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RESEARCH MEMORANDUM

FLUITER CHARACTERISTICS AT TRANSONIC SPEEDS QF A
450 SWEPTBACK WING WITH AND WITEHOUT INBOARD
MODIFICATIONS AT TEE IEADING

AND TRATLING EDGES

By Thomas B. Seliers and Norman S. Land
SUMMARY

Flutter characteristics at transonic speeds of a model of a Tfighter-
type-airplane wing are presented over & range of Mach numbers from 0.7
to 1.k. The airplane wing was a modification of a basic wing configura-
tion which had the quarter-chord line swept back 45 s an aspect ratio
of 3.0, a taper ratio of 0.34, and NACA 64LAQO4 airfoil sections parallel
To uhe plane of symmeiry. The modified configuration had a change in the
leading- and trailing-edge sweep at the 0.49-semispan statlon. The
inboard section had the leading and trailing edges swept back 55° and 210,
respectively, as compared with 50° and 27° over the outboard section.

The results of the investigetion indicated a rather sbrupt increase
in flutter-speed ratio (ratio of experimental to calculated incompress-
ible flutter speed) near a Mach number of 1.0, after waich the flutter-
speed retlo changed only slightly as the Mach number was increased to 1.Lk.
Flutter characteristics of the basic wing configuration were similsr to
those of the modified configuration.

INTRODUCTION

The effects of wing plen form on flutter in the transonic speed i
range have been the subject of a number of recent investigations. The i
present investigation wes made to determine the transonic fiubtter char-
acteristics of a fighter-type-airpliane wing with & somewnat different
plan form from any of those previously studied in the Langley transonle
blowdown tunnel (for example, ref. 1). The wing configuration was a
modification of a basic q;ng;pTan Iorm which had the quarter-chord line
swept back L5°, a tape éﬁiﬁ ProE T en. ratio of 3.0, and

e Ehse :
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modified MACA 65A004 airfoil sections parallel to the plane of symmetry.
For the modified conflguration the inboasrd sections of the basic plsn
form were altered by extending the local wing chords inboard of the
49-percent-semlspan station. Over the inboard reglion the leading and
trailing edges were swept back 55° and 219, respectively, as compared
with 50° and 27° over the outboard section. The flutter bounderies of
the baslc wing plan form and the modified confilguration were defined over
a range of Mech numbers from 0.7 to 1.4k at zeroc 1lift.

M

m

SYMBOLS

aspect ratio including body intercept

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

half-chord perpendiculer to quarter-chord line, £t

half-chord perpendicular to quarter-chord line at intersection
of quarter-chord lire and fuselage, Tt

wing bending stifiness, ib-in.2
wing torsionsl stiffness, 1b-in.2

wass mcerent of inertia of wing about elastic axilis per unit
length of quarter-chord line, slug-ftz/ft

reduced-frequency parameter, b/ Vy,

length of wing slong quarter~chord iine from intersection of
gquarter-chord line with edge of fuselage to intersection of
theoretical tip, £t

Mach number

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

dynaxic pressure, 1b/sq in.

nondimensionsl radius of gyration of wlng about elastic exis,
1/2
(1)

stream veloclty, ft/sec
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VeIVR flutter-~speed ratio

Xy distance in semichords (measured perpendiculsr to quarter-chord
line) from wing elastlic axis to wing center of gravity, posi-
tive when center of gravity is behind the elastic axis

Ui nondirmensional coordinste along quarter-chord line, fraction
of length 1 from wing-body Juncbture

p retio of mass of wing to mass of cylinder of air of diameter
equal to cnord of wing, both taken for equal length along

querter-chord line, m/wpb?

p air density, slugs/cu £t
w angular freguency of vibration, radians/sec
Subscripts:
a uncoupled torsion mode
e experimental values at start of flutter
R calculated values
n normal to quarter-chord line
MODELS

The plan forms and dimensions of the wings tested are presented
in figure 1. The model with the besic wing plen form (which will be
referred to &s model 2a) had a quarter-chord sweepback of h5°, an aspect
ratio (including the intercepted body area) of 3.0, = taper ratio of 0.3,
a dihedrsl angle of -2.5°, and NACA 6LAOOL airfoil sections parallel +to
the plane of symmetry. Models la and 1lb were essentially identical and
differed from model 2a in thet inboard of the O.19-semispan stabtion the
local wing chords were increased. This modification of the inboard sec-
tions increased the leading-edge sweep angle from 50° to 55° and decreased
the trailing-edge sweep angle from 27° to 21°. Refaired airfoil sections
were employed in this region with the maximum thicknesses the same for
the basic and modified sections. This resulted in decreased restios of
thickness to chord over the modified region. The models simulated an
alrplane wing in externsl geometry but were not dynamically scaled.
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The three models tested were constructed cf laminated, spanwise,
rahogany strivs. These strips were approximately 1/8 inch wide with the
wcoa grair and laminetions parsliel to the cuarter-chord line. Wire
strain gages which responded to bending and torsional wing deflections
were mounted on the wing surface near the root of each wing. The gage
instsllation increased the rstlio of wing thickness to chord by gpproxi-

ravely l% percent and affected espproximately L2 percent of the panel span.

APPARATUS

Tunnel and Model Support System

The tests were conducted in the Lengley transonic blowdown tunnel
which nas been shown by comparstive tests in free ailr to yleld accurate
flutter data at transonic speeds (ref. 2). The cperating characteristics
which make tkis tunnel particularly suitablie to flutter testing are
descrived in reference 1. In brief, the tunnel dynamic pressure mey be

increased through a lerge range while the test-section Mach nurber remains

consvant.

A schematic drawing cf the model suprort system is shown in figure 2.
The models were »igidly mounted in a 3-inch-diameter cylindrical sting
Tuselage. The sting fuselage extended upstrear into the subsonic flow
res_on of the tunnel ertrance cone, and the dowvnsTreem end was supported
r the angle-of-attack mechanism.

The extensior of the sting fuselage intoc the subsonic region of the
tunwel prevents the Formation of a bow wave and its possible reflection
on the model. The turdulent boundary-layer growth along the rather long
sting fuselage kas been calculsved and gives a displacement thickness of
0.1 to C.2 inch at the rosition of the model. Since the aerodynamic
loading at tne fixed root dces not piay an important part in the flutter
condition, the presence c¢f & displacement boundary-layer thickness of 0.1
to 0.2 Inch, as compared with an expcsed semispan of 6.3 inches, is thought
to have no significant effect on the results obtained.

Tre degree cf rooct fixity afforded by the sting fuselage can be judged

ty a coxperisicn of the weight, frequency, and internal demping for the
gting with similar quaefititvies for the model. The sting fuselage weilghs
aporex 11ately 3C0O pourds, hes a first bending freguency of 15 cycles per
seccnd, end internsl damping of aboub 10 percent of critical. Correspond-
ingly, the model weighs 0.2 pound, has & flutter frequency of the order

of 270 cycles per second. and internal damping of about 1.0 percent of
critical. A Tew simple response calculations will show negligible response
of *he sting, not oniy in the first bending mode, dbut in any higher mode
for which the stinag frequency might approximate the flutter frequency.

-
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That the degree of root fixity is indeed high has been shown in flubter
teats of & comparsble model, in which accelerometer measurements were
made of the sting response. These measurements showed no correlation
between the motions of the fuselage and the model during flutter.

Instrumentation

Each wing vanel was equipped with two sets of wire strain geges
which were oriexnted on the wing so that the gages were sensitive to wing
torsicnal and bending deiflections, respectively. The outoputs from these
gages were fed into a multichannel sutomatic recording oscillograph which
recorded the time histories of the bending and torsional oscillations.
in addition, the tunnel stagnation terperature and pressure and the test-
section stetic pressure were simultaneously recorded by tne oscillograph.

A lutter indicating system was used during tkhe test to detect
the onset of flutter. Tne system consisted of two oscilloscopes, one
for each wing panel. Tre outputs from the bending and torsion gages
for each panel were fed into the horizontal and vertical axes, respec-
tively, of one oscilloscope. Before the wing fluttered, the trace on
the oscilloscope was random but, when the bending and torsion frequen-
cies were the same (flubtter), the trace formed a simple Lissajous figure.

(D H

METHODS AND TESTS

Physicel Properties of Models

The velues of torsional and bpending stiffness of the various models
were determined by the method described in reference 1. Briefly, the
system was an optical one through whicr the bending and torsional deflec-
tiong of the wings were magnified and measured when a known bending or
torsionsl moment was applied to the wing. Usually the elastic axis is
determined by clamping the wing normesl to tre gquerter-chord line at the
wing root (ref. 1) but, because of the low aspect ratio and taper ratio
ol the present configurstion, the wing span over which the elastic axis
was determined by the accepted method wes small and the elastic axis
wzs not considered applicable. Because of this limitation, the elastic
zxis was assuned to colncide with the torsional node line. This assump-
tion is supported by previous experienc° with rodels of similar plsan
form and construction with small coupling for which the elastic axis was
approximated by the torsional node line.



6 GOumRNhia. NACA RM 156128

The sparwise distribution of the wirg mass, center-of-gravity loca-
tion, and the mcment of inertia about the panel elastic axls were deter-
mined in the following mesnner. The wings were cub into 13 chordwise
segrents (perpendiculer to the quarter-chord line) approximately 1/2 inch
wicde. Eazch segment was weilghed and its center of gravity located. The
roxent of inertia about the elastic axis was found by swingirg each seg-
ment on a torsionsl perndulun. Inasruch as tne root block was made of
the sarie materiel as the wing penels, it wes possible to cobtain a more
accurate representation of the mass properties of the irboard sections
for use 1ln thke celculavions by shaping the root block to conform with
the extended wing vlan form and sirfoil sections. The most inboard seg-
ment was loceted at approximstely the 0.10n station, and 11 the mass
proverties inpoard of thls station are extraspolatved values and are marked
es suck in teble I,

The center-of-gravity and elastic-axis locations, radius of gyration,
mass per unit length, local clord retio, and bending (ET) end torsional
(GJ) stiffnesses for several svarwise stations are tebulated in teble I
for g1l three models. The rass-properiy differences between models la
and 1b were assumed to be sxall and only one set of wass properties Tor
that plen form 1ls presented.

Tre bending and torsional frequencies that corresvcnd to the natural
cantilever moGes of vibratlion were deterrdined by sprinkling szlt on the
wing anéd exciting the wing over a range of frequencies with an electro-
magretic vibrater. As the natural frequencies were spproached, node lines
were Zformed by the grsins of statlonary salt. The frecuency correspornding
to the most clearly defined ncde line was chosen as the natursl frequency.
Tre node lines and frequencies for the three models are presented in fig-
ure 3. I% shoulé be noted, from the data of figure 3, that the lefi-panel
torsional frequencies for the three xodels tested wexe consistently lower
than the corresponding frecuencies for the right panel. These differences
may be attributed to manuifecturing techniques. In the vibration tests
care was teken to duplicete the root clamping condition of the model
mounting in tke turnel fuselage blocxk.

The structirsl demping in bending g was measured by obtaining the
logerithmic decrement from the time history of the decay of free-bending
oscillations of the mcéel., For all models the structural damping in
btending was approximately 0.012.

Flutter Tests
The tests were xade with the model mounted along the tunnel center
line. Several lcow-speed runs were made and the model angle of attack

was adjusted until there was no sppreciable deflection of the wing tips.
This angie was assumed to be the angle of zero 1ift.
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At the beginning of a typical flutter test the oscillograph was
started and the tunnel stagnation pressure was increased until the model
was seen to flutter or the Lissajous figure was obtailned on either one
or both of the oscilloscopes. When flutter was apparent, the tunnel
speed was reduced immediately. After each run the model was checked
visually for damage. Also, the tip of the wing was deflected and released
and the resulting decay of free-bending osclllations was recorded on the
oscillograph. Any structural damage suffered by the wing in the previous
run was shown by these records.

COMPUTAT IONS

The use of a calculated reference flutter speed Vi and frequency
wgp as a basis for comparing flutter detz has been outlined and described
in references 1 and 3. Reference flutter speeds Vi for the three models

in this series of tests have been calculated by the method used in ref-
erence 1. This method employs two-dimensional, incompressible serodynamic
coefficients in a Rayleigh type of analysis in which the flutter mode is
epproximsted by the superposition of uncoupled free-vibration modes of a
uniform cantilever beam. The aerodynamic coefficients are based on the
free-streem velocity component normal to the quarter-chord line, The
effect of wing taper was brought into the aerodynamic terms by allowing
the reduced-frequency parameter Xk To vary according to the chord varia-
tion and by representing the Theodorsen functions F(k) and G(k) by

a linear variation between their root and tip values.

Three uncoupled mode shzpes which corresponded to the first bending,
first torsion, and second bending modes of a uniform centilever beam were
used in the calculations. Frequencies used in the calculations were
coupled and were measured as described previously. Although these fre-
quencies corresponded to coupled modes of vibration, previous tests indi-
cete that for similer models the coupling 1s small.

Velues of the flutter-speed parameter Vk/brﬂh were obtained from

the solution of the flutter determinant as a function of the structural
damping for given values of the air density. The assumtion was made in
the calculations that the structural damping in bending was equal to that
in torsion and was independent of frequency. Values of the reference
flutter speed VR Wwere 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 DISCUSSIOR

General Comments

Before &lscussing any speclfic set of flutter date it should be
rointed out that, for a’l configurations tested at sibsonic and super-
sonic speeds, intermittent flutter or low damping occurred over large
ranges of tumnel velocity and éynamic pressure before the steady flutter
voint was reacked, The change from intermittent to steady fliutter was
progressive In that the bursts of flutter becawre longer irn time and more
frequent as the tunnel velocity and dynaric pressure were increassed until
2inally steely flutter was obtained. Becsuse of thls low darmping char-
acteristic the selectlon of the flutter point was somewhatv arbitrary.

The vnolnt &t waicii the frequency of the bending and torsion oseillations
first reached & common value, even though there were interspersed large
regions of random oscillations, was selected as the start of low damping.
The steady flutter point was selected as the point at which the berding
end torsion frequency first came to the samwe vaelue and rermained equal,
incderendent of time and increeses in tunnel veloclty and dynenic pressure.

In figure 4 the intermittent flutter region is indicated by the
shaded area below the steady flutter bourdary. The flutter boundery in
figure L4 is defined in terms of 9e Dplotted against Mg. Tke data
indicate thet the intermittent flutter region (preceding steady flutter)
extended throughout the entire Jach number range of the tests.

As shown in figure 3 the torsional freguencies for the lef+t wing
parels for ell tke nmodels tested were lower in comparison with the right
wing parel. As might be expected urder these conditions, the left wing
fluttered before the right wing for sgll cases. Trerefore, the data pre-
sented in figures 4 end 5 ané in teble II are for the left wing penels
of the resvective models.

Flutter Craracteristics

The flutter boundery of models la and 1lb 1s presented in figure 5
in terms of V.[/VR Dplctited against Ma. Also, for comparison purposes
the data for the wing plan forms which are designated as tke 2k5 and
L45 wings in reference 1 are plotted in figure 5. Tae 245 and 445 wings
ned tre gquerter-ckord line swept back 45°, a teper ratio of 0.6, and
aspect ratios of 2.4 and 4.0, respectively.

I~ the subsonic speed raenge the results of the present tests compare
well with the data of reference 1 inasrmch as the Vé[Vh curve 7For models

S TR
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le and 1b (A = 3.0) falls approximstely midway between the flutter bound-
aries of the wings having aspect ratios of 2.4 and 4. However, above

Mg, = 1.0, the flutter boundary for tie modified configuration does not
fall in line with the results of reference 1. For the present tests

there is a rapid increase in Ve/VR near M, = 1.0 up to a value of

Ve

VE = l.h, after witich the value of ve/VR changes only slightiy &s
the Mach numter is increessed to 1.h. In comparison, the data of ref-
erence 1 indlecete smooth curves throughout the Mach number range with
the slopes of the Ve/VR curves increasing rapldly with Mach number

gbove Ms = 1.0.

In order to obtain s more direct corparison with the wings in ref-
erence 1, the model of the basic configuration (model 2a) was tested.
The data of the tests of model 2a are plotted in figure 5 and are desig-
nated by the square symbols. It apoears thet modifying the inboard wing
sections nad little, if any, effect on the flutier-speed ratio except
possibly as indicated by the points shown at = Mach number of 1.3.

The date of figure 6 are presented as a ratio of expverimental Fflutter
frequency to the calculated reference flutter frequency (we/wR plotted

against Me). This plot shows an increase in wgfug near M, = 1.0

znd the general level of mé[wR curve ir the supersonic range is some-
whet higher than tke general me/uR level in tke subsonic range. Such

an abrupt change in the flutter frequency is not shown by any of tre
results of reference 1 and could, perhaps, indicate a change in flutter
mode. This characteristic ras been verified by some unpublished data on
& simller wing plan form with a taver ratio of 0.2. For the 0.2-taver-
ratio wing the change in flutter frequency was more pronounced than in
the present investigation. FHowever, the 0.2-tesper-ratio wing had = mark-
edly different natural frequency spectrum from the wings of the oresent
investigation. The differences in the resuits obtained for tane wings of
the present investigation as compsred with those of reference 1 (fig. 5)
indicate the need for further study of highly tapered wings in the range
of azspect ratio from 2.0 to L.O.

The data for the flow conéitions at the start of flutter and the
various associated parameters for the data presented in figures h, 5,
and 6 are given in table II.

Effect of Flutter-Boundary Shape

-=

For an sirplane flying at & given altitude, the lmportance oif the
manner in which the fiutter boundary veries with Mach number was discussed

]
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in reference 1. The discussion pointed oubt that the flutter boundaries
which were characterized by a "knee" were more desirable than the bound-
aries with approximately zero slope. For tke present investigation the
boundary nas a breszk or knee (fig. 5) near Mg = 1.0 but the curve

flattens out at the Ligher Mach numbers. This shape of the boundary is
undesirable in that ea airvlane may cleer the knee and yet intersect tne
flutter btoundery 2t a somewhat higher Mach number.

CONCLUDIIIG RIEMARKS

Results of flutter tests at transonic speeds of a mcdel of a
459 sweptback-wing confizuretion, wkich wes modified by changing the
leading~ and tralling-eCge sweep angles over the inbosrd part of the
span, indicated a rather atrupt increase in flutter-sveed ratio (ratio
of experimental to calculated incompressible flutter speed) near a Mach
nurber of i.0, efter which tkhe flubter-sveed ratio changed only slightly
as tne ¥ach nurber was lrcreased to l.4. Flutter characteristics of the
basic configuraticn having straight leading and tralling edges were
gimilar to those of the modified wing and showed that zlteration of the
irbecard sections had little elfect on the flutter-speed ratio. Also, the
reed for furtier study of the flutter characteristics of aighly tapered
wings in the range of aspect ratios from 2.0 to L.0 is indicated.

Langley Aeronautical Laborstory,
Ketional Advisory Cormitiee for Aeronsutics,
Lengley Field, Va., Septerber 11, 1956.
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CONEEDERIann 11
- TARLE I.- MODEL PARAMETERS
i [A1L values et 1 = 0.05 are extrapolated]
m EI GJ
n Xy, a ro? sivgs/et | B/or | 15 0.2 | 1po1n.2

Model la
0.05 0.005 0.255 | -~0.127 | 0.00980 0.951 -—— —_——
.15 -.001 .250 -.120 00823 .88 ———— ——
.25 -.008 242 -.115 00699 .806 ——— ——
.35 -.01k 240 ~.108 .00597 732 3230 1790
k5 -.020 .24ko0 -.103 00502 .659 22L0 1010
55 -.022 240 -.097 ooh13 .585 1560 645
.65 -.010 250 ~.091 00341 5L 1120 Lho
15 .011 265 -.085 00277 459 820 320
- .85 071 .298 -.079 00217 408 560 240
.95 .064 .355 -.07h 00161 .355 330 190

- Model 1b
0.35 | mmmmmae | mmmem | mmemem b e ) e 3170 1370
I TN RSRNDIT [T JST I, R T — 2330 930
55 { cmmmmme | e | e | e | aeeee 1670 620
65 | mmmmmme | e | mmmmee b e ) e 1160 420
N G I I e el Tt Bt 780 290
85 | mmmmmee | e} mmmmen | e ] e 520 210
e B S B I (TSR 3L0 160

Model 2a
0.05 | -0.138 0.018 0.267 | 0.00768 0.970 —— ————
.15 -.129 011 .265 00698 .908 — ——
.25 -.120 .005 .263 .00628 813 _— ———
351 -.110 -.003 260 00557 .785 2770 *1380
L5 -.098 -.012 .253 ook 87 723 2050 830
.55 -.08h -.023 250 ooL1T 662 1500 560
.65 -.066 -.039 .256 00347 .602 1080 395
15 -.043 -.056 267 .00281 540 T60 285
.85 -.015 -.076 282 00226 478 530 200
- .95 .025 -.097 292 00188 L7 380 130

NI
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TASLE IT.- TXPERIMIITAL AND ANALYTTCAL RESULT

[ 1is tre value at n = 0.75 stetor]

- V,

Ca: Qe Gias Ver M R 1] "rR: 7_IV £

slugs/cu Ft|ib/sc in.[radiens/sec Joz seci © |[rediarns/secirt/sec e/ R|%ef/9R| u [PrinfE
Model 1la

0.0054 1n.7k 1696 779 }0.709 1575 712 [1.095]1.078] 9.58/0.3%5
0052 1,17 1578 gzz | 779 1569 T2¢ |1.155{1.c70| 9.96| .LO3
L0043 2.21 sk sc2 | .855 15lé TES JL.273].001[22.08]| .398
.0036 11.58 1483 956 | .929 1325 820 |1.155] .97%|14.38] .386
L0539 15.35 2903 7. |1.Clh 1584 653 [-.200}1.201] 8.78] .502
L0031 7.8 1775 1006 |1.0286 1366 7oL |1.385[1.336|10.13| 183
.CC5L 18.46 1826 1026 11.054 1586 T2h  11.203|1.167(10.15] M489
O0uE 18,07 1755 1063 |1.082 1554 751 |L.k15)l.132]11.25] (485
.CC35 17.22 1635 el 1.197 1522 228 {1.425|1.07a|14.79] 470
0035 17.09 1ésc 1160 {1.21C 1522 &23 [r.b37)1.110[1%.79{ 4TS
.C035 20.C9 1759 278 11.267 152z 326 [1.3ud] l.15€|14.79] 496

Model 1b

0.C07% 12.73 1563 €36 f0.648 627 G4t [ 1.066)1.0L4) 5.55|0.4CT
.CCTO B2 1590 724 | LTS 1607 622 |1i.094! .990f T.hO) .hoOT
.0057 12.57 1571 798| .79k 2580 700 f1.041] .go4| 9.08] .LO5
.CC5L 12.45 1529 87| .86 1565 T2 L.153| .976]1C.15| .ko02
0037 11.16 1520 g3k | ,GCO 1505 8i2 |2.151) .6T7i{13.98] .383
.0035 11.75 1355 3% | .956 1522 a8 11.186] .9i7iis.79| .33L
0034 1%2.02 1520 i04h [1.C12 1517 836 |1.2:8[1.0c02{5.21] .:i0
O0hY 16.60 1666 1045 | Z..048 i5L9 763 | 1.420]2.055111.76| 46T
OC3T h.TS 1550 065 | 1.070 1529 12 |[1.313]1.021|13.93] k37
.0Ck2 13.30 1734 1len | 1,165 15LL T76 | n.Lb8 i l24iiz.31] kgL
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Figure 1.- Details and dimensions of models tested. (All dimensions are
in inches unless otherwise stated.)
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Figure 3.- Measured model frequencies and node lines.
in cycles per second.
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Tigure 5.~ Variation of flutter-speed ratio with Mach number.
Models la, 1b, and 2a.
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Figure 6.~ Variation of flutter frequency ratio with Mach number.
Models la, 1b, and 2a.
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