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TECHNICAL MEMORANDUM X-79

AN EXPERIMENTAI INVESTIGATION OF AERODYNAMIC EFFECTS
OF AIRFOIL THICKNESS ON TRANSONIC
FLUTTER CHARACTERISTICS®

By Robert V. Doggett, Jr., A. Gerald Rainey,
and Homer G. Morgan

SUMMARY ‘/3 ?8 Q (/

An experimental investigation was made of the aerodynamic effects
of airfoil thickness on the transonic flutter characteristics of two
types of wings. The first type of wing had a rectangular, unswept plan
form with circular-arc airfoil sections. The second type of wing had
a swept, tapered plan form with NACA 65A-series airfoil sections. For
each type of wing, different models having similar mass and stiffness
properties were tested at Mach numbers from about 0.70 to 1.10. Within
trhe range covered, it was found that an increase in airfoill thickness
nad a stabilizing effect in that higher fluid density was required to
rroduce flutter at a given Mach number.

cﬁZ,i:iJLJV“

INTRODUCTION

Altrougr present-day aircraft are being designed to operate at high
supersonic speeds and the aeroelastician has begun to devote much of his
attention to flutter at these and higher Mach numbers, fundamental knowl-
edge of the factors which affect transonic flutter characteristics has
alsc become of increasing importance since traversal of this range is
necessary in reaching the higher speeds. It has generally been assumed
tnat at transonic speeds, aercdynamic effects of such properties as air-
foil shape, airfoil thickness, Reynclds number, and so fortn on flutter
characteristics are small, but this assumption has continually been of
concern. Since there exists no complete analytical method by which the
effects of the foregoing parameters may be predicted, the aircraft
decigner must of necessity look to experimental results for information
cn these effects. 1In this investigation one of these factors, namely,
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the aerodynamic effects of airfoil thickness on transonic flutter char-
acteristics, is considered. For high subsonic speeds some information

is available on the oscillatory 1lift and moment derivatives as a function
of airfoil thickness (ref. 1), and some low-speed wind-tunnel test results
are available on the effects of airfcil thickness on flutter characteris-
tics (ref. 2), but transonic flutter data on the effect of airfoil thick-
ness are meager or nonexistent.

In the present investigation, studies were made of the aerodynamic
effects of airfoil thickness on the transonic flutter characteristics of
two types of wings. The first type of wing had a rectangular, unswept
plan form with circular-arc airfoil sections. This plan form was chosen
in order to facilitate comparisons of the results with theory. Flutter
calculaticns were made for the unswept wings at subsonic, sonic, aud
supersonic speeds. The second type of wing was a more practiczal configu-
ration, raving L5C of sweepback, & taper ratio of 1/7, and NACA 65A-
series airfoil sections. For each type of wing, different models having
various thickness ratios but with nearly the same mass and stiffness
characteristics were tested in the Langley 2-foot transconic aeroelasticity
tunnel in the Mach number range from about 0.70 to 1.10.

SYMBOLS
a speed of sound, ft/sec .
b model semichord measured parallel to root at three-quarter .
span station, It
EI model bending stiffness, 1b-in.<
GJ nnodel torsion stiffness, 1b-in.?
g structural damping coefficient
Ia torsional moment of inertia per unit span, ft—lb-secz/ft
ke reduced frequency, bmf/V
M Mach number
i} total mass, sliugs

my mass per unit length, slugs/ft
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q ynamic pressure, % pVg, lb/sq Tt

R Reynolds number based on model reference chord 2b

\Y stream velocity, ft/sec

o mass-ratic parameter (see section entitled "Results and
Discussion")

Ac/h angle of sweepback of quarter-chord line, deg

o density, slugs/cu ft

w circular freguency, radians/sec

Subscripts:

£ values at flutter

h, n bending mode, n =1, 2

a torsion mode

APPARATUS AND PROCEDURE

Wind Tunnel

T:re investigation was ccnducted in the Langley 2-foot transonic
aercelasticity tunnel. This tunnel is a slotted-throat single-return
wind tunnel equipped to use either air or Freon-12 as the test medium
at pressures from 1 atmosphere down to about 1/25 atmosphere. The pres-
ent tests were made with Freon-12 as the test medium. The tunnel is of
the continucus-operation type and is powered by a motor-driven fan. Both
test-section Mach number and density are continuously controllable.

Models

Two different types of semispan, cantilever-mounted wing models
were tested. The first type consisted of a series of four rectangular,
unswept wing models with circular-arc airfcil sections. These models
had ratios of thickness to chord equal to 4, 6, 8, and 10 percent and
are referred tc as the unswept series. The second type was composed of
a series of four tapered, sweptback-wing models with NACA tS5A-series air-
foil sections of 2-, k-, 6-, and B-percent thicknesses, and these models

——



are referred to as the swept series. Also included in each series was

a 0,065-inch-thick aluminum-alloy flat plate having the same plan form
as the models with varying thicknesses. Both the leading and trailing
edges of these flat plates were beveled. All of the models of both
series, including the flat plates, were equipped with two sets of
resistance-wire strain-gage bridges arranged to be sensitive to bending
and torsion, respectively. All of the models were rigidly clamped at
ti.e root, and the type of clamping used was identical in all cases. The
geometry of the models of each series is presented in figure 1. Since
it was necessary to have the physical properties of the models cf each
series as similar as possible and yet vary the model thickness, the models
were constructed in such a way that the stiffness and mass were concen-
trated ina metal insert which was then covered with a light, flexible
material which gave the desired airfoil shape.

For the unswept-wing models a 0.065-inch-thick aluminum-alloy insert
of the desired plan form was covered with a lightweight flexible plastic
foam. The aluminum insert determined the bending and torsional stiff-
nesses, elastic axis location, mass, and mass distribution of the model.
A 2-inch spanwise section of the insert was left uncovered at the root
to provide space for the model to be attached to the tunnel in mounting
blocks. For the models of this series the foam added comparatively little
mass and stiffness to that of the aluminum-alloy spar. The properties
of the unswept models are presented in table I(a) and figures 2 and 3.
The bending rigidity and torsional rigidity of the models were determined
experimentally from the static deflection curves of the wings in bending
and torsion. The structural damping coefficients for each of the models
were obtained from decrements in still air. The node lines for the sec-
ond bending and first torsion modes were determined from time-exposure
photographs of the models oscillating in these modes. After the tunnel
tests the models were segmented into 10 spanwise sections, and the mass,
the center-of-gravity location, and the torsional moment of inertia were
determined for each of these sections.

The swept-wing models were also constructed by covering a 0.065-
inch-thick aluminum-alloy insert of the desired plan form with a light-
weight flexible plastic foam. However, in this series the addition of
the foam had more of an effect on the model properties than in the unswept
series. This effect is seen in table I(b), where the model properties
for the swept series are presented, and in figure 3, where some repre-
sentative model parameters are plotted against percent thickness for the
models of each series. As is seen in the figure, the unswept models
exhibit a high degree of similarity; in the case of the swept wings, how-
ever, the degree of similarity is not so goced. There is good agreement
between the swept models only in regard to frequency but poor agreement
in regard to mass and structural damping coefficient.
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Tre node lines for the second and third natural modes for the swept
rodels are presented in figure 2. These node lines were determined by
cbserving the locus of points of ro vibration of grains of sand placed
on the models while they were oscillating in their respective modes.
Given in table II are the normalized mode shapes for the first three
natural modes of the 2-percent-thick swept model. These mode shapes were
determined by a photographic technique similar to the one described in
reference 3 and are believed to be typical of the modes for all of the
models in this series.

Test Procedure

The samc gencral procedure wag uged for 211 tre teete, The deter-
nination of a typical flutter point proceeded as follows: Witk the tunnel
evacuated to & low stagnation pressure, the compressor speed was increased

lack a5 reached., With the com-

until the desired test-section Mach number w
pressor speed Leld constant, the test-section Mach number was held nearly
constant, and the test-secticn density was gradually increased by bleeding
Freon-12 intoc the tunnel through an expansion valve until flutter was
reached. The test-section dynajlc pressure and Mach number were then
rapidly decreased by actuating a "flutter stopper" (a spoiler in the
diffuser section of the tunnel). The actuation of the flutter stopper
also locked the tunnel instruments so that the tunnel conditions necessary
to completely descrite the flutter point could be recorded after precau-
tions had been taken to save the model. The compressor speed was then
decreased to a point well below the flutter condition and the gpoiler

was retracted. At this time the tunnel density was increased by a small
amount, after which the test-section Mach number was slowly increased
until the next flutter condition occurred. This same type of procedure
was repeated several times, completely defining the flutter region within
the coperational limits of the tunnel.

During each flutter condition the outputs from the bending and tor-
sion resistance-wire strain gages mounted near the model root were recorded
on a recording oscillograph. From these oscillograph records the flutter
frequencies were determined. The first three natural frequencies and the
corresponding structural damping coefficients were obtained for each model
before and after each tunnel test to determine whether or not the model
had been damaged.

RESULTS AND DISCUSSICHN

The basic data obtained are presented in table IIT and in figure 4,
The curves shown in figure 4 represent stability boundaries in terms of
the variation with Mach number of the altitude-stiffness parameter
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g. The altitude-stiffness parameter depends upon the physical prop-

ertles of the wing; in particular, the torsional stiffness, and upon the
atmosphere in which the wing operates. The value of this parameter
increases as either altitude or stiffness increases. When plotted as

the ordinate against Mach number, curves for constant dynamic pressure
will appear as radial lines through the origin. The stable region is
above the boundary. For the unswept models the mass-ratio parameter u

is defined as the ratio of the mass of the model to the mass of the volume
of the test medium contained in the right circular cylinder whose height

ie +h me 5
ig the medel span and vwhose diameter is egual to the medel chord. This

volume is 0.1087 cubic foot. For the swept series the mass ratio is
defined in the same manner except the volume of the test medium is now
that which is contained in the conical frustrum whose height is equal to
the model span and whose bases have diameters equal to the model root
and tip chords, respectively. This volume is 0.1012 cubic foot.

Unswept Series

Experimental.- For a variety of configurations, past experience has
shown that a frequently encountered variation of the altitude-stiffness
parameter with Mach number is an almost linear increase toc a high value
near M = 1 and then, after a decrease, an increase again. Figure 4(a)
shows that the unswept models exhibit this type of variation, but to a
different degree for each model, All of these models exhibit essentially
the same linear increase up to a Mach number of about 0.85. At this Mach
number the values for the 1l0-percent-thick wing begin to deviate from
those for the other wings. The Mach numbers at which the values for the
8- and 6-percent-thick models begin to differ from those of the L4-percent-
thick model are about 0.88 and 0.91, respectively. As the figure shows,
there is a marked difference between the flutter boundaries of the four
models in both the magnitude of the usual high value of the parameter
near M =1 and in the Mach number at which this value occurs. There
is a difference of approximately 10 percent between both the high value
and the corresponding Mach number when the L4~ and 1O-percent-thick models
are compared. Because of the close similarity between physical properties
(see figs. 1 to 3 and table I) the differences in flutter boundaries must
be primarily caused by aerodynamic effects of airfoil thickness.

Although there are no established analytical treatments of the
effects of thickness on transonic flutter, it may be of interest to
examine these experimental results in the light of what is known of tran-
sonic aerodynamics. Actually, there are very few data pertaining directly
to transonic oscillatory aerodynamics; however, there is some evidence
(refs. 1 and 4) that static aerodynamic characteristics may have some
applicability in the flutter case, at least for the relatively low values
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of reduced frequency encountered in the present investigation. Perhaps
the most pertinent feature of transonic aerocdynamics is the well estab-
lisned trend for thinner wings at moderate to high aspect ratios to
exhibit higher slopes of the 1ift curve than do thick wings and the trend
for thuinner wings to experience smaller deviations in slope of the 1ift
curve through the transonic speed range (refs. 5 and 6). Both of these
characteristics are compatible with the observed flutter data shown in
figure 4(a). In reference 6 it is pointed out through consideration of
transcnic similarity laws that wings having combinations of thickness
and aspect ratio in the range of the present investigation would be
expected to be subject to large effects of thickness and to large devia-
tions in aerodynamic characteristics through the transonic range. These
transonic similarity laws might be used as a basis for the conjecture
that wings of lower acpect ratic would not be subldect to zs large an
effect of thickness on the flutter characteristics as were the wings of
the present investigation,

Also shown in figure 4(a) as a matter of interest are the data
obtained for thre flat plate having the same dimensions as the insert used
in the airfoil models. The data for the flat plate do not follow the
trends indicated by the data for the family of airfoil sections. It is
difficult to assess the significance of this deviation of the data for
the flat plate from the data for the family of circular-arc airfoil
models. It might be expected that the data for the flat plate should
fall at about the values extrapolated for a thickness ratio of 1.4 per-
cent. The fact that the data for the flat plate do not follow this trend
is probably caused by the change from a systematic variation of profile
to the flat-sided, sharp-edged section of the flat-plate model.

Consideration of tumnel-wall effects.- A basis for applying correc-
ticns for wind-tunnel interference to oscillatory or flutter data for
slotted-throat wind tunnels has not been established. However, the rela-
tively large interference effects found for solid-throat tunnels (ref. T7)
probably do not exist for slotted-throat tunnels.

Since the models did vary in thickness, there was some concern
regarding possible tunnel blockage effects. Consequently, additional
tests were made on both a 4~ and a 10-percent-thick unswept model approxi-
mately one-half the size of the original models. These smaller models
were so designed that their flutter parameters coincided with those of the
original wings. Although the smaller wings behaved somewhat erratically,
the data showed the same magnitude of thickness effect as indicated in
figure 4(a) for the larger wings and coincided, within the limits of
experimental error, with those of the larger wings. Consequently, tunnel
blockage effects are believed not to have contributed any appreciable
effect on the results from the original wings.
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Compariscn of experimental results with theory.- Flutter calcula-
ticns using three uncoupled modes were made on the unswept series of wings. “
The results are presented and compared with experimental values in fig-

ure 5 where the altitude-stiffness parameter —5—-J;_ is plotted against

Mach number.

Calculations for subsonic speeds vwere made by using both the linear
compressible two-dimensional aerodynamic coefficients from reference 8

and the three-dimencional kernel functicn asercdvm Sna Pram mwafaranna O
4G vad OYee=0A1mensiinais Lernel Iungiiln aey uu.vyj.;a.m._n.\.u L0l ICLCIChLCT J.

Calculations using the linear thecry were made for all four unswept models.
Calculations using the kernel function were made for only the 4-percent-
thick wing. The linear theory predicted the upward curvature of the
flutter boundary as Mach number increases. However, this theory predicted
about a l15-percent higher value of the altitude-stiffness parameter than
was found experimentally. This difference may be interpreted as the

usual conservatism of two-dimensional theory at subsonic speeds. This
conservatism agrees approximately with that found for similar wings by
other investigators. (See ref. 10.) The three-dimensional -theory cal-
culations showed excellent agreement with the experimental data up to

Mach numbers where aerodynamic effects not included in the theory became
pronounced.

The two-dimensional second-order theory of Van Dyke (ref. 11) was
used in calculations for supersonic speeds at constant altitude. These
calculations indicated that thicker models will require more stiffness
to avoid flutter. The experimental evidence in the transonic range is
the cpposite; that is, thinner models required more stiffness to avoid
flutter. However, the trend in the calculations is for the thickness -
effect to decrease as Mach number decreases toward one. Some indication
exists for a crossover in tre predicted flutter boundaries such that
thimer models would be more susceptible to flutter as shown by the
experiment. It should be noted that the Van Dyke second-order coeffi-
cients, as used herein, are expanded in powers of a frequency parameter
and contain only terms through the cube of frequency.

As a matter of interest, flutter calculations using the linear two-
dimensional aerodynamic theory of reference 12 were made at M = 1.,0.
The results of these calculations are presented in figure 6. Since the
dynamic properties of all the wings are about the same, calculated flutter
characteristics are nearly equal. It is interesting to note that an
extrapolation of the experimental flutter data to zero thickness would
yield much better agreement with the calculations which are, of course,
btased on thin-airfoil theory.
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Swept Series

Initial tests of the swept models indicated very unusual flutter
characteristics in that near M = 1.0 flutter occurred over a narrow
vand of Mach numbers at very low densities. When boundary-layer transi-
tion was fixed by applying narrow bands (approximately 6 percent of the
local chord in width) of No. €60 carborundum grains 1/2 inch from the
leading edge on both the upper and lower surfaces, this abnormal flutter
behavior was eliminated. Conseguently, all of the tests of the swept
wings reported herein pertain to models having these transiticn sirips
installed. The range of Reynolds number, as indicated in table I1I(b)
was from about 0.2 x 100 to 1.1 x 106.

Tigure 1{x) chowe the wvaristion of the altitnde-stiffness parameter
with Mach number for the swept wings. These data exhibit a sharp drop
near M = 1.0. This type cf behavior has teen observed for some delta

wings (ref. 13) and appears to be associated with a change of flutter
rmode. In addition, the systematic decrease in the high value of the
parameter as a function of increasing airfoil thickness found in the

data for the unswept series does not appear here. The data for the i-,
6-, and 8-percent-thick wings are in fair agreement, with each curve
having a maximum value considerably less than that of the 2-percent-
thick wing. Although these wings have variations in some of their prop-
erties, the mass-ratio parameter appears to have eliminated, to a great
degree, the mass effects on the flutter boundaries as indicated by the
wvreement for all the models at Mach numbers below 0.90. This deduction
seems reasonable since for high values of u, as in this case, there is
an approximate linear variation between model mass and the density required
to produce flutter at a particular Mach number. As in the case of the
unswept wings, the boundary for a typical aluminum-alloy insert is also
included in the figure. As is seen from the figure, the agreement of

the data for the flat plate with the data for the airfoil is poor at Mach
numbers below M = 1.00. From the two-dimensional unsteady-airfoil data
presented in reference 1 a more systematic effect of airfoil thickness
would be expected than 1s indicated in figure h(b), although the general
trend seems tc be consistent. Model dissimilarities and perhaps three-
dimensional effects could be the cause, but no conclusion as to the latter
can be drawn from the results of these tests.

CONCLUDING REMARKS

Tue transonic flutter characteristics of both a swept series and an
unswept series of wings varying in airfoil thlckness but having similar
mass and stiffness properties have been experimentally determined. The
tests indicate that for the range of variables covered, there is an
appreciable aerodynamic effect of airfoil thickness for both swept and
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unswept wings. In general, an increase in thickness has a stabilizing
effect in that higher density is required to produce flutter at a given
Mach number. This result is consistent with what would be expected from
an examination of the steady-state aerodynamic characteristics of air-
foils of different thicknesses.

Langley Research Center,
National Aeronautics and Space Administration,
Langley Field, Va., April 13, 1959.
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TABLE III.- BASIC TEST DATA
(a) Unswept series
w. JR——
Model M a p q R £ ke " - F
Flat-plate |0.714 | 512 | 2.662 x 10> | 180.6 | 1.380 x 106 | 250.0 0.125| 34.B1| 1.16
.80k | 512 | 2.011 1T4.611.175 241.9 | .112|52.85| 1.43
846 | 511 | 1.769 168.0 | 1.086 2337 | .103| 51.98| 1.4
.868 1 510 | 1.580 157.0( .993 231.2 | .099! 57.76{ 1.50
.916 | 507 | 1.351 wu8.61 .893 181.6 | .07k | 67.73 | 1.63
.926 | 508 | 1.29% 145,81 .865 172.8 1 .070| 71.06 | 1.67
.960 | 313 | 1.318 162.7( 917 | ———m- 046 | 69.06| 1.63
.965 | 510 | 1.498 184.3 | 1.047 188.5 | .0s2| 60.84| 1.5k
1.008 | 511 | 1.592 214.911.163 202.9 | 0581 57.30| 1.49
1.064 | 5081 1.635 244,311,258 169.6 | 0631 55.80 ] 1.L8
L-percent- |0.756 | 51k | 2,375 x 10-0 [ 182.9 1.304 x 106 209.2 10.102]| 44,36 ] 1.25
thick .801 {513 | 2.0%0 175.411.179 204.8 1 .095| 52.27{ 1.36
L8561 511 | 1.664 162.4}1.031 184,11 .080) 64,00 1.51
L880 | 51k | 1.465 152.11 .93%35 175.3 | LOT4| 72.76| 1.60
.904 | 507 | 1.L06 151.04f .915 165.2 | 069! 75.17| 1.65
.930 | 508 | 1.329 151.8! .891 7.7 0 L0591 80.10) 1.70
L9671 511 | 1.361 169.3| .952 149.5 | .058| 78.32] 1.67
1.030 | 506 | 1.310 181.5| .97h4 157.1 | .057| 81.36| 1.72
1.066 | 511 {1.197 182.3| .923 154.6 | .05k{ 88.92 | 1.78
1.102 { 505 | 1.111 175.4| .883 143,81 .049| 95.84| 1.87
1.104 | 507 | 1.069 170.8( .851 138.2 | .047| 98.60| 1.89
6-percent- [0.715{ 510 | 2.971 x 1073 | 201.1 | 1.542 x 106 221.8 {0.116] 36.72{ 1.1k
thick .718 | 509 | 2.988 202.9 1 1.556 224,91 .117) 36.60| 1.14
7951 508 { 2,191 181.6| 1.262 197.3 | .093| 49.56| 1.33
LB14 | 506 | 2.184 188.711.285 198.5 | .092! 49.87| 1.3k
.836 | 512 1 1.851 172.61 1.119 191.6 085{ 58.98| 1.Li
L8511 509 | 1.859 177.4 1.144 184,7 | 081§ 5B.37! 1.uk4
.905 | 511 | 1.580 171.61]1.035 155.2 | L0641} 68.06| 1.55
L9071 512 1 1.623 178.111.065 158.3 | 065} 66.59| 1.53
L913 | 512 | 1.440 161,61 .951 150.8 | .061; TL.65| 1.62
L0923 1 517 | 1.458 169.1| .967 177.2 | .07l 74.30{ 1.60
L9271 512 | 1.418 163.2] .951 154.6 | 062! 76.561 1.64
.956 | 510 | 1.738 209.4 | 1.204 188.5 ] .073| 61.78] 1.48
1.017 | 506 | 1.848 249.5| .643 211.7 | .078; 59.29| 1.46
8-percent- | 0.745 { 512 | 2.857 X 1072 | 161.6 1.53%8 x 106 150.8 | 0.075| 38.44| 1.22
thick .8481 509 | 2.138 178.111.313 158.3 | .070| 53.73} 1.4
.886 { 506 | 1.807 202.9| 1.154 221.8} .095{ 63.84] 1.99
L9131 507 | 1.731 201.111.141 224.9 091] 63.20{ 1.58
.932 | 508 | 1.768 171.6|1.192 155.2 | .062( 65.121 1.60
.954 | 510 | 2.009 172.6]1.388 191.6 | .075| 57.61| 1.50
975 | 510 | 2.431 163.2 | 1.721 154.6 | .059| 47.33| 1.3%6
1.008 { 509 | 2.460 169.1 | 1.798 177.2 | .066| 46.51| 1.35
10-percent- 0.741 | 514 | 2.782 x 1072 | 206.5 | 1.486 x 106 21%.6 | 0.107| 41i.47! 1.21
thick .808 | 512 | 2.119 185.0| 1.2k 186.0 | .085| 53.58| 1.38
Bk {512 | 1.751 174.1] 1.097 178.4 | 077 64.96 | 1.52
.881 | 512 {1,701 175.7( 1.086 166.5 070} 66.59| 1.54
.915 | 512 | 1.706 190.3| 1.131 | cmeee | mmem- 65.77| 1.53
.951 | 512 | 1.947 234.9] 1.342 194,81 .076| 58.22| 1.4k
L9761 512 | 2.361 298.4| 1.675 201.7{ .OTT| 48.30| 1.31
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TABLE III.- BASIC TEST DATA - Concluded

(b) Swept series

771 _1* - —
Model M a o a R wr kp 1 2w
Flat-plate 0.73h 912 109.5 0.553 x 100 503.2 0.17h 23,91 1.1%
.818 511 128.2 .586 360.9 112 25.60 1.17

L8ou 51l 11L.5 [o3 RN (DU [ -—— 30.25 1.2

.887 408 121.2 L5k 313.7 091 31.25 1.30

.93 507 115.7 473 313.7 .087 35.15 1.38

L9 507 96.9 385 292.9 079 L. 39 1.96

L9uf 509 8.2 e} 272.9 .073 51.7C 1.68

L97h 500 . 600t ) .291 251.2 066 60,84 1.82

.980 510 L9531k 6.3 .260 251.2 L065 68.72 1.92

1.004 510 L350 58,1 .218 230.3 058 84 .64 2.13

1.020 510 L3805 53.0 L195 220.3 .05% 96.2L 2.27

1.040 509 JLepy 61.0 221 2%0.3% .056 86.68 2.16

1.0uk 509 L3050 54,3 L1195 220.3 .053 | 100.00 2,32

1.0uk4 510 L7788 Ti.0 L3554 238.5 L057 76.91 2.0%

1.007 508 LE389 124.9 LLk 292.9 070 43,96 1.5L

1.068 505 Lo0ls 8z2.5 29E 251.2 061 £5.29 | 1.89

L1009 507 Tl 111.3 356 282.9 068 45.00 i 1.63

L.07h 505 LLHE0 97.% 3L9 272.0 005 56.10 1 1.75

1.10% 504 L911% 142.0 L5000 | mmmee ] mmee- LO.LS . 1.49

1.10% 500 L9981 1567 545 335,1 079 36,72 1.k2

2-percent - 0.7k 506 1.480 x 10-3 103.9 0.542 x 10% 346.3 0.121 28.51 1.11
thick L8k 505 1.124 102.1 L7z 3la.b Rei=ts 37.70 i.28
L901 507 LBuns 89.6 389 2942 .08 L8.LL 1,45

L9951 507 SRS oL 29 257.0 069 67.90 1.71

997 511 .Lo1o 52.1 410 202.3 057 | 105.06 2.1

1.000 514 L4019 53.3 413 224 .7 057 | 115.%6 2.10

1.038 500 L5854 80.7 304 257.0 064 71.57 1.76

1.043 503 7713 106.0 401 280.4 070 54,91 1.55

1.0%7 N L9513 135.1 499 330.6 L081 L4, 36 1.39

1.104 500 1.139 1734 .625 35% .2 .083 30.97 1.28

4-percent- 0.75h 502 2.0%2 x 1072 145,54 0.759 x 106 34L.0 0.118 29.59 1.14
thick .818 50% 1.089 k2.9 687 302.2 .1o2 35.76 1.0%
.87y 503 1,381 133.9 604 302.0 .08 39,31 1.31

.91 50% 1.117 118.2 .512 27%.3 .078 53%.58 1.53

LOhY 509 8723 99.1 413 251.1 .068 69.06 1.7%

.978 500 1.531 186.0 LTl 314.1 .083 38.81 1.30

L979 507 L8516 104.8 417 251.1 066 70.39 1.74

.981 50U L8307 102.7 L1410 251.1 .066 72.59 1.77

L9802 5Ck 1.0uo 130.5 .52% 267.2 .070 56.70 1.57

.o88 504 1.269 157.4 626 295.5 .07 24.90 1.04

.99p 502 1.719 213.1 L8h7 265.8 .096 35.05 1.24

1.011 500 1.907 2436 L951 377.9 .097 2147 1.18

1.045 500 2,118 289.% 1.0%6 174 .10k 28,47 1.12

H-percent - 0.854 504 1.408 x 10°3 1304 0.597 x 100 288.9 0.087 43,16 1.29
thick .90L 506 1,132 118.4 509 266.1 L0765 53.LY 1.43
L937 50t L8930 100.4 al7 241.8 [olESY 67.73 1.61

.970 508 Loh50 78.3 313 427.3 113 94,09 1.89

977 508 LOH20 80.4 .318 219.0 .057 93.12 1.88

.985 512 L6500 82,0 321 226.6 059 93.51 1.87

Relcd 502 1.2860 157.0 626 277.5 073 47,61 1.%6

.990 500 1.062 1%3.3% 523 263.8 .069 57.30 1.48

.990 508 L8550 108.3 L22 238.7 002 70.90 1.0k

1.01w 500 2.220 28c.7 1,155 396.1 101 27.04 1.03

1.023 501 1.990 209.6 810 245,7 .08y 38.07 1,22

B-percent. - 0.714 512 2.701 x 1072 180.4 0.956 x 106 297.9 0.10¢ 2G.48 1.09
trick LT 513 2.08% 1655,2 803 317.7 104 38,07 1.19
.8a7 51% 1.73%% 1683.6 728 270.6 .08 46,10 1.%1

8ot 511 1.589 185.0 685 266.8 .079 49,66 1.37

.89z 5910 L 4on 1474 632 | —mmme ] mmoee 55.80 1.49

Ree 508 1.307 138.3 592 239.L ou8 50, 8 1.52

L9359 912 1.0L9 120.3 490 2%2.6 063 TH. %9 1.69

LG50 510 L9900 118.5 L7% 2212 05% 81.00 1.7k

.95k 510 1.00% 157.2 606 | mmmem | —mmem 65,45 1.57

1.001 51 1.3 172.2 55 249.3% 063 ©0. 84 1051

1.008 510 1.429 190.1 L5 251.6 e 55.50 1.hi

1.01% 51% 1. Tt 238.2 686 270.u 068 L L3 1.30

L-20%




17

*S5UDUT UT SuoTsuauip qusuriaad y3Im STapow JO SHUTMBLD SUTT -'T 2and1y

‘satass ydamg (q) *gsataas qdamsup (=)
581498 - YGQ YOYN: - - -+« - - - - UOYIBS |10jl1y 240 DDA - - - .. UOHDBS |10}y
oGt e POy o0~ YOy
ove . L/l oo neo . Ol4Dd JadD] oo 01404 J4adp]
teees €. oo OlDI jDRdSY G- ... 0Dl Joadsy
. [ . | [ ——
ceces re——— S48 - - 9§V
[ X XX N a a
m.u.. 00?2 ¥o0iq 8sbg 002 ¥o0iq asbg
* -
- [
: e 1 o
a8 g v v
L ]
‘.
*
*
. 0g'L
L]
[ X N )
R og'll
s000 0
e00
[ ] [ ]
see0 e
pdasul wnulwnp | G690




18

1.-20%

*S9pOW TRINTBU PJITY]L PUB PUOIIS JOJ SOUIT 9poN -°g o.mITg

‘sotaes 3demg (q)

apow Py

—— 3pow puoIdsS

jugtuad g — - - —
JU8243d 9 — oo —
juaosuad $p — ——
juaouad 2 —_—___
ajod o4

sa1as  jdamg

apow pJiy]

epow puo9osg

fusosedQl —--- —
weoied g — - o—
jusoued 9 —4 - ——
JUTE o UL To I S ——
840/d 4oi4

salds jdamsun

*satass jdemsun (®)




“0) 5

P

<0

bw

40

120

80; .

40

012

r 012

m

*® se0 - s S8 & ST S
. @ € . & - ® * @ . o
. o o® * - * @ - - . o e e . o
s & @ L ] - > - % @ * @& . o
o e .8 88 & & @ *e - @ . a0e
m __{l]
s [
|1 ] b(l)q
¢ — L i
T —F e NI s o)
04
Sa ‘ 7
o - e b
: H y gd
Fiat piate ( ; ,,—f“:\"""'
J e
/ -—-""\%
i
L of | i j |
) 2 4 6 8 0
Percent thickness
(a) Unswept series.
—.oeqy\ T
~5 :
{
R T 7 bwg
oab— 1 | G
Fiat piate | ] T
) ‘ L

4 6 8 10
Percent thickness

(b) Swept series.

Figure 3.- Selected model properties.
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Mach number
(b) Swept series.

Figure 4.- Concluded.
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Figure 6.- Comparison of experimental values with theoretical values of

altitude-stiffness parameter for the unswept wings at a Mach number
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