for the flutter-speed ratio to level off, whereas the curves of the 30°
and 45° swept wings show a continual rise in flutter-speed ratio as the
Mach number is increased. The reason for the difference is not known.
Presumably the major causes are location of the center of pressure and
the phase relation between air forces and moment.

The data of figure 9 also show that the flutter-speed ratio was not
affected, within the accuracy of the data, by slightly drooping the
leading edge of the airfoil section.

CONCLUSIONS

The results of flutter tests at zero 1lift of a model of the wing of
a new fighter airplane and comparison with those of a somewhat idealized
systematic plan-form investigation indicate the following conclusions:

1. Tests of a model of the wing for a high-speed fighter airplane
showed that its variation of flutter-speed ratio with Mach number was
similar to those of the systematic series of wing models having compar-
able plan forms. It was of particular interest that the same flutter
characteristics were exhibited by a model which had airfoil sections
incorporating a slight leading-edge droop and chord-extension and a model
which had a similar plan form but had symmetrical NACA airfoil sections.
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2. The calculated flutter speeds agreed with the experimental flut-
ter speeds at a Mach number of 0.9.

3, It was observed that at subsonic Mach numbers flutter started
with 1ittle or no warning; but, as the Mach number was increased to super-
sonic values, a widening region of intermittent flutter preceded sustalned
flutter. :

Langley Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va., February 7, 1955.
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TABLE I.- MODEL PARAMETERS AT SPANWISE STATIONS

[All valuestat N =" 005,015 8and 0. 255 are extrapolated]

s

2 . EI, GJ,
X a ) b
3 a Yo | siugs/rt iy 1b-in.2 | 1b-in.2
Model TA

0.05 |-0.347 | 0.185 0.262 | 0.00T45 | 0,99 | —ccee | cceea
i 1% SR o) 455 .266 00660 946 S RS Rl A
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.95 LO45 | -.087 .265 00232 569 610 250

Model 9
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45 150208651 -, 006 v255 .00537 .796 1,950 860
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Jo el okl .268 .00396 656 840 370
851 =122kl 066 267 .00363 .609 560 295
Mol MR [ 120K ERAG o ) .260 .00333 +563 390 230

Model 14
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TABLE IT,- EXPERIMENTAL AND ANALYTICAL RESULTS

Wy Ves R, VR, v v
radians/sec ft/sec Ye radians/sec £t/sec e/ =
Model TA
1,344 968 0.926 1,586 987 0.981
1,350 945 910 1,618 923 1.024
1,38 891 864 1,618 923 965
1,350 922 911 1,61k 932 .989
1,340 927 <933 1,640 886 1.047
1,947 1,178 1.222 1,709 T3 1.524
1,921 1,038 1.082 1,77 758 1.356
Model 9
1,170 928 .873 1,365 891 1.042
1,257 922 .885 1,380 862 1,069
1,571 1,064 1.051 1,397 830 1.282
1,571 1,144 1.159 1,418 790 1.448
1,57 1,189 1.219 1,421 T84 1.516
1,559 1,190 1.227 1,422 782 522
1,596 1,065 1.072 1,h22 782 1.362
1,258 T 823 1,426 T4 1.087
1,520 1,085 13355 1,427 T 1,404
1,595 1,141 1.164 1,432 765 1.492
1,595 1,204 1.343 1,43k 760 1.584
1,558 996 1.039 1,437 755 1.319
1571 1072 1.128 1,443 Thl 1.4kl
1,583 19T 1.232 1,443 42 1.586
1,621 1,182 1.331 1,453 25 1.630
Model 14
1,570 1,012 .988 1,527 815 1.242
1,570 1,077 1.069 1,534 803 1.341
1,570 1,115 1.120 1,558 755 1477
1,510 1,135 al a Lot 1,559 T6L 1.492
1,440 864 833 1,569 T46 13158
1,570 1,139 1.162 1,569 6 1.520

el
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Figure 1.- Wing model for flutter tests. Dimensions in inches.
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Figure 2.- Node lines and frequencies in cycles per second.
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Figure 3.- Node lines and frequencies in cycles per second. Model 9.
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Figure 5.- Plan view of Langley transonic blowdown tunnel with flutter
model installed.
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(a) Typical start of subsonic flutter.

(b) Region of low damping preceding (c) Sustained supersonic flutter.
supersonic flutter.

Figure 6.- Typical sections of oscillograph records showing bending and
torsional oscillations before and during flutter at subsonic and super-
sonic speeds.
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