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SUMMARY

An investigation of the flutter characteristics of a series of thin canti-
lever wings having taper ratios of 0.6 was conducted in the Langley transonic
blowdown tunnel at Mach numbers between 0.76 and 1.42. The angle of sweepback
was varied from 0° to 60° on wings of aspect ratio 4, and the aspect ratio was
varied from 2.% to 6.4 on wings with 45° of sweepback.

The results are presented as ratios between the experimental flutter speeds
and the reference flutter speeds calculated on the basis of incompressible two-
dimensional flow. These ratios, designated the flutter-speed ratios, are given
as functions of Mach number for the various wings. The flutter-speed ratios were
characterized, in most cases, by values near 1.0 at subsonic speeds with large
increases in the speed ratios in the range of supersonic speeds investigated.
Increasing the sweep effected increases in the flutter-speed ratios between o°
and 30° followed by progressive reductions of the speed ratios to nearly 1.0 as
the sweep was increased from 30° to 60°. Reducing the aspect ratio from 6.4
to 2.4 resulted in progressively larger values of the flutter-speed ratios
throughout the Mach number range investigated.

INTRODUCTION

Several flutter investigations have been made in the Langley transonic blow-
down tunnel in order to provide experimental data on wing flutter in the tran-
sonic speed range. The results of the initial investigation, which show that
religble flutter data can be obtained from the slotted-throgt Langley transonic
blowdown tunnel, are presented in reference 1.

lSupersedes declassified NACA Research Memorandum L55I13a by John R. Unangst
and George W. Jones, Jr., 1956, and NACA Research Memorandum 153G10Oa by
George W. Jones, Jr., and Hugh C. DuBose, 1953.



In the present investigation, the flutter characteristics of a series of
seven systematically varied wing planforms at transonic speeds were studied. The
purpose of the investigation was to determine the effects of sweepback and aspect
ratio on the flutter speed for Mach numbers in the vicinity of 1.0. The system-
atic planform variation was accomplished by varying the sweepback from 0° to 60°
on wings with an aspect ratio of L4 and varying the aspect ratio from 2.4 to 6.4
on wings with a sweepback of 45°. All the wings had a taper ratio of 0.6 and
airfoil sections approximately 4 percent thick. The flutter tests were made at
0° angle of attack over a range of Mach numbers from 0.76 to 1.42. The results
are presented and analyzed herein.

SYMBOLS
2
A aspect ratio inecluding body intercept, i§2§2l_
Area
(Exposed span)®
Ag geometric aspect ratio, Exposed area
a distance (perpendicular to quarter-chord line) from midchord to elastic

axis, expressed as fraction of wing semichord and positive when
elastic axls is rearward of midchord

b semichord perpendicular to quarter-chord line, ft

br semichord (perpendicular to quarter-chord line) at intersection of
quarter-chord line and wing root, ft

bg semlchord measured streamwlse at wing root, ft
EI bending stiffness, lb-in.<
fy,1 uncoupled bending frequencies (where 1 =1, 2), cps
fh,i measured coupled bending frequencies (where i =1, 2, 3), cps
fy measured coupled first torsion frequency, cps
fo uncoupled first natural torsion frequency relative to elastic axis,
1/2
% /
rCL
£l - — (except for 245 wing), cps
f
1 <h21)
L "t
GJ torsion stiffness, 1b-in.?



structural damping coefficient

structural damping coefficlent in bending

structural damping coefficlent in torsion
mass moment of inertia of wing section about elastic axis, slug—ftg/%t

reduced frequency, bw/V

length of wing panels outside fuselage, measured along gquarter-chord
line, ft

Mach number

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

dynamic pressure, lb/sq in.

nondimensional radius of gyration of wing section (perpendicular to
quarter-chord line) asbout elastic axis, (Ia mbg)l/2

stream velocity, ft/sec

measured stream velocity at flutter, ft/sec
flutter~speed ratio

component of stream velocity perpendicular to quarter-chord line,
ft/sec

calculated flutter velocity, ft/sec

distance (perpendicular to guarter-chord line) from wing elastic axis
to wing-section center of gravity, expressed as fraction of wing
semichord and positive when center of gravity is rearward of elastic
axis

nondimensional coordinste along quarter-chord line, measured from
intersection of quarter-chord line and fuselage, fraction of length

semichord ratilo b/br, calculated from 6 =1 - n(l - xp)
angle of sweepback of quarter-chord line, deg

Tip chord
Chord 1n plane of symmetry

taper ratio,



Tip chord

Ap taper ratio of panel, Chord ot wing Toot

n mass ratio at n = 0.75 station, m/wtpb2

o air density, slugs/cu ft

w angular frequency of vibration, radians/sec

Wy angular uncoupled bending frequency, Qﬂfb,i, radians/sec
®p 1 angular coupled bending frequency, E“fh,i’ radians/sec
Wy, angular uncoupled first torsion frequency, onf, radians/sec
Subscripts:

Al aluminum

e experimental

Mg magnesium

R calculated

MODELS

Model Geometry

The models employed represent a series of seven wing planforms varying in
sweep and aspect ratio. Five of the planforms had aspect ratios of 4 and sweep-
back of the quarter-chord line of 0°, 30°, 45°, 52.5° and 60°. The other two
planforms were swept back 45° at the quarter-chord lines and had aspect ratios
of 2.4 and 6.%. All wings had taper ratios of 0.6. All wings had NACA 65A00L
streamwise airfoil sections except the wing with aspect ratio of 4 and sweepback
of 60°, which was approximately 5 percent thick. The ratio of the diameter of
the model-mounting sting to the wing span varied from 0.31 for the aspect-
ratio-2.4 wings to 0.18 for the aspect-ratio-6.4 wings. Drawings of the various
planforms tested are presented in figure 1. FEach of the planforms is designated
by a three-digit number; the first digit refers to the aspect ratio to the nearest
integer and the last two digits refer to the angle of sweepback to the nearest
degree. For example, the wing of aspect ratio 4 with 45° of sweepback is desig-
nated the 445 wing.



Materials and Construction

The models were of solid construction rather than built-up rib-and-spar
hollow construction. Various materials were used for the models in order that
the different planforms might all have flutter speeds within the dynamic-pressure
and Mach number capasbilities of the wind tunnel. The 400 wings and the 445 wings
were made of compreg, a laminated, compressed, resin-impregnated maple. The
430 wings, models 2 and 3 of the 445 wings, and the 452 wings had a compreg core
wrapped with a 0.006-inch layer of Fiberglas. Models 1 to 4 of the 460 wings
were of compreg wrapped with an 0.018-inch layer of Fiberglas. The remaining
460 wing, model 5, was made of aluminum alloy perforated with a pattern of holes
to achieve the desired stiffness distribution. The holes were uniformly dis-
tributed over the wing planform and were filled with rubber to obtain a contin-
uous wing surface without appreciably altering the stiffness of the perforated
wing (ref. 2 discusses this method of construction in detail). The 245 wing had
a tapered core of pine, 2 percent thick, with the grain direction parallel to the
quarter-chord line. This core was sandwiched between two layers of balsa, 1 per-
cent thick, with grain direction parallel to the airstream. The 645 wing was
made of solid magnesium.

The wings that were wrapped with Fiberglas were made undersize prior to
wrapping in order to obtain the desired thickness, but after the 460 wings were
covered with Fiberglas their streamwise airfoil sections averaged a maximum
thickness of 5 percent 1lnstead of the intended 4 percent.

Physical Parameters

The elastic-axis location, the location of the section center of gravity,
the structurasl damping coefficient in bending, the spanwise distributions of mass
and mass moments of inertia, and the frequencies corresponding to the first three,
and in some cases four, natural modes of vibration were measured. The elastic-
axis locations were obtained by determining, as nearly as possible, the chordwise
position at which a concentrated bending load produced no twist in the wing. For
the determinetion of the elastic-axis locetions, each wing was clamped along a
line perpendicular to the quarter-chord line and passing through the intersection
of the wing trailing edge and the root. The mass, center-of-gravity locations,
and mass moments of inertia (or radii of gyration) were obtained from strips of
each wing cut perpendicular to the quarter-chord line. The structural damping
coefficients were determined from the decrement of free-bending vibrations in
still air. Natural frequencies were determined from forced-vibration tests of
the wings rigidly mounted on & massive steel bench.

Values of the geometric and physical properties of the models are found in
table I. For each planform at least one representative set of physlcal parameters
is presented for each type of model construction. In addition, measurements were
made of the spanwise variation of the bending and torsional stiffnesses, EI and
GJ, for some of the models. The method of measurement is described in refer-
ence 2. The results of the stiffness measurements are given in figures 2 to 7.

As indicated in the figure keys, some measurements were repeated and the results
give an indication of the repeatability of the method.



APPARATUS AND TESTS

Wind Tunnel

The Langley transonic blowdown tunnel, which was used for these tests, is
equipped with a slotted, octagonal test section which allows the tunnel to operate
from subsonic speeds through and above sonic speed to a Mach number of about 1.45.
A plan view of the tunnel with a model installed and a cross-sectional view of the

test section are shown in figure 8.

A variable and continuous regulation of the asirflow is allowed by a set of
three plug valves, located between & high-pressure reservoir and the tunnel, which
are operated by a single control. A quick-operating mechanism closes the valves
in approximately 1/2 second.

The test-section Mach number is contrclled by the valve opening, which
governs the stagnation pressure, and by the size of the orifice plate installed
downstream of the test section. When choked, an orifice permits & speciflic test-
section Mach number to be maintained as the stagnation pressure, and hence the
alr density, 1s varied from the value at which the orifice chokes to the maximum
design pressure, 75 pounds per square inch. Since the occurrence of flutter
depends on air density &as well as velocity and Mach number, this technique, along
with proper model design, permits flutter to be obtalned throughout the Mach num-
ber range on the same model. Figure 9 shows the variation of dynamic pressure as
a function of test-section Mach number for three orifice plstes. A sufficient
number of orifice plates were avallable to choke the tunnel over a Mach number
range between 0.85 and 1.4 in Mach number increments of approximately 0.06. The
tunnel could be choked at Mach numbers below 0.85 by attaching inserts to the
0.85 orifice. Mach numbers above approximately 1.4 were obtained by bleeding off
part of the air in the tank surrounding the slotted test sectlon. It should be
noted that the test-sectlon velocity is not uniquely defined by the Mach number
because of the varlation of tunnel stagnation temperature with initial reservoir
conditions and expansion in the reservoir during each run. The tunnel is equipped
with a viewing screen, not shown in figure 8, which allows observers to watch the
model throughout the tunnel operation.

Support System

The wings were mounted at O° angle of attack on a 3-inch-diameter cylindrical
sting fuselage. A fixed wing-root condition was obtained by mounting the wing
with close-fitting filler blocks and four 3/8—inch bolts. Figure 10 shows a flut-
ter model mounted on the sting fuselage. The fuselage nose extended into the sub-
sonic flow region of the tunnel entrance cone in order to prevent the formation
of & bow shock wave and its assoclated refiection from the tunnel walls onto the
model. The support system was considered to form a rigid mount since the mass of
the system was very large compared with the mass of a model. The measured funda-
mental bending frequency of the support system was approximately 15 cycles per
second.



It will be noted in figure 10 that there was a slight bulge in the sting
fuselage behind the model. The shock wave which formed near this bulge at tran-
sonic speeds may, for a limited Mach number range, have crossed the outer portions
of the more highly swept wings, notsbly the 460 wings. The absence of any con-
sistent irregularities in the experimental data, however, suggests that the pres-
ence of this shock wave had a negligible effect on the results.

Instrumentation

Each model was Instrumented with strain geges externally mounted on the wing
near the root and oriented so as to distinguish between wing bending and torsion
deflections. However, the gages could not be oriented so as to eliminate com-
pletely cross coupling between the bending and torsion signals. The strain gages
were used to provide an indication of the start of flutter and to obtain a record
of the frequency of wing bending and torsion oscillations.

During the tests, a multichannel recording oscillograph was used to make
simultaneous recordings of the strain-gage signals, tunnel stagnation pressure
and temperature, and test-section static pressure. A sample test record is given
in figure 11, in which the start of flutter is shown by the change in the wing
oscillations from an lrregular form to a near sine wave, the amplitude of which
rapldly increased. For some of the tests, the straln-gage signals of each wing
were fed into a cathode-ray oscilloscope - the bending signals to the vertical
axis and the torsion signals to the horizontal axis. A simple closed geometric
pattern resulted at flutter, and this aided the model observer in determining the
start of flutter.

A high-speed, 16-mm motion-picture camera (approximately 1,000 frames per
second) was used to obtain a visual record of wing deflection during some of the
flutter tests. These films served as an ald in defining the mode shape and mag-
nitude of flutter.

Tests

The objective of the wind-tunnel test program was to determine the flutter
characteristics of each wing at O° angle of attack for several transonic Mach
numbers. The procedure followed in obtaining model flutter at a particular Mach
number was to increase the stagnation pressure gradually until flutter was seen
by an observer viewing the model. The stagnation pressure and, consequently, the
Mach number, was then held constant for a brief interval st initial flutter con-
ditions, after which the airflow was quickly stopped in an effort to save the
model from destruction. Small adjustments in angle of attack were made when
necessary in order to trim the models to the zero-1ift condition.



METHODS OF ANALYSIS

General Considerations

A true indication of the effects of planform variation on the flutter speed
in the transonic Mach number range cannot be obtained from a simple comparison of
experimental flutter speeds. Because of the operating characteristics of the tun-
nel, the density, and hence the mass ratio , varied for the different Mach num-
bers at which flutter was obtained. Furthermore, the torsional frequency axg as

well as the nondimensional parameters Xg, &, Tg, and @, i/wu varied for the
2

different planforms and, in some cases, for the different models of the same plan-
form. Therefore, in an effort to separate the effects of planform and Mach number
variation from the effects of these other variables, the results are presented as
Ve/VR, the ratio of experimental flutter speed to calculated, or reference, flut-

ter speed, plotted as a function of Mach number (as set forth in ref. 3) for the
various planforms.

Reference Flutter Speed

The method of calculating the reference flutter speeds is based on an anal-
ysis of the type presented in reference 3. Briefly, the procedure as applied in
this paper employs two-dimensional incompressible aerodynamic coefficients in a
Rayleigh-type analysis in which the flutter mode is approximated by the super-
position of uncoupled, free vibration modes of a uniform cantilever beam. The
aerodynamic coefficients are based on the component of the free-stream velocity
normal to the quarter-chord line. The spanwise derivative of the velocity poten-
tial, which appears in the method of reference 3, has been neglected.

The effective wing root and tip are defined in the present analysis as the
perpendiculars to the quarter-chord line at the intersections of the quarter-
chord line with the actual root and tip, respectively.

The values of k were weighted along the span in accordance with the wing
taper, and the spanwise variations of the Theodorsen functions F(k) and G(k)
were approximatea by a straight line between the root and tip values. The solu-
tion of the flutter stability determinant was obtained in the form of the struc-
tural damping coefficient g as a function of Vn/bﬁba- The structural damping

coefficient used was that measured in bending with the assumption that
€h = &y = &-

Initial Vg calculations were based on a flutter mode approximated by the

uncoupled first bending and first torslon modes of a uniform cantilever beam.

These calculations resulted in flutter-speed ratios which were conslderably below
1.0 in the subsonic and low supersonic speed range for wings with relatively high
values of Z/Ebr. Examinstion of motion pictures showing the mode shape at flut-

ter, and the proximity of wy, » to W for some of the wings, suggested that
2
the inclusion of higher modes in the calculations might result in better agreement
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between experimental and calculated flutter speeds at subsonic Mach numbers.
Calculations of VR were accordingly made by using the uncoupled first and second
bending and first torsion uniform cantilever modes for the 4u45, 452, L60, and

645 planforms. In addition, a four-mode analysis was made for a few of the points
for the 460 wing, the fourth mode being the third uncoupled bending mode. Only
the first bending and torsion modes were used in the calculations for the other
wings.

The measured frequencles of the predominantly bending modes were taken to be
the uncoupled values, except for the 245 wing, whereas the measured frequencies
of the predominantly torsion modes were adjusted to the uncoupled values. For all
the wings except the 245, the uncoupled torsion frequency was inferred from the
coupled values by the simplified formula given in reference 3 and in the "Symbols"
section herein. Since the vibration modes of the 245 wing were highly coupled,
the uncoupled torsion and bending frequencies were determined from the measured
coupled values for this wing by means of a Rayleigh-type analysis in which the
first three coupled wing modes were expressed in terms of the uncoupled first
and second bending and first torsion modes of a uniform cantilever beam. A num-
ber of calculations indicated that, in comparison with the more elaborate method
employed for the 245 wing, the simplified uncoupling formula of reference 3 was
entirely adequate for the other wings.

RESULTS

General Comments

Visual observations, examination of high-speed motion-picture films and
oscillograph records, and comparison of flutter frequencies with natural fre-
quencies indicated that the flutter obtained in the tests was of the classical
bending-torsion type. The wing oscillations at flutter, however, did not neces-
sarily show a contlnual increase in amplitude with increasing time, but rather
reached a constant amplitude. It was also noted that the flutter characteristics
of the wings at subsonlc speeds differed from those at supersonic speeds. Flut-
ter at high subsonic Mach numbers, near 0.85, occurred with a relatively large
amplitude and low frequency, whereas at supersonic Mach numbers, near 1.3, the
flutter occurred with a lower amplitude and a higher frequency.

The beginning of flutter was not always as easily defined as that shown in
figure 11, particularly at supersonic speeds. In many cases, the oscillograph
records revealed a period of intermittent sinusoidal oscillations in both bending
and torsion followed by a perlod of steady continuous flutter as the tunnel con-
ditions approached and crossed the flutter boundary. A sample oscillograph record
of one of the test runs showing this kind of behavior is given 1n figure 12. For
this particular test run, the beginning of a period of intermittent sinusoidal
oscillations in bending and torsion might be chosen near point C for both wing
panels. At polnt D the oscillations of the right wing become nearly sustalned
and the frequencies in bending and torslon appear identical, so that point D is
defined as a flutter point. The oscillations of the left wing, however, remain
intermittent in character until point E is reached. For cases such as that



illustrated in figure 12, a clear-cut distinction between the period of inter-
mittent oscillations and the start of flutter was difficult to make.

For those cases in which flutter d1d not exhibit a clearly defined start,
time-history studies of the frequencies present in the bending and torsion oscil-
lations were made to assist in defining the flutter point. These studies con-
sisted of envelopes of the frequency spectra in bending and torsion plotted
against tunnel dynamlc pressure. As an example, a frequency study was made for
the test record shown in figure 12 and is presented in figure 13. The frequency
values at each labeled point in figure 12 were determined by counting the oscil-
lations over a short period of time (&bout 0.01 second) at several values of time
before snd after the chosen point and are indicated in figure 13 by corresponding
letters. Any one frequency which seemed to predominate among the various values
obtained is shown as the predominant frequency in figure 13, and the highest and
lowest frequencies obtained sre shown as the boundaries of the frequency envelope.
Since the oscillations were counted over a short time interval, there 1s some
degree of judgment involved and the frequency values shown should be considered
as only approximate. The points where the predominant bending and torsion fre-
quencies first become equal, as shown by points E and D on figures 13(a) and (b),
respectively, are defined as flutter points. The points of initial overlapping
of the boundaries of the frequency spectra in bending and torsion (point C in
figs. 12 and 13) are arbitrarily defined as the beginning of periods of inter-
mittent sinusoidel oscillations which in this paper are called low-damping
regions. These periods should be interpreted as regions of uncertainty in which
the wing may or may not have been fluttering. Some indication of the beginnings
of the low-damping regions in relation to the points of flutter is given in the
later figures of this paper. It should be noted that the amplitude of the inter-
mittent oscillations experienced by the models prior to flutter is dependent upon
the aerodynamic and structural damping of the models and upon the magnitude and
frequency of the exciting disturbances experienced by the models. Since tunnel
turbulence no doubt provides most of the excitation experienced by the models,
the magnitude of the intermittent oscillations observed on the models prior to
flutter is probably not representative of what would be obtained in free air.

In many cases, the two panels of the same model did not flutter simultane-
ously. This was gquite probably due to differences in physical properties, notably
the natural frequencies, between wing panels. In those cases, separate flutter
points are presented for the start of flutter for each panel. It was also noted
that more than one flutter point frequently occurred during a single run. The
reason for this behavior is illustrated in figure 9, which shows that for a given
tunnel-orifice condition (in this case, the M = 1.25 orifice was installed),
the tunnel-operating curve can intersect the flutter boundary curve of a wing at
more than one point. For the example of figure 9, three flutter points would be
obtained during the run (points A, B, and C). 1In such cases, each of the points
is presented in the data.

Presentation of Results

The results of the investigation are presented in table IT and are plotted
in figure 14. Table II contains the results of theoretical calculations and
experiments with some indication of the different models employed, the behavior
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of each wing panel during a particular test run, and values of the pertinent
flutter parameters. Column 1 gives the identification numbers of the models
employed in obtaining the data. Columns 2 and 3, respectively, show the run num-
ber and the chronology of the dats points during a particular run. (A single run
is defined as one operation of the tunnel, starting with the opening of the valves
and ending with the closing of the valves.) Columns 4 and 5 contain a code sys-
tem describing the behavior of each wing panel at each data point. The following
designations are used to describe the data polnts:

F flutter

N no flutter

D low damping

E end of flutter with dynamic pressure increasing
G strain gages inoperative

X wing panel destroyed or not Installed

Subscripts 1 or 2 attached to these designations refer to the first or second
occurrence of flutter on the panel during a particular run. For example, a
series of data points obtained during a given run might be coded as follows:

Run Point Left Right
3 1 Fq Fl
2 E, Eq
3 Do Do
b Fo Do
5 Fo F2

In this example: at point 1, both panels started to flutter for the first time;
at point 2, both panels stopped fluttering; at point 3, both panels exhibited
behavior which has been previously defined as low damping; at point i, the left
panel fluttered a second time during the run but the right panel continued low-
damping behavior; and at point 5, the right panel fluttered a second time while
the left panel continued to flutter.

Presented in figure 14 are the results of the investigation in the form of
plots of the ratio of experimental to calculsted flutter speed Vq/VR as a func-
tion of Mach number for the various planforms tested. The low-damping regions
are indicated in these plots by dashed lines extending from the beginning of the
low-damping period to the point of definite flutter. The direction of these
dashed lines 1s indicative of the manner in which the speed and Mach number
varied as the flutter condition was approached during the tunnel tests. Flutter

11



is shown in the plots by means of plaln symbols, and the ends of flutter periods
are indicated by means of shaded symbols.

The following paragraphs contain some general comments concerning the data
presented in figure 14 for each of the planforms and, in a few cases, some obser-
vations regarding the behavior of the wings during the tests.

245 planform.- The data for the 245 wing are found in figure 14(a) and
table 1I(a). Low-damping periods could not be determined with any degree of
certainty, because it was impossible to distinguish separate bending and torsion
frequencies in the flutter records. This difficulty was due to the poor orienta-
tion of the strain gages on this wing, resulting in flutter records which showed
only bending oscillations. Consequently, the data points represent only definite
flutter points, but they do not necessarily identify the precise flutter boundary
for this wing because of the difficulty in determining the exact start of flutter.
All calculastions of the reference flutter speeds were made with a two-mode
analysis.

400 planform.- The data for the 400 wings are found in figure 14(b) and
table II(b). Considerable difficulty was encountered in obtaining flutter on
these wings because of a tendency toward static divergence. During the attempts
to obtaln flutter, several of these models diverged to destruction before flut-
tering. All calculations of the reference flutter speeds were made with a two-
mode analysis.

430 planform.- The data for the 430 wings are found in figure 14(c) and
table 1I(c). All calculations of the reference flutter speeds were made with a

two-mode analysis.

445 planform.- The data for the 445 wings are found in figure 14(4) and
table II(d). The calculations of the reference flutter speeds were made with g

three-mode analysis.

452 planform.- The data for the 452 wings are found in figure 14(e) and
table II(e). The calculations of the reference flutter speeds were made with a

three-mode analysis.

460 planform.- The data for the 460 wings are found in figure 14(f) and
table II(f). The flutter obtained on this planform in the subsonic speed range
was very violent and frequently caused the compreg wings to crack within the
fuselage block near the root. Ignorance of the existence of such a condition
may explain the two points at Mg = 0.83%3 which are below the curve in fig-
ure 14(f). The calculations of the reference flutter speeds were made with a
three-mode analysis.

645 planform.- The data for the 645 wings are found in figure 14(g) and
table II(g). The calculations of the reference flutter speeds were made with a

three-mode analysis.
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DISCUSSION

Effects of Sweep on the Flutter-Speed Ratio

The effects of sweepback angle on the variation of the flutter-speed ratio
with Mach number are shown in figure 15 for wings with an aspect ratio of 4. This
figure shows the faired curves of figure 14 for the appropriate planforms. Exami-
nation of figure 15 shows that Ve/VR is near 1.0 for subsonic Mach numbers, that
it inecreases with Mach number for supersonic Mach numbers, and that the effect of
Mach number on Ve/VR is considerably reduced for wings with large sweepback.

The flutter-speed ratio increases as the sweepback angle is increased from 0° to
30°, but further increases in the sweepback angle from 30° to 60° result in a pro-
gressive reduction in the flutter-speed ratio to values which are near 1.0
throughout the Mach number range for the 60° sweptback planform. The curve of
Ve/VR for the unswept wings falls between the curves for the 450 sweptback wings
and the 52.5° sweptback wings at supersonic Mach numbers. Difficulty was expe-
rienced in obtaining flutter on some of the models of the unswept wing because of
a strong tendency toward static divergence. The possibility therefore exists that
the flutter boundary of the wing may have been affected by the divergent
tendencies.

Effects of Aspect Ratio on the Flutter-Speed Ratio

The effects of aspect ratio on the variation of the flutter-speed ratio with
Mach number are shown in figure 16 for wings with sweepback of 450, This figure
shows the faired curves of figure 14 for the appropriate planforms.

Figure 16 shows a large increase in flutter-speed ratio at the higher super-
sonic Mach numbers investigated as the aspect ratio is reduced from 6.4 to k4.
It will be noted that a similar large increase in flutter-speed ratio is shown
in the subsonic region as the aspect ratio is reduced from 4 to 2.4. The latter
increase is probably due, at least in part, to inadequacies in the aerodynamic
coefficients employed in the reference flutter-speed calculations, although other
uncertainties arise in the attempt to treat the 245 wing as a simple beam.

Effects of Additional Modes on the Reference Flutter Speed

The initial Vg calculations showed that for certain of the planforms the

values of the reference flutter speeds obtained with two modes in the calcula-
tions tended to be too high and resulted in poor agreement between calculated
and experimental flutter speeds. Consequently, calculations of the reference
flutter speeds were made with three modes for the 445, 452, 460, and 645 planforms
in an attempt to improve the agreement between V. and Vg. A comparison of the

flutter-speed ratios calculated with two modes and with three modes is shown in
figures 17 to 20. 1In all cases, the addition of a third mode, the second
uncoupled bending mode, is seen to result in reduced values of the reference
flutter speeds and corresponding improvements in the agreement between Ve and

VR at subsonic Mach numbers. It will be noted from figures 17 to 20 and table I
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that the effect of the addition of a third mode is related to the ratio of second
bending to first torsion frequency. Within the range of the wings considered
herein, the lower the second bending frequency with respect to the first torsion
frequency, the greater the effect of the addition of a third mode. The addition
of a third mode is seen to have relatively little effect in the case of the

4Lh5 wing. Since the ratios of second bending to first torsion frequency were
even higher for the 400, 430, and 245 wings than for the 445 wing, only two modes
were used in the analysis of these wings. The addition of a fourth mode, the
third uncoupled bending mode, to the calculations for the 460 wing is seen in
figure 19 to have little or no effect on the reference flutter speed.

Application of the Flutter-Speed Ratio

Caution should be exercised in applying the flutter-speed ratios to the
determination of the flutter speed of wings which have values of wy i/“h’ Ko
b

a, Ty, and p much different from those which characterize the wings of the

present investigation. It might be hoped that the reference flutter-speed cal-
culations, as obtalned 1in the present paper, have adequately removed from the
results the effects of such variables as the center-of-gravity position, and that
the curves of Ve/VR against Mach number are a function of planform only. It is

not evident, however, that such is the case.

Modified Experimental Flutter-Speed Coefficient

In order to provide some physical idea of the relationship between wing
torsional frequency, flutter speed, and flutter mass-density ratio, figure 21
has been prepared. In this figure, an experimental flutter-speed coefficient

corrected for mass-density ratio Ve/béql‘pe is shown as a function of Mach num-

ber for all the planforms tested. The values of the experimental flutter-speed
coefficient, its components, and the Mach numbers used to obtain the data points
through which the faired curves of the figure were drawn were taken from tables I

and TTI. It should be ncted that curves of the parameter Ve/bgqlvﬁg agalinst

Mach number implicitly contain the effects of such important parameters as radius
of gyration, center-of-gravity position, and frequency ratio. The data of fig-
ure 21 indicate, except for the 245 wing, a spread of about 30 percent in the

parameter Ve/bdqldﬁg at subsonic speeds with the 400 wing having the highest

and the 460 wing the lowest values. For a given mass ratio, wing chord, and
torsional frequency, the flutter-speed coefficients for the 245 wing are approx-
imately twice as great as those of any of the other wings. In general, the var-

iation of Ve/bguaVEg with Mach number seems to be about the same as the varla-
tion of flutter-speed ratio Ve/VgR with Mach number. (See figs. 15 and 16.)

An interesting application of figure 21 may be seen if, for a given planform,
the coefficilent Ve/bgmuVﬁg is evaluated and plotted against Mach number for

1k



values of Ve, Hg, and Mg corresponding to flight conditions rather than flut-

ter conditions. Some results of such an application are shown in figure 22, in
which two example flight paths are shown in relation to the flutter boundary for
the 445 planform. The straight-line flight path indicates the relation between
velocity and Mach number for constant-altitude operation, the slope of the line

being given by c/bswuVE—. (The speed of sound corresponding to the given alti-

tude is given by c.) The flight path indicated by the dashed line corresponds
to a high-speed dive. Any intersections of these flight paths with the flutter
boundary of the planform considered indicate a flutter condition. It should be
noted that, for constant-altitude operation of a planform whose flutter boundary
is characterized by a "knee," as at A 1in figure 22, the minimum altitude at
which the wing will be flutter free throughout the Mach number range for which
data are given is the altitude corresponding to the straight-line flight path
which just misses the knee of the flutter boundary. For wings such as the 460,
however, no knee exists in the flutter boundary shown in figure 21, at least
within the scope of the data presented. Therefore, any constant-altitude path
plotted for the 460 planform on figure 21 will intersect the 460 flutter boundary
at some Mach number. If, for any of the planforms shown in figure 21, a high-
speed dive 1s executed, an intersection with the flutter boundary may occur at
the highest Mach numbers for which data are given, even for wings whose flutter
boundaries are characterized by knees in the transonic range.

CONCLUSTIONS

The results of an investigation of some of the effects of wing sweep and
aspect ratio on the flutter characteristics of a series of thin cantlilever wings
at transonic speeds indicated the following conclusions:

1. The variation of flutter-speed ratio with Mach number was characterized,
in most cases, by flutter-speed ratios near 1.0 at Mach numbers near 0.8, and
an increase in flutter-speed ratio in the supersonic region up to Mach numbers
near 1.k4.

2. The rate of increase of the flutter-speed ratio with Mach number in the
supersonic region ilncreased as the sweep angle was increased from 0° to 500, and
then progressively decreased as the sweep angle was increased from 30° to 60°.

3, Reducing the aspect ratio from 6.4 to 2.4 resulted in progressively

larger values of the flutter-speed ratio throughout the Mach number range of this
investigation.

15



4. The use of the second uncoupled bending mode in addition to the uncoupled
first bending and torsion modes in the reference flutter-speed calculations
resulted, in many cases, in better agreement between the calculated and experi-

mental flutter speeds at subsonic Mach numbers.

Langley Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va., September 9, 1955.
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TABLE I.- PHYSICAL PROPERTIES OF MODELS

(a)

245 Planform

Parameter Model 1 | Model 1
M
NACA section | 65A00k % 2 m
A 2.4 ¢ % |Ta | s1ugs/rt °
A, deg L5
A 0.6 0.05 | -0.64 | 0.53 | 0.66 | 0.00217 |0.98425
xp 0.685 A5 | =66 .55 | .69 | .00207 .95275
.25 | -.681 .57| .72 .00198 .92125
Span, ft 8'288 .35 | -.70| .59 | .74 | .00189 | .88975
g ’ s | o-o72 b 61| 77| 00179 .85825
1, ft 0.306 55 | -.7h | .63 .80 | .00170 .82675
bp, ft 0.129 65 | -6 65| .83 | .o0161 79525
18 .75 -.78 | 67| .86 .00152 .T6375
bs, Tt 0.183 .85 | -.80| .69 | .89 | .00143 .73225
&n 0.023 95 | -.82| .71 | .92| .o013k . 70175
Model 1
Frequency
Left and right
fh,l’ cps 135
fh, D Cps 630
fy, cps L25
fb,l’ cps 149
£, o ©PS 519
f,s cps 265
(ﬂm,l/wu)g 0.3161
(‘Db, 2/‘“@) 2 3.836
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TABLE I.- PHYSICAL PROPERTIES OF MODELS - Continued

(b) 400 Planform

Parameter Models 1 and 2 Model 2
NACA section|  65A004 T g s | r.2 m, 6
A 4 < slugs/ft
A, deg 0 1
A 0.6 0.05 [0.14 | -0.23| 0.24 | 0.00738 |0.98285
A 0.657 15 | .12 -.22| .25| .00716 .94855
25 | .11 -.21| .26| .00671 .91h2s
Span, ft i'égg .35 | o9 | -.19| .27| .o00617 | .87995
Ag : 45| .08 | -.18| .28 .00563 | .84565
1, Tt 0.445 .55 | .06 | -.16| .28| .00509 .81135
b, Tt 0.163 65 | .05 -.15| .28 .ookss LTT705
by, ft 0.163 .75 | .03 -.13| .27| .004k00 .T4275
0.02 85 | .02 -.11] .25 .00345 .70845
€h : .95 | .00k | -.10| .2k| .00291 | .67415
Model 1 Model 2
Frequency
Left and right | Left | Right
fh,l: eps 147 17 154
fh,2’ cps 630 680 725
fy, cps Lo7 390 Lok
fa, CPS ko2 385 399
(@n,1/%0)° 0.133 0.146 | 0.149
(@h’e/wa)g 2.456 3.120 { 3.295

18




groO 2 | 96T T | g9¢e e | re¢re | Togz e | #0Le 2 | Teeh T | ¢S6Q T | S6LT 2 | L0g0" 2 mﬁas\m“gsv
226070 | €6g0°0 | ¢zgo"0 | TL60 0| CSgo 0 | TT60°0 | #6800 | €900 | oz0T 0 | 65600 mAda\H“ga
65¢ 61S ™S Lz¢ 34 ™ 6¢¢ 69¢ Qc¢ 6HS sdo ‘Pz
ong 0%¢ Zhg o4 0GE A oHg 0LE 6¢¢ 0%¢ sdo ‘%3
4
09 oL 0TS 0TS 026 26 oLy 806 664 T0G | sdo “m“gy
cotT 20T Q6 20T 20T ¢oT g6 20T Q0T Lot | sdo ‘U'Y5
BT | IS U3ty | 3] WITY | 1I9T JUBTY | 3I9T JUSTH | 3397
Kouanbaag
¢ TePOW 1 T9POW ¢ TSPOW 2 T9PoH T ToPOKW
GTnL9® | w6g00* | 22t | wot- | <o- | c6e 9€0°0 "3
SHQOL 2¢Hh00" | w2 | 90°- 20"~ | ¢g* €910 13 ‘Sq
clewl: oLtoo* | w2 | Lo~ |z00°-|CL" 6410 a1 “Iq
GoLLL" 0TG00" | #2° | go°- TOo" | 49° mMm.o A 9
CCTIQ” 76600 | 2 | 0T"~ z0* | ¢G* ) 3y
coGng” | =o0900° | w2 | TT- | tor | on 9T AN
G66Lg* | geooor | ¢zt |ezr- | o | e ot + : Bas
GeHi6” QTLOO" | €2 | #T = Lo | G LG9°0 X
coonb - TgQLOO*" | ¢2° | ST~ Q0" | ST 9°0 X
Ggegb 0| 79000l 220! 91'0- | 60°0 | G0'0 0% v ‘v
1 v
6 pw\mwsﬁm mdh e o, 7OOVS9 uoT308s YIVN
u G pue ‘q ‘¢
(HUBTI) T TOPOW ‘z ‘1 srepoy | TOHTETEL

penutTiuo) - STIAOW JO SHIIMIJOMd TVOISAHL -°I HILVL

wroyueTd O¢t

()

19



6w0°T| ¢%ot| TST'T | 900°T 959 T mﬂsg\mﬂgsv
¢160"0 | 20m0°0 | 0660°0 |4S€0"0 7650°0 (P T M)
QLS 6g¢ 2He 9G¢ T9¢ sdo Pz
QLS 6g< gHe 9¢¢ 0LE sdo ‘33
lgc | ess | loc | Lec 294 sdo €Uy
) ) +9 19 98 sdo T Uy
Y3ty | 3J91 1USTY | 3391 | AUSTL pue 1J97
Lousmbauxg
¢ ToPOW 2 TPPORW T TSPOK
. I’
cralo® | ¢ngoor |awer |€S0°- |Geor-| aczoor |ger |ee- |zt (g6 0€0°0 5
¢cgol: | togoo* |the: |090°- |gTo--| 9geoo: |le- |62°- loz* |dg* €9T°0 W Ta
Glewl: | 2ggo0° |owe- |L90°- |[2T0°-| Te00° |92° |(92°- |LT* |GL° ¢2T 0 13 “Iq
GoLLL: | Lowoo® |6¢ec |©lO"- [Co0°-| GGC0O* |92t |w2-- [STt  |S9- 0¢9°0 33 ‘1
CETTQ" | GEwo0* |gee” |2g0°— |200° | 6gso0* |&e° |T2°= |21 |G&* 9" T By
GOGHg | aLwoo* |Lg2® |ggot- [600° | feH00* |[f2* |gT - [60° |Sh” SHT"T a1 ‘usds
G66LY" | 9TS00" |9¢2 |460°- [9TO" | g@&too* {H2* (ST~ |Lo°  |G&°
GeH16® | 9LC00° |S¢z |20T - |€20° | ¢6%00° |¢2° |¢T1°- [O" |G2° L69°0 dy
| Gaghét | gn900° [hgec |OTT - |0%0* | L2%00* |g2° |oT°- |To° |GT* 5°0 X
Cgegb 0| $€L00°0|€Se 0|LTT 0-{LS0 0| T9%00° 0|22 0|L0"0~|20°0~|G0"0 oY 3op ‘v
X v
p@\wwﬁam wca o o, pM\mmmHm msh o oy ) HOOVGY |UOT309s VOVN
9 ¢ pus ‘2 .
2 ToPoW T TSPOR ‘T sTepoy| T9IIEIEd
wroyueTd &y (P)
ponuUTIUO) - STHAOW 40 SHIIMEJONd TVOISKHd -°I1 TI4VL

20



TABLE I.- PHYSICAL PROPERTIES OF MODELS - Continued

(e) U452 Planform

Parameter Model 1 Model 1
n
NACA section | 65A00k4 2 m
A I *a a o | slugs/ft ©
A, deg 52.5
A 0.6 0.05 | 0.37 | -0.4%4 | 0.27 |0.00573 ]0.98285
Ao 0.657 .15 .32 -.37 | .27 | .00538 .9&355
.25 .2 -.31 | .29 | .00503 91425
Span, ft i'égg 35 | .17 | -.2k | .32 | .o0h6B | 87995
Ag . b5 | 11| -.18| .29 | .ook3z3 | .84565
1, ft 0.732 .55 Lo | -.11 ] .27 | .00398 81135
by, Tt 0.107 65 | -.02 | -.05 | .27 | .00363 LT7T705
bg, Tt 0.163 75 | -.09 .02 1 .28 | .00328 .74 275
0.051 85 | -.15 .08 | .30 | .00293 . 70845
&h . 95 | -.e2| .15 .31 | .00258 67415
Model 1
Frequency
Left and right
fh,l’ cps 61
fh,2’ cps 300
fy, cps 370
fos CPS 366
(wh’l/wa)g 0.0282
(wh,eﬁ%1)2 0.6717
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TABLE I.- PHYSICAL PROPERTIES OF MODELS -~ Concluded

(g) 645 Planform

Parameter Model 1 Model 1
NACA section | 65400k LI 2 m 0
A 6.4 * % | Ta | slugs/rt
A, deg 45
A 0.6 0.05 | 0.15 |-0.25 | 0.26 |0.00480 |0.98230
Ap 0.646 51 .15 | =.2k .26 | 00437 .94690
251 W1k | -.23 .25 | .ooLkok .91150
Span, ft é'#?o .35 | .13 | -.23 .25 | .00381 .87610
Ag : A5 .13 | -.22 .24 | .00362 .84070
1, ft 0.813 55 W12 | =21 | .ok | .00335 .80530
by, ft 0.094 65| .11 | -.21 .24 | .00302 . 76990
b Tt 0.12 7151 .11 | -.20 .25 | .00266 .T3450
s’ T 85| .10 | -.20 .28 | .00243 .69910
&h 0.013 .95 | .10 | -.19 .33 | .00226 .66370
Model 1
Frequency

Left and right

fy,1, ©PS L6
fh,z’ cps 227
Ty, cps 522
foas CPS 505

2
(®n,1/%) 00085

(on, /) 0.2021
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TABLE II.- COMPTLATION OF ANALYTICAL ARD TEST RESUITS - Continued

(b) 1400 Planform

Wing panel Pes ) g, e
* 1 behavior Ve, VR _VJ_ _V_R_ d Ve
Model | Run” | Polnt wore | mignt He VE/"’R —“5—23; r: He e ___ra‘:i:ns apfog ____rm:io;ns __rs«:t:ns “’e/“’R tt/eec | ft/sec | b, |Dwg 1bfeq ft bgmng e
1 1 1 | Dy 0.890 | 0.961 [0.0031 | 28.32 | 5.32 8717.0 g1k.1{2.133 | 2.22 | 1,184.4 | 0.3547
1 2 N F1 .919| .997| .0031|28.06}5.30 902.9 905.8 §2.192 | 2.20 | 1,263.1 4138
1 2 1 N Dy .886| .970| .0031|27.89(5.28 874.8 901.7{2.125 { 2.19 | 1,195.2 . Lo2k
1 2 N F1 .908| .991 | .0032[27.hk|5.24 883.3 897.62.159 1 2.18 1 1,253.1 k122
1 3 1 X Dy .917! .956| .0028 | 30.77{5.55 901.1 942.9 | 2.189 { 2.29 | 1,147.4 L3543
1 2 N Fy .9861 1.021 | .0028 | 30.58 |5.53 958.3 938.7 | 2.327 { 2.28 | 1,305.8 k209
1 b 1 N D .955| .973| .0027|32.21]5.68 941.2 967.6 | 2.290 | 2.33 11,196.0 .hozu
1 2 ® Fy .949| .990| .0029] 30.36 | 5.51 933.8 o942.9 | 2.268 [ 2.29 | 1,264.4 8116
1 3 1 Dy N .98k | .gu8 | .oo2h | 36.24 | 6.02 968.3 [ 1,021.1] 2.350 | 2.45 | 1,125.0 . 3906
1 2 F .4 1.0271 .991| .0025]35.1315.93 1,000.0 {1,008.8 | 2.429 | 2.45 | 1,250.0 k096
1 6 1 X Dy 1.336] 1.270 | .0028 ]| 31.02}5.57 1,208.0 951.1 | 2.934 | 2.31 | 2,043.0 L5267
1 2 0 Dy 1.333] 1.34%0| .0032| 27.14 | 5.21 1,197.2 893.5{ 2.908 | 2.17 | 2,293.3 .5581
1 3 Dy | Fp 1.3381 1.335 | .0032| 27.30[5.22| 2,526 3533 | B92.4 | 1,416 |1.587 |1,198.7] 697.6]2.911[2.18|2,299.0 L5577
1 4 F1 F1 1.318] 1.370 | .0035 | 24.92 [ 4.99 1 2,526 3378 853.3] 1,375 | 1.611 {1,179.0 860.5 | 2.863 | 2.09 | 2,432.6 .5738
1 7 1 D | Dy 1| .938 1 .0026]| 33.39[5.78| 2,526 | mmmwm= | mmmwmms | ememm | omeee 923.0 | 98k.1}2.242]2.39|1,107.5 .3878
1 2 N F1 1.051] 1.025 | .0026| 33.41[5.78] 2,526 3903 985.9 1 1,4k | 1.h3% [1,008.7 98Lk.1]2.450]2.39 }1,322.7 .L238
1 3 Dy | Ex | 1.a5%]1.121| .0027{32.17}5.67| 2,526 | —mww-=| cmoomm | commm [} meeee 1,085.0 | 967.6]2.635 | 2.35}1,589.3 .L6u8
1 k by | Fp | l.227] 1.253} .0032{27.15(5.21| 2,526 3527| 890.9| 1,257 | 1.411 }1,119.3| 893.5|2.718 ] 2.17{2,004.5 .5218
1 8 1 D1 D1 1.034f 1.015] .0025| 34.755.89 | 2,586 | —-coom | moommem | —memm —meme |1,015.6 [ 1,000.5 [ 2.467 | 2.43 | 1,289.3 5188
1 2 D1 F1 1.100} 1.081 | .0026] 33.45|5.78| 2,526 3902 985.6 | 1,20% | 1.222|1,063.5 984.1 | 2.583 ] 2.39 | 1,470.3 Lih69
1 3 F1 F1 1.227{ 1.255] .0030] 28.9915.38 | 2,526 | =~-—-- | cmm-mmn e 1,152.8 918.2 | 2.800 } 2.23 1 1,993.4 5217
1 9 1 P N 1.009| 1.039 ! .0029}| 30.16 | 5.49 938.812.36912.28 }1,379.8 4316
1 10 1 F N .950| .9791 .002831.10|5.58 951.1 | 2.262 ] 2.31]1,214.5 4066
1 11 1 o} N 878 .978{ .0033j 26.32[5.13 881.1 | 2.093 t 2.14 | 1,205.2 .koBo
1 2 F1 N 926 | 1.0317 .003k | 25.52|5.05 872.912.185 | 2.12 | 1,376.4 L3327
1 12 1 Dy X .863| .912] .0028| 31.0215.57 g51.1 | 2.107 | 2.31 | 1,053.6 . 3783
1 2 Fy X Lokg| .990| .0029| 29.82| 5.46 93L.6}2.2k8 1 2.2711,242.5 4118
1 13 1 F1 X 1.017| 1.01k | .0026| 33.3315.7T 979.9 | 2.41212.38 {1,282.6 L4181
1 14 i mn X .930| .948| .o0027| 32.17]5.67 967.6 | 2.228 { 2,35 {1,135.9 .3929
1 2 Fq X 1.017| 1.008| .0027| 32.66]5.71 975.8 | 2.388 { 2.37 { 1,305.0 4182
1 15 1 D1 X 1.284] 1.324 | .0034 | 25.58 | 5.06 872.9 | 2.808 { 2.12 { 2,272.2 .5549
1 2 F1 X 1.259] 1.391) .0039| 22.30 | 4.72 815.2 | 2.758 | 1.98 | 2,508.1 5836
1 16 1 F1 X .988| .983| .0026| 32.86(5.731 2,526 .3870 977.6 1 1,145 | 1.171 958.9 975.8 | 2.329 | 2.37 | 1,195.3 o6k
1 2 Dz X 1.267| 1.260) .0030 | 28.95}5.38 1 2,526 | ---om- | mm==mm- | m=mo= | =mme- 1,161.8 922.3 { 2.822 | 2.2k | 2,024.7 5245
1 3 Fo l X 1.262| 1.280] .0031| 27.66|5.26] 2,526 L3560 | 899.3| 1,348 |1.499 11,154.0 901.7 | 2.803 | 2.19 | 2,064.2 .5328
1 17 1 F1 X 1.052] 1,014 { .0025{ 34.43(5.87| 2,526 ,3960 | 1,000.3 [ 1,149 | 1.149 |1,014.% |1,000.5 | 2.464 | 2.4311,286.3 197
1 18 1 D | X 1.548| 1.420] .0036] 24.13 1 4.91 | 2,526 | —==mem | commwee cecme | mwm—= | 1,204.2 | B#B.2]2.925|2.06 ]| 2,610.2 5956
1 2 ¥ X 1.328[ 1.471| .oosol| 21.7k | L.66| 2,526 L3160 798.21 1,h94 | 1.B72[1,187.h 807.0| 2.884 | 1.96 | 2,819.8 .6188
1 19 1 m| X 1411} 1.387] .0029| 29.95 [ 5.47| 2,526 | ===--= | comm=m= P 1,206.7] 93%.613.1k9 | 2.27|2,438.1 5757
1 2 Py X 1.383] 1.484 1 .0033| 26.36|5.13| 2,526 AT 877.81 1,466 | 1.670 {1,272.5 881.1]3.0012.14 | 2,671.8 602k
2 20 1 P1 X .920} 1.001{ .0025 35.45]5.95| 2,422 k015 972.5 1 1,112 | 1.1kh 971.2 970.6 | 2.460 | 2.46 { 1,179.0 sk
2 21 1 P X Lo431  .996 1 .002k| 36.7h ] 6.06| 2,422 .ko90 990.6 | 1,081 | 1.091 9B82.7 986.4 | 2.189 | 2.50 [ 1,158.8 4108
2 22 1 Dy X 1.032] 1.00k| .0021| 42,34 | 6.51| 2,422 4388 | 1,062.8 | 1,125 | 1.059 [1,058.1 |1,053.4 | 2.6B0 | 2.67 1,175.8 k117
2 2 Fy X 1.145] 1.079] .0020] 43.50| 6.59| 2,k22 o 1,075.8 | 1,125 | 1,006 [1,189.2[1,065.3 | 2,911 | 2.70 11,320.7 L4h17
2 23 1 Dy X 1.050] 1.024 | .0021 | 41.811 6.4 | 2,422 | mmmmme | commmmsm | mmeme | meee 1,070.2 |1,085.5 1 2.711 { 2.65 | 1,202.6 L4130
2 2 Py X 1.105] 1.059] .0021| ke.3h | 6.51] 2,Lh22 43688 [ 1,062.8 | 1,106 | 1.081 [1,115.6 |1,053.4 | 2.826 | 2.67 1,306.8 skl
2 24 1 Dy X 8751 .976] L0026 33.505.79] 2,422 | ce—mem | mommmnm | mmmem ——— 920.1 g9k3.0| 2.33112.39 | 1,100.6 .ko2s
2 2 F1 X .goh| 1.006| .0026| 33.1315.76} 2,h22 .38g0 ok2.2 | 1,081 | 1.147 gk5.0 939.0 | 2.394 | 2.38 | 1,160.9 k156
2 % 1 F1 X 8651 1.013| .0029( 30.10] 5.9 2,422 L3708 898.1| 1,175 |1.308 907.3 895.6 | 2.298 | 2.27 | 1,193.6 L4186
2 26 1 F1 X 1.301} 1.282( .002hk| 36.59 | 6.05 | 2,422 4080 988.2| 1,282 | 1.297 |1,259.6 982.4 { 3.191 | 2.49 | 1,903.9 52T
3 27 1 N Dy | 1.333| 1.426| .0029] 29.98 | 5.48 | 2,422 | weceem T aee— {1,277.1| 895.6]3.235|2.27 [ 2,364.9 .5903
3 2 N F1 1.3281 1.476| .0032| 27.48 | 5.2k | 2,422 L3545 858.6 1,319 | 1.536 |1,269.7 860.1 | 3.216 { 2.18 | 2,579.4 L6138

*A run 1s defined as one operation of the blowdown tunnel from valve opening to valve closing.
tchronclogical order in which recorded points occurred quring the test run,
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*A run is defined as
’Chrcnolcgicu.l order

Wing panel
Model | Ruz® | Potat] | _denavior
Left |Right
1 1 1 iy Dy
1 2 F Fy
1 2 1 Dy D
1 2 ¥y Fy
1 3 1 Fp 51
1 2 By By
1 3 Dy %
1 b F, Fp
1 1 1 F1 Fi
1 2 Ey Ey
1 3 Dy D,
1 b Fp F,
1 5 1 [¢} Ty
1 2 G Ey
2 6 1 ¥ oY
2 7 1 Fy Fy
2 8 1 Fy Py
2 2 ) By
2 3 N Fp
2 b Do Fp
2 5 Fo Fp
2 9 1 Fy <}
2 2 E) [}
2 3 Dy G
2 & Fp a
2 10 1 Fy G
2 2 Ey G
2 3 Dp G
2 [ Fp G
2 1 1 F1 F)
2 12 1 Fy X
2 2 Ep X
2 3 Dy X
2 3 Fo X
3 13 1 Dy Dy
3 2 Fy Fy
4 b 1 Fy Fy
5 15 1 By Dy
5 2 Fy Fy

[

796
1.369
1.360

899
963
1.168
1.158

.913
-959
1.249

1.251
.Bs0

.850
.820
855
BT
1.227
1.219
1.235

-833

1:129
1.130

1.088
1.09%

Bl
.88y
930
1.172
1.161

JThE
150
.780
785

812

Per

Ve/VF slugs
cu ft

1.07% | 0.0030
1.121] .0032
1.763] .0035
1.891} ,ookk
1.10) .0025
1.199] .00z
1.553] 0032
1.6231 .0037
1.100} .0022
1.1481 .o022
1.63% ) 0032
1.727{ 0037
1.135] .0029
1.172] .0029
1.0681 0026
1.03k} .0026
1.027] .0023
1.120] .0023
1.6691 .003%
1.620 .00kl
1.732] .00K9

-99T{ .0025
1.292 .0027
1.5611 .0035
1.5k 1 0041
1.0121 0025
1.1861 .0027
1.353] .0031
L.A37) L0036
1.035] .0026
1.040] .oo2k
1.0861 .002k
1.5491 .0032
1.533] .0038
1.055] .0031
1.081f .003%
1.045) .0026
1.118§ .0034
1.163] .003%

TABLE IT.- COMPILATION OF ARALYTICAL AND TEST RESULTS - Continued

(c) 430 Planform

B
He Viie | radians
sec
40.07{6.331 2,159
38.171 6,18} 2,159
34.90[5.98 | 2,159
27.76 | 5.27 | 2,159
48.86| 6.991 2,159
u8.861 6.991 2,159
38.1716.18] 2,139
33.0L{ 5.7 | 2,159
55.52| 7-45 1 2,159
55.52 | 7451 2,159
38,171 6.18} 2,159
33.01| 5.T% | 2,139
k2,11 6.491 2,15
k2,11 6.49} 2,125
46.981 6.85 1 2,227
46,981 6.85} 2,207
53.11] 7.291 2,227
53.11 7.29 | 2,227
35.93] 5.99{ 2,131
29.79] 5.461 2,319
24,931 8.9 2,319
48,861 6.991 2,319
us.ui 6.731 2,319
34.901 5.911 2,319
29.79| 5.b61 2,319
48.86] 6.921 2,319
4s.oh] 6.731 2,319
39.40| 6.28] 2,313
33.93] 5.82 2,319
86,981 6.851 2,227
50.901 7.131 2,319
50.90] 7.13| 2,319
38.17{ 6.181 2,319
3214 5.677 2,319
39.43] 6.281 2,165
35.95| 6.00] 2,169
56.97| 6.851 2,100
35.95] 6.001 2,159
3.o2| 5,911 2,159

g Deg» v, \7 ) v,

@Rfog ra.ad)iila.ns radians | PefOR ft;:;c r:?;ec :j’_a. bﬁ lb;:q e b—s‘_'-‘:_ﬁ
Bec sec

---------- 816.4 | 759.8 |2.538 {2.362 | 1,000 0.3665
1,100 | 0.958 836.0 | T45.7 [2.599 {2.:18 | 1,118 . 38kl
.......... 1,268.5 {719.6 [3.983]2.237 | 2,816 L6099
1,596 | 1.323]1,246.0 | 658.8 | >.873 {2.048 | 3,416 L6718
993 .887 937.4 {822.2 |2.914 [2.556 | 1,008 23811
5188 | 1,120 [ T 986.1 { B2z.2 | 3.065 | 2.556 | 1,215 .Lo0g
....................... 1,157.0 | T#5.0 | 3.597 | 2.316 | 2,142 .5320
5478 1 1,183 1,433 | 1.21111,1k2.5 | 70%.2 [3.553 | 2.189 | 2,416 5658
............ oh2 g52.4 { 866,0 |2.961 | 2.692 998 3633
........... 994 .4 | 866.0 |3.091|2.692} 1,088 3793
------------- ———- 1,217.% | 745.0 [ 3.784 | 2.316 | 2,371 5598
5478 11,183 1,451 | 1.206] 1,216.2 [ 7ou.2 | 3.781 | 2.189 | 2,736 .6021
53031 1,127 1,024 .909 865.1 [ 762.k |2.732|2.408 | 1,085 .3848
530311,127 ameme | =meem B9x.% [ 762.% |2.822 {2.408 | 1,157 3974
52171 1,161.8 | 1,037 .89z 894.0 | B34.9 | 2.604 | 2.516 | 1,035 L3595
52171 1,161.8 999 960 863.0 { B34.9 | 2.601 ] 2.516 963 LBl
51411 1,145 955 83| 900.3|877.0 [2.713|2.643 932 3261
[SUST 5 IS T'CRN (RSO, [ 984.0 | B77.0 |2.683 ] 2.643 1 1,113 . 3402
s618] 1,156.6 | 1,433 | 1.2s11,199.0(718.2 | 5.776|2.262 | 2,44k L5763
....................... 1,178.4 | 727.3 | 3.410]2.105 | 2,87 5710
5656 | 1,311.6 [ 1,571 | 1.198] 1,177.6 | 6B0.0 | 3.408]1.96B | 3,398 L6243
8ok | 883.01883.2 |2.558]2.556 977 L3336
_____ 1,024.01855.9 |2.96k { 2.477 | 1,416 .Lo25
----- 1,129.3 | 773.0 | 3.268 ] 2.237 | 2,232 5055
1.134] 1,123.%1 727.3 | 3.251}2.105 | 2,587 L5hb3
.830 8ok 883.2 | 2.987]2.556 959 L35
- | 1,018 855.9 {1 2.946]2.477 ] 1,399 .koo2
............. e | memee] 1,096 1810.3 | 3.272)2.345( 1,862 BELT
5458 1 1,266 1,385 | 1.097| 1,099 T64.7 |3.181{2.213 | 2,174 k996
52171 1,162 1,005 .865 86k 834.9 | 2.604]2.516 970 3475
51521 1,195 330 .78 934 898.0 {2.70312.599 | 1,047 - W66
5352 1,195 | -==m= | -=--- 975 898.0 | 2.82212.999 | 1,1k1 .3618
JRUGIDINEY VR, |V, |- 1,160 |800.6 |3.357|2.317| 2,153 .Lg66
su93] 1,274 1,363 | 1.070| 1,187 | 748.% [3.320]2.166 | 2,500 5352
................ B00.0} 758.2 | 2.475 | 2.346 992 3603
sk161 1,175 1,068 L9509 791.11 732.0 | 2.448 [ 2.265 | 1,064 3729
5216 1,095 1,056 961 Bz2.71786.9 | 2.6292.515 880 L3509
------------- e R B14.8) 728.6 | 2.535 |2.267] 1,129 L3861
54161 1,169.3 .938 857.5 | T19.9 |2.603 | 2.238 | 1,227 - 3966

1,097

in which recorded points occurred during the test run.

one operation of the blowdown tumnel from valve opening to valve closing.




TABLE II.- COMPILATION OF ARALYTICAL AND TEST RESULTS - Continued
(d) U5 Planform

Wing panel Par Dy g, Wy v, A v, v,
Model | Fun* |Potnt! [ bebevier Me [ Ve/¥r sleggs He Wie | radians |op/m, | radians |redlans | oe/or n/:;c r:l};ec by x:,u ﬁ lb;;; 5 ;_Ve?
Left |Right cu ft sec sec sec iy fHe
1 1 1 Fy F; |0.813] 1.032 | 0.0033 | 37.10 | 6.09 2,268 |0.5295) 1,201.5 | 1,047 |0.871 805.4 | 780.4 12.88 [ 2.80 | 1,070 0.3577
1 2 1 Fy Fy .797| 1.039 | .0031 139.49 |6.28 | 2,268 L5245 1,200.9 | 1,047 872 795.6 | 765.8 |2.85 [ 2.75 981 3427
1 3 1 Fy Fy .863| 1.036 ] .0028 | 43.7216.61 ] 2,268 .51601 1,170.3 995 .850 856.0|825.8 |3.06 | 2.96 | 1,026 L3503
1 4 1 F Fi .863| 1.030 0028 | 43.72 16.61 | 2,268 51601 1,170.3 | —mmem | am-mo 850.7825.8 |3.08 {2,961 1,013 L3481
1 5 1 Fy ¥y .906 | 1.047 | .0026 ) 47.08 |6.86 | 2,268 50951 1,155.5 995 .861 887.7|8u8.1 |3.18 {3.04 | 1,024 . 3500
1 6 1 P 7 .90k | 1.062 .0027 |45.34 |6.73 | 2,268 .51281 1,163.0 958 .82 888.8 | 837.0 [3.19{3.00 | 1,067 3572
1 7 1 N Dy (1.396| 1.587] .0029 |42.21 |6.50 | 2,268 251921 1,177.5 | ===== | ==w-- 1,296.7 | 817.4 (.65 {2.93 | 2,438 5396
1 2 N Fy |1.376| 1.641 | .0034 | 36.01 [6.00 | 2,268 53221 1,207.0 | 1,585 [1.313 {1,267.8|772.7 [4.55 {2.77| 2,732 5716
1 3 Dy ¥, |1.326] 1.800 | .00M8 | 25.50 |5.05 2,268 5569 | 1,263.0 | w-ee- foma-e 1,215.0 | 675.1 |u.36 [2.42 | 2,067 6508
1 IS F3 Fy |1.340]| 1.830 | .005k | 22.67 [4.76 | 2,268 56431 1,279.8 | 1,755 [1.371 {1,214.8 1 663.9 |4.36 12.38 | 3,984 .690%
1 8 1 R F, |1.023| 1.095 | .o02l |59.73 [7.73 | 2,268 | .4870| 1,105.5 | 1,119 [1.013 }1,011.0|923.0 (3.62 |3.32 | 1,073 3538
1 2 N Fy |1.361| 1.614 ] .0033 | 36.88 |6.07 | 2,268 .5302| 1,202,% | 1,540 [1.281 |1,256.0 | 778.0 [L.50 12.79 | 2,603 L5597
1 9 1 F Fi 975 1.12k | .002k | 51.23 | 7.16 | 2,268 .5016 | 1,137.6 | 1,121 .985 981.0 [ 873.0 |3.51 {3.13 | 1,155 3706
1 2 F Ey |1.301{ 1.540 | .0031 | 38.99 [6.24 | 2,268 5255 [ 1,192.8 | —ev-= | --e-- 1,224.0 [ 795.0 |4.38 | 2.8k | 2,322 .5306
1 10 1 Fy Fy 975 17125 | L0025 w977 {7.05 | 2,268 LSOLT | 1,144.6 | 1,023 .89l 973.0 [ 865.0 |3.48 |3.10 | 1,183 3733
1 11 1 Fy F1 .924 | 1.052 | .0026 | 47.08 |6.86 ] 2,268 L5095 | 1,155.5 | 1,040 .900 921.0 | 875.0 {3.30 | 3.04 | 1,103 .3632
1 12 1 F F1 CTok [ .972 | L0028 | 43.72 | 6.61 ] 2,268 .5160| 1,170.3 | 1,063 .908 803.3 1825.8 {2.88 | 2.96 903 .3287
1 13 b3 b Fy L9611 1.065 | .0022|55.64 |7.46 | 2,268 49381 1,120.0 | 1,096 .978 956.0 1 901.1 [3.k2 |3.23 | 1,005 LBhGE
1 2 N Fp |l.342! 1.600 0035 | 34.98 [5.92 | 2,268 532 1,212.0 | 1,570 [1.295 |1,223.0 {7644 [4.38 [2.74 | 2,618 5588
2 14 1 N F1 LG40 1.059 | .0018 {80.93 [9.00 | 2,149 4019| B863.6 859 97T7.0 [ 922.4 [3.69 | 3.49 860 3099
2 2 b Ep }1.039(1.129 | .0017 |85.69 [9.26 | 2,149 |------ e T T P 1,062.0 | 940.9 [%.01 [ 3.56 952 32Tk
2 15 1 ] F1 .862] 1.007 | .0019 | 76.67 [B.76 | 2,149 4078 876.3 856 .980 908.0 [901,3 [3.43 |3.41 768 .2959
2 2 K Ey |1.049]1.140 | .0017 [85.69 [9.26 | 2,149 |-w--—- P e T 1,073.0 | 940.9 k.06 [ 3.56 } 1,004 .3308
2 16 1 Py F1 .871] 1.041 | .o024 | 60.70 [ 7.79 | 2,195 RS %53 949.3 919 968 882.0 |B47.5 [3.27 |3.14 922 3164
2 2 G Ey [1.175{ 1.336 | .0020 [ 72.8k {8.53 { 2,149 |--emmc] ccommmm | —oman leemee 1,183.0 | 885.4 |4.58 [3.35 | 1,426 . 3960
2 3 G Dy |1.2931 1.705 | 0037 |39.37 [6.27 | 2,149 B73311,002.7 | emeem {eeeee 1,217.0 | 713.6 {4.60 [2.70 | 2,753 5542
2 4 G Fp [1.2921 1.741 | .0038 | 38.34 [6.15 | 2,149 47361 1,017.7 § 1,460 [1.435 |1,233.0 { 708.3 |k.66 12.68 | 2,920 L5687
2 17 1 Fi [} L8301 1.04k 0026 | 56.03 | 7.49 | 2,237 .Lho2 98k.6 o982 .997 879.0 |8%1.9 [3.19 |3.06 996 L3219
3 18 1 m G 1.348 ) 1.643 | 0041 |35.53 [5.96 | 2,bbh  |cceuae} amccann | comen | omeee 1,289.0 | T84.7 |b.29 |2.61 | 3,411 .sheg
3 2 Fy G 1.346] 1.712 | 0049 | 29.73 |5.45 | 2,44k 49251 1,205.8 | 1,591 [1.322 11,271.0 1 742.6 |%.23 |2.47 | 3,979 5854
3 19 1 0 G 1.219| 1.423 0033 | 4h.15 16.64 | 2,hhh | cmooee | cmceee ————— |- 1,202.0 {B4k.8 k.00 |2.81 { 2,388 L
3 2 Fy G 1.162] 1.445 0037 | 39.37 2, 47121 1,151.7 | 1,302 |1.130 {1,173.0 |811.7 [3.90 |2.70 | 2,537 k696
3 1 Y [¢] 1.204 ] 1.411 | L0033 |4k.15 [6.64 | 2B | cememm ] cmomeem | memee | mame- 1,192.0 {84h.8 [3.96 |2.81 | 2,328 JA506
3 2 Fy G 1.186 ] 1.464 | .0039 | 37.35 [6.11 | 2,kkh 1.16k [1,166.0 {80k.4 {3.88 [2.68 | 2,628 A190
3 21 1 F1 G 836 1.063 | .0025 |58.27 |7.63 | 2,hkk .843 | 997.0 [929.0 [3.32 (3.09 | 1,104 3280
3 22 1 N Dy {1.307|1.600 | .0037 |39.37 |6.2T | 2,375 | .b713|1,119.3 | --=-= |=----- 1,262.0 1 788.8 [k.32 [2.70 | 2,946 .5199
3 2 N Fy {1.332]1.682] .00k4 |33.11 [5.75 | 2,375 1.337 |1,253.1 [ 7kk.9 |¥.29 [2.55 | 3,454 5629
3 23 1 F1 Fy .882f .980 | .o022 | 66.22 [8.14 | 2,410 .886 939.8 1960.0 [3.17 |3.24 971 .2939
3 2 Ey E; }1.149{1.183 | .0020 | 72.84 |8.53 | 2,410 e [1,173.9 |993.0 [3.96 |3.35 | 1,378 3503
3 3 N Dp [1.285]1.528 | .0033 |44.15 |6.64 | 2,375 | 4618 1,096.8 | ~eone feenn- 1,254.0 |820.9 |4.29 [2.81 | 2,595 L1878
3 -3 N Fz |1.263]1.591 0038 | 38.34 |6.19 | 2,375 1.329 |1,245.8 | 182.9 |4.26 |2.68 | 2,949 .5199
3 2k 1 Fi Fy .854 | 1.037 0028 | 52.03 |7.21 | 2,410 .885 912.8 |880.0 |3.08 |2.97 | 1,166 .322%
3 25 1 Fy F1 .90B | 1.033 | .o02k | 60.70 (7.79 | 2,410 .892 961.3 {931.0 |3.24 [3.14 | 1,109 3141
3 2 By ] 1.085| 1.184 | .0023 [63.34 [7.96 | 2,410 fe-mmee | wmmmman | comme faceeo 1,116.1 |943.0 [3.76 |3.18 | 1,432 3569
3 3 Dp [¢] 1.182| 1.2k2 | .0026 [56.03 |7.49 | 2,44k | .4h02|1,075.9 | —==—= |ow=-=e 1,1k2.3 |920.0 [3.80 |3.06 | 1,695 .3828
3 4 Fo G 1.176[ 1.306 | .0028 152.03 {7.21 | 2,454 1.019 {1,166.4 [892.9 3.86 [2.97 | 1,305 .hoso
3 2% 1 F G BT 9971 .0025 158.27 |7.63 | 2,Lhk .836 | 926.3 |929.0 [3.08 [3.09 | 1,072 3047
3 27 1 F) G 920 .994 | .0022 {66.22 |8.14 | 2,Luk 236 1,0%5.4 817 .89 967.7 |9th.1 {3.22 [3.24 | 1,030 . 2684
3 2 E1 G |1.055]|1.097 | .0021 |69.37 |8.33 | 2,4k Jememoo | cmmooen | —eemm —eeme 11,085.3 [989.1 [3.61 |3.29 | 1,237 3270
3 28 1 D [} 1.212| 1.450 | .0035 [L41.62 |6.b5 | 2,bkk 3665 | 1,140.2 | memee  [o-e-- 1,199.2 |826.8 |3.99 |2.75 | 2,517 L66T
3 2 Fy G 1.219| 1.508 | .0039 |37.35 [6.11 | 2,hish 4755 | 1,162.2 | 1,385 [1.157 [1,201.6 |796.7 [b.00 |2.65 | 2,815 936
3 29 1 F1 G Bu6| .960 | .oo24 |60.70 [7.79 | 2,4bk b32k | 1,056.9 886 .B38 906.2 |9kk.0 |3.01 |3.14 985 .2920
3 30 1 F G BT7| 992 | .0024 160.70 [7.79 | 2,444 W32y ] 1,056.9 898 .Bs0 936.4 {ok.0 13.11 {3.1h4 | 1,052 .3017

*A run is defined as one operation of the blowdown tunnel
1Chronological order in which recorded points occurred during the test run.

from valve opening to valve closing.
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Figure 1.~ Planform sketches of flutter models gilving aspect ratio, sweep angle,
planform dimensions, and model designations.
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Figure 3.- Measured variation of bending and torsional stiffness along the span
for 430 wings.
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Figure T7.- Measured varlation of bending and torsional stiffness along the span
for 460 wings.
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L-79715.1
Figure 10.- Example of flutter model mounted on sting fuselage.
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Figure 11.- Sample oscillograph record of flutter test (445 wing at M = 0.813).
4o
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Figure 12.- Tracing of a section of an oscillograph record showing low damping
and flutter which occurred on a 400 wing during a flutter test run.
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