NASA TM X-182

@ https://ntrs.nasa.gov/search.jsp?R=19630003038 2020-03-24T06:03:42+00:00Z

NASA TM X-182

TECHNICAL MEMORANDUM
X - 182

SOME EFFECTS OF VARIATIONS IN DENSITY AND AERODYNAMIC
PARAMETERS ON THE CALCULATED FLUTTER CHARACTERISTICS
OF FINITE-SPAN SWEPT AND UNSWEPT WINGS AT
SUBSONIC AND SUPERSONIC SPEEDS
By E. Carson Yates, Jr.

Langley Research Center
Langley Field, Va.

Declassified February 6, 1962

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
W ASHINGTON January 1960

LY}






1X

FoveE

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

TECHNICAL MEMORANDUM X-182

SOME EFFECTS OF VARIATIONS IN DENSITY AND AERODYNAMIC
PARAMETERS ON THE CALCULATED FLUTTER CHARACTERISTICS
OF FINITE-SPAN SWEPT AND UNSWEPT WINGS AT
SUBSONIC AND SUPERSONIC SPEEDS

By E. Carson Yates, Jr.
SUMMARY

Subsonlc and supersonic flutter calculations have been made by the
method of NACA Research Memorandum L57L10 for 12 swept and unswept wings
in order to evaluate the effects on calculated flutter characteristics of
variations in aerodynamic parameters and flow density. Results are com-
pared with experimental flutter data. With linearized-theory aerodynamic
parameters used as the basis, the variations of aerodynamic parameters
consisted of systematic constant-percent-chord changes in local aerody-
namic center and systematic changes in the magnitude (but not in the
distribution) of section lift-curve slope. These calculations indicated
that when local aerodynamic centers are close to local centers of‘gravity,
flutter calculations become extremely sensitive to small changes in
aerodynamic-center position and calculations based on linearized-
aerodynamic theory are likely to be considerably in error. If the local
aerodynamic centers move rearward of the elastic axis, it is possible to
have flutter speed increasing with increasing lift-curve slope. When
local aerodynamic centers are sufficiently forward of the elastic axis
and of the local centers of gravity, calculated flutter speed for a given
wing varies approximately as the inverse square root of the lift-curve
slope and as the inverse square root of the distance between aerodynamic
center and center of gravity.

Flutter calculations made for the 12 wings at several values of flow
density indicated that flutter at constant dynamic pressure was indicated
only for unswept wings for which local aerodynamic centers were not close
to local centers of gravity.




INTRODUCTION

Reference 1 presented a strip-theory type of flutter calculation
procedure for finite-span swept and unswept wings based on sparwise dis-
tributions of 11ft and pitching moment derived from distributions of
aerodynamlc parameters assoclated with the undeformed wing in steady
flow.l 1In references 1 and 2 comparisons of experimental flutter data
for several wings with flutter characteristics calculated for these wings
by the modal-analysis method of reference 1 indicated that the method
yielded accurate flutter results for a broad range of wings at subsonie,
transonic, and supersonic speeds. However, for some of the unswept wings
of reference 1, calculated flutter speeds were high compared with those
obtained by experiment at supersonic Mach numbers. Since these calcula-
tions utilized steady-flow aerodynamic parameters obtained from linearized-
aerodynamic theory, it was hypothesized that for these unswept wings the
absence of close agreement between experimental flutter speeds and those
calculated from linearized-theory aerodynamlcs was related to the close
proximity of the local serodynamic centers to the local centers of gravity
at supersonic speeds and to the fact that linear theory predicts too-far-
rearvard aerodynamic centers. This hypothesis was supported in reference 2
by the greatly improved agreement between experimental flutter character-
istics and those calculated by using steady-flow serodynamic parsmeters
obtained from flight test. (See figs. 16 and 18 of ref. 2.) The local
aerodynamic centers obtained from the flight-test load distributions were
characteristically forward of those predicted by linear theory.

In view of this demonstrated inadequacy of linearized-serodynamic
theory and in view of the apparent sensitivity of some flutter calcula-
tions to small changes in aerodynamic parameters, it was considered desir-
able to obtain some quantitative indications of the effect on calculated
flutter characteristics of variations in the aerodynamic parameters used.
Accordingly, flutter calculations are presented herein for some of the
swept and unswept wings of references 1 and 2 in which systematic modifi-
cations have been applied to the linearized-theory aerodynamic paremeters
of reference 1. ©Specifically, two sets of subsonic and supersonic flutter
calculations have been made for three wings of aspect ratio 4.0, taper .
ratio 0.6, quarter-chord sweep angle hSO, and varylng chordwise center-of-
gravity positions and for four unswept wings of aspect ratios 4.0 and 7.k

11n the method of reference 1, spanwise distributions of steady-flow
section lift-curve slope and local aerodynamic center for the undeformed
wing are used in conjunction with the "effective" angle-of-attack distri-
bution resulting from the assumed vibration modes In order to obtain values
of section 1lift and pitching moment. Circulation functions modified on
the basls of loadings for two-dimensional airfoils oscillating in com-
pressible flow are employed to account for the effects of oscillatory
motion on the magnitudes and phase angles of the 1ift and moment vectors.
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and taper ratios of 0.6 and 1.0. The first set of calculations employed
spanwise distributions of section lift-curve slope obtained from linear
theory and spanwise distributions of linear-theory local aerodynamic center
to which various constant-percent-chord increments had been added. The
second set of calculations employed distributions of linear-theory section
lift-curve slope which had been multiplied by various constant factors and
distributions of linear-theory local aerodynamic centers. The first set
of calculations thus indicates the sensitivity of calculated flutter char-
acteristics to arbitrary constant-percent-chord changes in local aero-
dynamic center, whereas the second set indicates sensitivity to arbitrary
changes in the magnitude (but not in the distribution) of local lift-
curve slope.

The magnitude of section lift-curve slope and the position of local
aerodynamic center are, of course, not arbitrarily variable on a physical
wing. Indeed, these parameters are uniquely determined by wing geometry
and flow conditions. The two sets of calculations mentioned previously,
therefore, do not necessarily represent physically attalnable conditions.
They do, however, give some indication of the relisbility of linear-theory
results and may also be used to obtain an indication of possible effects
on flutter characteristics of finite-thickness airfoil shapes or other
factors which might change aerodynamic parameters from the linear-theory
values,

Subsonic and transonic flutter experiments (refs. 3 to 5) have indi-
cated that flow density affects wing flutter characteristics in such s
way that for a given wing at a given Mach number flutter generally occurs
at approximately constant dynamic Pressure, at least over a range of mass
ratio (ratio of fluid mass to wing mass) normally encountered in flight
and wind-tunnel testing. However, because of the number of variables
involved, it is difficult to determine accurately by experiment the varia-
tion of flutter characteristics with density. The effects of density
variation on flutter characteristics have previously been calculated by
using two-dimensional incompressible-~flow aerodynamic parameters. (See
refs. 3 to 5, for example.) As indicated in the discussion of reference 5,
these calculations may be expected to indicate flutter at approximately
constant dynamic pressure only for high-aspect-ratio swept wings or for
unswept wings. Inasmuch as the two-dimensional incompressible-flow type
of flutter calculation used in reference 5 can be considered as a special
case of the flutter calculation method of reference 1, it is considered
desirable to examine the effect of density variations on flutter charac-
teristics calculated by the method of reference 1 for several finite-
span swept and unswept wings at subsonic and supersonic Mach numbers.
Accordingly, flutter characteristics calculated by the method of refer-
ence 1 are presented herein as a function of flow density (or ss ratio)
for 12 wings with sweep angles from 00 to 52.50, aspect ratiosm?rom 2.4
to 7.k, taper ratios of 0.6 and 1.0, and center-of-gravity positions
between 34 percent chord and 59 percent chord. The results of these



calculations are examined to determine whether and under what conditions
flutter at constant dynamic pressure is indicated.

In order to cbrrelate data obtained under varying test conditions,
the results of many recent flutter investigations (refs. 6 to 10, for
example) have been presented as the ratio of experimental flutter speed
to that calculated by using two-dimensional incompressible-flow aerody-
nanic parameters. As indicated In references 1 and 2, it has been pre-
viously assumed that the resulting flutter-speed ratioc was only slightly
dependent on density. This supposition presupposes that density changes
will affect experimental flutter speeds and those calculated from two-
dimensional incompressible-flow aerodynamics in approximately the same
way. Reference 5 indicated that this supposition was not valid fqr low-
aspect-ratio swept wings at transonic Mach numbers. In the present
report the dependence of the flutter-speed ratic on flow density at sub-
sonic and supersonic Mach numbers is examined by using the flutter cal-
culation procedure of reference 1 for the 12 wings mentioned previously.

This report also considers a slight modification to the method of
reference 1 with respect to the location of the local aerodynamic center
at subsonic speeds. ©Specifically, it 1s suggested that when calculated
subscnic distributions of section lift-curve slope are used, the local
aerodynamic centers be taken at the quarter chord of streamwise sections
rather than at the quarter chord of sections normal to the elastic axls.

The noncirculatory aerodynamic terms appearing in the flutter cal-
culation procedures of references 1, 11, and 12 have been thought to have
only a small effect on the calculated flutter speed. The importance of
these terms is examined herein by comparing experimental flutter data and
flutter calculations made by the complete method of reference 1 with
flutter calculations for several wings made by omitting the noncircula-
tory aerodynamic terms from the method of reference 1.

SYMBOLS
A aspect ratio of full wing including fuselage intercept
a nondimensional distance from midchord to elastic axis

measured perpendicular to elastic axis, positive rear-
ward, fraction of semichord b

ac nondimensional distance from leading edge to local aero-
dynamic center (for steady flow) measured streamwise,
fraction cof streamwise chord
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acp

ac
n,l

Macp

la,n,l

nondimensional distance from midchord to local aerodynamic
center (for steady flow) measured perpendicular to elastic
axis, positive rearward, fraction of semichord D

values of acp obtained from linearized aerodynamic theory

change of acp

semichord of wing measured perpendicular to elastic axis

semichord of wing measured perpendicular to elastic axis at
spanwise reference station 1 = 0.75

complex circulation function, F + iG

local lift-curve slope for a streamwlse section in steady
flow

local lift-curve slope for a section perpendicular to
elastic axis in steady flow

values of Cla n obtained from linearized aerodynamic
2

theory

multiplier used to obtain variations in magnitude (but not
in distribution) of cla n
J

circulation function which modifies in-phase load components

circulation function which introduces out-of-phase load
components

local vertical translational displacement of wing at elastic
axis

reduced frequency based on spanwise reference station
(n = 0.75) and on velocity component normal to elastic
axis, bw/vy

Mach number

Mach mumber component perpendicular to leading edge

oscillatory moment about elastic axis per unit length of
wing, positive leading edge up
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d

Ac/h

ea

circular frequency of vibration at flutter

mass of wing per unit length along elastic axis evaluated

~ at spanwise reference station (n = 0.75)

oscillatory 1lift per unit length of wing along elastic
axls, positive downward

flutter speed, measured parallel to free stream (experi-
mental values or values calculated by method of ref. 1)

calculated reference flutter speed obtained by using

1
Cla,n =2n, acp=-3, and C =TFy + 161 E
6
component of free-stream velocity perpendicular to elastic L
axis
nondimensional distance from elastic axis to local center
of gravity measured perpendicular to elastic axis, posi-
tive rearward, fraction of semichord b -
wing section mass ratio evaluated at spanwise reference
xpb. 2
PO, .

station (n = 0.75),

My
sweep angle of wing quarter chord, positive for sweepback
sweep angle of wing elastic axis, positive for sweepback

taper ratio of full wing including fuselage intercept

nondimensional coordinate (either spanwise or along elastic
axis) measured from wing root, fraction of exposed panel
span or fraction of panel length along elastic axis

local torsional displacement of wing measured about elastic
axis

alr density
local bending slope of elastic axis

local rate of change of twist angle with distance along
the elastic axis

circular frequency of first uncoupled torsional vibration
mode of wing measured about elastic axis
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Wy, circular frequency of uncoupled bending vibration mode of
wing (subscripts 1 and 2 denote first and second bending
modes)

WR circular frequency of vibration at flutter calculated by

1 \
i = = == =
using Cla,n 2n, acp 57 and C = F1 + 1Gp

Subscripts:

C circulation functions for compressible flow obtained in
reference 1 from loading coefficients for two-dimensional
wings oscillating in compressible flow

I circulation functions for incompressible flow obtained in

reference 11 for two-dimensional wings oscillating in
incompressible flow

PROCEDURE FOLLOWED IN THE FLUTTER ANALYSIS

Wing Designation

The three-digit system used to identify the wings with taper ratio
of 0.6 is the same as that used in reference 1. The first digit in this
system is the aspect ratio of the full wing to the nearest integer, The
second and third digits give the quarter-chord sweep angle to the nearest
degree. For example, wing 445 has an aspect ratio of 4, a sweep angle
of ASO, and a full-wing taper ratio of 0.6. Since some of the wings dis-
cussed in this report have identical plan forms but different center-of-
gravity positions (see, for example, ref. 7), a single letter is appended
to the plan-form designation to signify a forward or rearward shift in
center of gravity. For example, wing 445 has a center of gravity at
approximately 46 percent chord, whereas the center of gravity of wing LLSF
is at about 34 percent chord, and that of wing 44SR is at about 58 percent
chord. Wing 400 has a center of gravity at approximately 45 percent chord,
but wing LOOR has a center of gravity at about 59 percent chord.

For the wings with taper ratio of 1.0, the same system 1s used,
except that a fourth digit 1 is added to distinguish the taper ratio.
For exsmple, wing L4L51 has a full-wing aspect ratio of 4, a sweep angle
of 45°, and a taper ratio of 1.0.

All of the wing plan forms treated in this report are shown in
figure 1.



Determination of the Local Aerodynamic Center
for Subsonic Speeds

The flutter calculation procedure of reference 1 utilizes geometric,
structural, and aerodynamic quantities associated with wing sections nor-
mal to the elastic axis. In particular, for computational convenience,
values of the section lift-curve slope Cla and the local aerodynamic

center ac, which are usually available for streamwise sectlons, are
converted to cla n and ac, for sections normal to the elastic axis
3

by means of the geometrical relations

)
Cy - % (1)
a,n cos Ngg

and

ac, = (?ac {cos Aeg + [tan Ac/u - % i ; ;(l - 2&{]sin Aeé}

- (1 + a) l:cos Agg + (tan Ac/h + % i = i)sin AeaJ)COS Aeg + 8
(2)

in the notation of the present report.

For subsonic speeds below critical Mach number, it is reasonable to
take the local aercdynamic centers at the local quarter-chord positions.
However, the question immediately arises whether the aerodynamic center
should be assumed to be at the quarter chord of a streamwise section

(ac = %) or of a section normal to the elastic axis (acn = -%). It may

be ncted that these two locations normally coincide for wings which are
either unswept or untapered. The strip-theory flutter calculation method
of reference 12 takes the aerodynamic center at the gquarter chord of a
section normal to the elastic axis. This location arose from the applica-
tion of aerodynamic expressions for two-dimensional incompressible flow
(from ref. 11) to strips normal to the elastic axis. In the present
method, however, the local aerodynamic centers at subsonic speeds are
taken at the quarter chord of streamwise sections for the following
reasons: first, for subsonic speeds the spanwise distributions of Cla

are calculated by the lifting-line method of reference 13 as adapted for
calculation in reference 1. The method of references 13 and 14 locates
the lifting line and hence the aerodynamic center at the local streamwise

O
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quarter chord (ac = %). Second, the use of the streamwise quarter chord

is consistent with the procedure employed for supersonic speeds; that is,
Cla and ac are determined for streamwise sections and then converted

by means of equations (1) and (2). Thus the use of

to Cza,n and acy
ac = % at subsonic speeds is consistent both with the method of calcu-

lating Cla at subsonic speeds and with the method for calculating Cla

and ac at supersonic speeds.

It should be observed that for subsonic Mach numbers higher than
critical it may become necessary to employ experimentally determined
steady-flow aerodynamic parameters in order to account for the variation
of aerodynamic center with Mach number. (See ref. 2.)

For normally tapered (A < 1) swept wings, the use of ac = 1 in

in

equation (2) will yield ac, values of slightly greater magnitude (aero-

dynamic center nearer the leading edge) than ac, = --l. The use of
n 2

acp = -% would thus result in slightly higher flutter speeds than the

use of ac = %. As shown in reference 2, the use of incompressible-flow

circulation functions (C = F1 + iGI) for nonzero subsonic Mach numbers

results in flutter speeds slightly lower than those obtained by using
F

C = fg(FI + iGI), the form of clrculation function appearing in the
I
flutter calculation methcd of reference 1. For purposes of comparison
scme subsonic flutter calculations made by using ac, = -% and
C = Fr + iGr are shown herein for the wings of figure 1 in addition to
the calculations made by using ac = % and C = %Q(FI + iGI). The mag-
I

nitude of the factor FC/FI is indicated in figure 2,

Systematic Variation of Aerodynamic Parameters and Density

Variation of local aerodynamic center and local lift-curve slope.-
As mentioned previously, the variations of Cilq.n and acp used herein
J

were employed in two sets of subsonic and supersonic flutter calculations
for three swept wings and four unswept wings (wings 445, LLSF, LLSR, 40O,
4LOOR, 4001, and 7001). 1In the first set of calculations
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(%)

7'or.,n - Cla,n,l
and

8Cp = acp 3 + Macy (4)

where Aacp 1s constant in any one flutter calculation but is systemat-

ically varied for each wing at each Mach number. This set of calculations
thus indicates the effect on calculated flutter speed of arbitrary

constant-percent-chord variations in local aerodynamic center. In the L
second set of calculations 4
C C o
lo,n = Clg n, (5) 4
and
acp = acy ;3 (6)

where e 1is constant in any one flutter calculation but is systematically
varied for each wing at each Mach number. This set of calculations thus
indicates the effect on calculated flutter speed of arbitrary variations
in the magnitude (but not the distribution) of local lift-curve slope.
Throughout these calculations flow density is maintained constant for

each wing.

Variation of flow density.- As indicated previously, subsonic and
supersonic flutter calculations have been made using various flow densi-
ties for the 12 swept and unswept wings of figure 1. These calculations
employed Cla n and acp values obtained from linearized steady-flow

aerodynanic tﬁeory. The density range covered for each wing generally
encompasses the densities associated with all experimental flutter points
given for the particular wing in references 6 to 10.

Omission of noncirculatory aerodynamic terms.- In the flutter cal-
culation procedure of reference 1 the section 1lift P and pitching
moment My are given by

P = —ﬂpb2{¥ + vpb + vpd tan Agy - ba(§ + vpT tan Aeé[}} Noneireculatory
} Circulatory

- Cza,npvanQ
(7)

and
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My = —upbh<% + 32>(§ + vpT tan Aea)

+ npbevn(ﬁ + v,0 tan Aea) + npbBa(H + VL0 tan Aea)> Noncirculatory

+ npbgvn2(e - abT tan Aea)

)

C
a,n

2n

- Enpvnb2 % - (a - acn)C Q ‘ Circulatory

(8)
where

C
. [ .
Q =h + vp6 + v,0 tan Ag, + b(-E%LE + ac, - a)(e + vpT tan Aea)

Since the noncirculatory terms of equations (7) and (8) essentially
represent virtual-mass type effects, and since the method of reference 1
is considered to be applicable only to cases involving low to moderate
reduced frequencies, it has been thought that these noncirculatory terms
have only a small effect on the calculated flutter speed. (See discussion
of noncirculatory flow in refs. 1, 15, and 16.) In order to investigate
the importance of the noncirculatory terms, several subsonic and super-
sonic flutter calculations have been made for five swept wings (wings LLs,
LU4SR, 645, 452, and 430) by omitting the noncirculatory terms from the
method of reference 1. These calculations are compared with calculations
made by using the complete expressions for P and M, (egs. (7) and (8))

and with experimental flutter data.

Vibration modes employed in the flutter calculations.- Since calcu-
lated flutter characteristics appear not to be very sensitive to slight
changes in mode shapes, and since the wings of this study are not highly
tapered, flutter calculations for all of the wings presented herein were
made by using the uncoupled mode shapes of a uniform cantilever beam.
For all wings, the first torsion mode and the first and second bending
modes were used. However, for wing 445, subsonic and supersonic flutter
calculations have also been made by using only the first torsion mode
and the first bending mode. Comparison of the results of these two-mode
calculations with the results of the three-mode calculations and with the
experimental flutter data should give some indication of the importance
of including higher modes in the analysis for both subsonic and super-
sonic Mach numbers, at least for this particular wing.
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RESULTS AND DISCUSSION

Presentation of Results

Subsonic and supersonic flutter calculations have been made by the
m@thod of reference 1 for 12 swept and unswept wings in order to evaluate
the effects on calculated flutter characteristics of variations in aero-
dynamic parameters and flow density. The plan forms of these 12 wings
are shown in figure 1. Spanwise distributions of Cla . cla,n,l and

2

acp = actp ] 8as obtained from linearized steady-flow aerodynamic theory

for each wing are shown in figures 27 to 35 of reference 1, These values
of Ciyn.1 and acp g formed the amerodynamic basis for the present
) R

study. (See egs. (3) to (6).)

Structural data as well as experimental flutter data for all of these
wings were obtained from references 1 and 6 to 10. The experimental
flutter points shown herein were obtained at various values of density op;
whereas, for a particular wing, all of the points calculated in this
investigation were obtained at a constant value of ¢ (unless otherwise
indicated) which represented approximately an average of the experimental
densities. For each experimental point, however, the normalizing VR
was calculated by using the appropriate experimental density. The refer-
ence flutter speeds used in references 6, 9, and 10 for wings 245, L30,
400, 4001, and 7001 were calculated by employing only two degrees of
freedom (first bending mode and first torsion mode). Since calculations
employing three degrees of freedom (first and second bending modes and
first torsion mode), as used herein, yield values of Vg which are

slightly different from the two-degree-of -freedom values, the experimental
V/VR values for the wings listed above have been multiplied by the ratio
Vg (for two degrees of freedom)

so that both calculated and experi-
Vg (for three degrees of freedom)

mental flutter-speed ratios as presented herein are normalized by Vg
for three degrees of freedom.

Variation of aerodynamic parameters.- The effects on calculated
flutter characteristics (flutter speed and frequency) of constant-
percent-chord shifts in local aerodynamic center (egs. (3) and (L)) are
shown in figures 3 to 16 and are compared with experimental flutter data
in figures 17 to 24k, TFigures 3 to 16 also show the effects on calculated
flutter characteristics of changes in the magnitude (but not in the dis-
tribution) of local lift-curve slope (egs. (5) and (6)).

An empirical flutter-speed formule given in reference 17 indicates
that, if the ratio of first bending-mode frequency to first torsion-mode

= NEr
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frequency is small, then for a given wing at a glven density the following
proportionality applies

AN L (9)
BAT\(Z) - (3)
Cicg C/ac
where C is the wing lift-curve slope and (% - (X is the chord-
Ly & P (C)cg (C)ac

wise distance between the section center of gravity and the section aero-

dynamic center. If (5) - (5) is evaluated at the reference station
cg C/ac

1 = 0.75, then the proportionality relation (9) may be written in the
notation of the present report as

Vl’. o« L 1 (10)
R (qa + Xg - 8Cp - Aacn>n=o.75

From the relation (10) it appears that the principal effects of variatlons
in lift-curve slope factor e might be accounted for by plotting J_'——
VR

instead of %L. The relation (lO) also indicates that the principal

R
effects of constant-percent-chord variations in aerodynamic center Aacp

might be accounted for by plotting (JE + Xy - 8Cp - Aacn)n_o 75 %%
\'

instead of v—; In order to examine the possibilities of such correla-
R
tions the curves of figures 3 to 9 have been replotted in figures 25
SV \'J
—~ i - - -
to 31 as Ve VR against e and (Jﬁ + Xo - &Cp Aacn)n=0.75 n against

bMacy.

Figures 32 to 47 contain both experimental flutter data and subsonic
flutter characteristics calculated by using ac = % and C = FC(FI + iGI)
» I

and by using acp = -% and C = Fy + iGy. Figures 32, 3k, 36, 37, 38,

40, 42, 44, 45, and 46 also contain some flutter results obtained by
omittlng the noncirculatory aerodynamic terms from the flutter calcula-
tion method of reference 1.

Variation of flow density.- The variation of flutter-speed coeffi-
cient V/bpy, with flow density p and mass ratio k. 1s shown in
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figures 48 to 58. 1In these figures V/bray, (for constant Mach number)
and p are plotted on logarithmic scales to facilitate determination of
whether flutter at constant dynamic pressure is indicated. The influence
of density changes on flutter-speed ratio V/VR and flutter-frequency

ratio w/wu is illustrated in figures 59 to 80, From these calculations

the amount of scatter to be expected in the experimental flutter data of
references 6 to 10 based solely on density changes has been determined.
The results are compared with the actual experimental scatter in fig-
ures 81 to 10k,

Finally, in figures 105 and 106 flutter characteristics calculated
by using two degrees of freedom (first torsion mode and first bending
mode) are compared with flutter characteristics calculated by using
three degrees of freedom (first torsion mode and first and second bending
mode) and with experimental flutter data for wing L5,

An index to the above-mentioned figures is provided in table I.

Influence on Calculated Flutter Characteristics
of Variations in Aerodynamic Parameters

Local aerodynamic center.- As expected, figures 3 to 16 illustrate
the following qualitative results: The variations of calculated flutter
speed with systematic constant-percent-chord variations in local aero-
dynamic center indicate that for all wings and Mach numbers calculated
the flutter speed increases as the aerodynamic center moves rearward.

As Mach number increases through the transonic range, causing the aero-
dynamic center to move rearward, the flutter speed becomes increasingly
sensitive to changes in aerodynamic center. Further, comparison of
results for wings 445, L4SF, and LLUSR (figs. 3 to 5) and for wings LOO
and LOOR (figs. 6 and 7) indicate that the farther rearward the local
center of gravity, and hence the greater the distance between center of
gravity and aerodynamic center, the less the sensitivity to aerodynamic-
center changes. Thils statement applies both to the systematic variations
of aerodynamic center Aac, and to changes in ac, resulting from

changes in Mach number. It may be observed from figures 6 and 9 that in
comparison with results for the other wings, the calculated flutter speeds
for wings 400 and 700l are extremely sensitive to aerodynamlc-center
changes at supersonic Mach numbers. This great sensitivity arises because
for these two wings at supersonic speeds the local aerodynamic centers

are very close to the local centers of gravity.

The calculated flutter frequencies shown in figures 10 to 16 show
that with one exception the flutter frequencies increase as aerodynamic.__
center moves rearward and that as Mach number increases, the frequenc

O\
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as well as the flutter speed becomes increasingly sensitive to aerodynamic
center changes. The exception to this statement is wing 7001 at super-
sonic speeds. Figure 16 shows that flutter frequencies for wing 7001

at supersonic speeds actually decrease slightly as aerodynamic center is
moved rearward.

The effects of systematic changes of aerodynamic center on the vari-
ation of flutter speed and frequency with Mach number are shown in the
crossplots in figures 17 to 24, Figures 17, 18, 21, and 22 show again
that the rearward center of gravity of wing 4OOR results in variations
(with acp) of flutter speed and frequency which are much smaller than
those associated with wing 400. Inasmuch as linearized aerodynamic
theory characteristically predicts aerodynamic centers which are farther
rearwvard than those obtained experimentally, it would appear that flutter
calculations using linearized-theory aerodynamics should be more reliable
for wing 4OOR than for wing 400 especially at supersonic speeds. The
solid curves of figures 17, 18, 21, and 22 show this to be true. Fig-
ure 20 shows that for wing 7001 good agreement between calculated and
experimental supersonic flutter speeds is obtained with local aerodynamic
center only one percent chord forward of the linearized-theory position
(Mac, = -0.02),

Quantitatively, for wings 400 and LOOR results obtained by using
linearized-theory aerodynamlc parameters may be compared with results
obtained by using Cla 1 and ac, from flight tests of the X-1E air-

’
plane since the wing geometry of the X-1E was closely similar to wings 400
and LOOR. Figure 5 of reference 2 shows that over the middle and outboard
portions of the wing panel cla n at M= 1.41 for the X-1E airplane is
Ed

very close to C; at M = JE. obtained from linear theory. However
a,n ?

the local aerodynamic centers for the X-1E are about 6.3 percent chord
forward of those given by linear theory. Use of Cla n and ac, for

the X-1E in flutter calculations for wings 400 and hOéR at M= |2
results in a 5l-percent reduction of flutter speed for wing LOO but only
a 9-percent reduction for wing LOOR compared with linear-thecry results.,
(See figs. 6, 7, 17, and 18.) Similarly use of Ciy n 2nd ac, for

)

the X-1E results in a 5h-percent reduction of calculated flutter frequency
for wing 400 but only a 2-percent reduction for wing LOOR. (See figs. 13,
14, 21, and 22.) These comparisons give some indication of the magnitude
of error which can occur when linear-theory aerodynamic parameters are
used in flutter calculations for finite-thickness wings in a real fluid,
particularly when the local aerodynamic centers are close to the local
centers of gravity.

In figures 32 to 47 subsonic flutter characteristics calculated by

using acp = -

N+

and C = Fy + 1Gy are compared with results obtained
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F
L and €= Z(Fp+ 167). As expected, the flutter speeds
L Fr

and frequencies calculated by these two procedures generally differ by
only a very small amount. For the swept, tapered wings the maximum
difference between flutter speeds calculated by these two procedures

F
occurs at M = O where fg = 1.0, and ac, = -% ylelds higher flutter
I

speeds than ac = %, The largest difference (about &t percent) occurs for

by using ac =

wing WL4SF because the forward local centers of gravity of that wing are
comparatively close to the local aerodynamic centers, and that condition
yields increased sensitivity to acp changes. (Compare figs. 3, 4,

and 5.) As Mach number increases from O, FC/FI decreases from 1.0,

and subsonic flutter speeds calculated by the two above-mentioned proce-
dqures come closer together. For all of the swept, tapered wings except
wings 245 and LL4SF the difference is insignificant at M = 0.75. For

the three untapered wings (wings 4451, 4OOl, and 7001) substitution of

ac = % into equation (2) yields ac, = -% so that the two above-

mentioned procedures give identical results at M = 0. (See figs. 19,
20, 23, 24, 39, and L7.) At higher subsonic Mach numbers the two proce-

F
dures reflect only the difference between using C = fQ(FI + iGI) and
I "

C = Fy + 1Gy. As indicated in references 1l and 2 this difference should

be small as long as the Mach number component normal to the leading edge
is not large. This statement is supported here by figures 19, 20, 23,
oL, 39, and L7. For swept wing 451 at M = 0.75 (fig. 39) the two
procedures yield flutter speeds which differ by only 2 percent, For
unswept wing 7001 (fig. 20), however, the component of Mach number normal
to the leading edge is the same as stream Mach number, and at M = 0.75
the two procedures yield flutter speeds which differ by about 8 percent.
The corresponding differences in flutter frequency, however, are insig-
nificant for all of the wings.

Figures 25 to 31 show attempted correlations of the effects of acp

changes based on the relation given by equation (10). Most of the curves
of figures 25 to 31 indicate little variation of the quantity

(J; + Xq =~ 8Cp - Aacn)n=0.75 %; with changes in ac,. The exceptions

to this statement are the curves for the highest Mach numbers and for the
wings with the more forward local centers of gravity. Thus it appears
that equations (9) and (10) should predict with reasonable accuracy the
effects of acp changes as long as the changes ZXacy are not too large
and as long as the local aerodynamic centers are not close to the local
_centers of gravity.

o
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Local lift-curve slope.- As expected (see eq. (10)), figures 3 to 9
indicate that calculated flutter speed generally decreases as local lift-
curve slope increases, The one exception to this statement is the curve
shown in figure 9 for wing 7001 at M = 1.30. This curve shows an unex-
pected increase of flutter speed as lift-curve slope increases. An exam-
ination of the structural and aerodynamic quantities for wing 7001
revealed that the inerease of flutter speed with increasing lift-curve
slope is associated with the location of local aerodynamic centers rear-
ward of the elastic axis. TFor wing 7001 at M = 1.30, this condition
existed over the major portion of the wing and resulted in a change of
sign for the circulatory component of the section pitching moment My -

(See eq. (8).) For wing 7001 at M = 1.15470 and for wing 400 at

M= 1.15470 and M = |2, the condition existed over a smaller portion
of the wing and resulted in comparatively small decreases of flutter
speed with increasing 1ift-curve slope. (See figs. 6 and 9.)

Figures 25 to 31 show attempted correlations of the effects of Cla .
b

changes based on the relation given by equation (10). Most of the curves
of Jé’%% show a tendency to rise with increasing e, indicating that
calculated flutter speed generally does not decrease quite as rapidly as
the inverse square root of lift-curve slope. The deviations previously
described for wings 400 and 7001 at supersonic speeds are clearly brought
out in figures 28 and 31, Figures 25 to 31 seem to indicate that equa-

tions (9) and (10) should predict with reasonable accuracy the effects
of Cla n changes as long as the local aerodynamic centers are not close
)

to the local centers of gravity and as long as the local aerodynamic
centers are forward of the elastic axis.
Influence on Calculated Flutter Characteristics

of Variations in Flow Density
v

In figures 48 to 58 the calculated flutter-speed coefficient T
Py,
for 11 wings has been plotted logarithmically as a function of flow
nPby

density and as a function of the mass ratio Kp = . On these plots

My
flutter at constant dynamic pressure would be indicated by a straight

line of slope - %. These figures show that for most of the wings calcu-

lated the variation of flutter-speed coefficient t>v with flow density
rdyy

for nonzero Mach numbers has the same general character as the variation
VR

Frog Also, for all of the swept wings the curves of figures 48 to 58

of
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have slopes of magnitude significantly less than L—% . However, for

v
R and of vV for

braxy, Py,
M = 0.75 closely follow a slope of - % indicating flutter at approxi-

unswept wings 40O and 700l the curves of

mately constant dynamic pressure. For unswept wings LOOR and 4001 all
of the curves shown indicate flutter at approximately constant dynamic

pressure. The approximate slope of - % for T R for all of the unswept

wings supports the statement in reference 5 that for the VR calcula-
tion, flutter at constant dynamic pressure is indicated only for unswept
wings or for swept wings of high aspect ratio. Figures 54 and 58 show,
VR
by,
flutter at constant dynamic pressure, constant-dynamic-pressure flutter
may not occur for supersonic Mach numbers, particularly when local aero-

dynamic centers lie close to local centers of gravity as occurs for
wings 400 and 7001.

values for the unswept wings indicate

however, that even though

The influence of density changes on calculated flutter-speed ratio
V/VR and flutter-frequency ratio w/:uOL is illustrated in figures 59
to 80. In figures 59 to 69 the small variations of calculated subsonic
V/VR with density changes seem to indicate that the presentation of sub-

sonic flutter speeds in the form V/VR is probably acceptable 1if the
density range covered 1is no greater than those shown. Use of the Y/VR

form for supersonic flutter speeds, however, may result in unacceptable
scatter if the density range covered is large.

Figures 70 to 80 generally show appreciable increases of flutter
frequency with increasing density and thus indicate significant increases
in the aerodynamic contribution to the apparent wing stiffness. The
exceptions to this statement are wing 400 at M = V2 (fig. 76) and
wing 7001 at M = 1,15470 and M = 1.30 (fig. 80). These are again
the conditions for which the local aerodynamic centers lie rearward of
the elastic axis over a large portion of the wing.

From figures 59 to B0 the amount of scatter to be expected in the
experimental flutter data of references 6 to 10 based solely on density
changes has been determined. Figures 81 to 104 show comparisons of these
estimates and the actual scatter of the data. These figures show that
for some of the wings density changes may be responsible for an appreci-
able portion of the scatter. It should also be noted that the experi-
mental scatter shown in these figures tends to be systematic, and the
experimental flutter-speed ratios tend to vary with density in the same
manner as the calculated values, particularly at supersonic Mach numbers.

O
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Omission of Noncirculatory Aerodynamic Terms

As indicated earlier, some flutter calculations have been made with
the noncirculatory components of section 1ift P (eq. (7)) and pitching
moment M, (eq. (8)) omitted. The results of these calculations

(figs. 32, 3L, 36, 37, 38, 4O, 42, Lk, L5, and 46) indicate that the
effects of the noncirculatory terms on subsonic and supersonic flutter
speeds are small (of the order of 15 percent or less) but not negligible,
The effects on flutter frequencies of omitting the noncirculatory terms
are appreciably greater than the effects on the flutter speeds, Thus the
importance of the nonecirculatory terms 1s not insignificant, and they
should not be deleted from subsequent flutter calculations.

Effect of the Higher Modes on Calculated
Flutter Characteristics

As mentioned earlier, all of the flutter calculations previously
presented were made by using the first torsion mode and the first and
second bending modes of a uniform cantilever beam. 1In order to obtain
a preliminary estimate of the importance in the flutter analysis of the
second and higher modes, subsonic and supersonic flutter calculations
have been made for wing 445 by using only the first torsion mode and
the first bending mode. These calculations are compared with the three-
mode results in figures 105 and 106. It is evident that the second
bending mode contributes significantly to the flutter-speed ratio V/VR

only at the higher supersonic Mach numbers shown. The effect of the
second bending mode on the actual speed, however, is indicated by the
fact that

Vg (two modes)
VR (three modes)

= 1.038

so that at M = 0.75,

V (two modes)

1.051
V (three modes)

but at M = 1,75,
V (two modes) 1.18,
V (three modes)

Flutter frequencies calculated with two modes and with three modes differ
by only a small amount through the Mach number range calculated. Thus,
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as might be expected, when flutter frequencies lIncrease (as Mach number
increases, for example) the higher modes become more important in the
flutter calculation.

CONCLUSIONS

Subsonic and supersonic flutter calculations have been made by the
method of NACA Research Memorandum L57L10 for 12 swept and unswept wings
in order to evaluate the effects on calculated flutter characteristics
of variations in aserodynamic parameters and flow density. For all of
these wings the ratio of first bending-mode frequency to first torsion-
mode frequency was of the order of 0.3 or less., With section lift-curve
slopes and local aerodynamic centers obtained from linearized aerodynamic
theory used as the basis, systematic constant-percent-chord shifts of
local aerodynamic center and systematic changes in the magnitude (but
not in the distribution) of section lift-curve slope lndicate the
following:

1. If the local aerodynamic centers are sufficiently forward of the
local centers of gravity, the calculated flutter speed appears to vary
approximately as the inverse square root of the distance between local
aerodynamic center and local center of gravity.

2. When local aerodynamic centers are close to the local centers of
gravity, calculated flutter speed is extremely sensitive to small changes
in aerodynamic-center position, and the above empirical rule is no longer
valid. When this latter condition exists, flutter calculations based on
linear-theory serodynamics are likely to be considerably in error because
linearized theory characteristically predicts aerodynamilc centers that
are farther rearward than those observed on finite-thickness wings in a
real fluid,

%, If the local aerodynamic centers are forward of the elastic axis
and are not close to the local centers of gravity, the calculated flutter
speed appears to vary approximately as the inverse square root of lift-
curve slope.

L. If local aerodynamic center moves rearward of the elastic axis,
a change of sign occurs in the circulatory component of section pitching
moment, and calculated flutter speeds may actually increase with increasing

lift-curve slope.

Some variations of flow density employed in flutter calculations
based on steady-flow linearized-theory aerodynamics indicate the following:

FONE H
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5. Flutter at constant dynamic pressure (flutter speed varying as
the -% power of density) was indicated only for unswept wings for which

the local aerodynamic centers were sufficiently forward of the local
centers of gravity.

6. For unswept wings with aerodynamic centers close to the centers
of gravity and for all of the swept wings, calculated flutter speed

varied spproximately as a poOwer of density of magnitude smaller than L—%l.

7. Presentation of flutter speeds in the form of a flutter-speed
ratio, flutter speed divided by flutter speed calculated from two-
dimensional incompressible-flow aerodynamics, is probably acceptable
for most wings at subsonic Mach numbers. For supersonic Mach numbers,
however, the increased variation of this ratio with density changes may
introduce unacceptable scatter if the density range covered is large.

Langley Research Center,
National Aeronautics and Space Administration,
Langley Field, Va., August 25, 1959.



22

10.

11.

REFERENCES

Yates, E, Carson, Jr.:; Calculation of Flutter Characteristics for
Finite-Span Swept or Unswept Wings at Subsonic and Supersonic Speeds
by a Modified Strip Analysis. NACA RM L57L10, 1958.

Yates, E. Carson, Jr.: Use of Experimental Steady-Flow Aerodynsmic
Parameters in the Calculation of Flutter Characteristics for Finite-
Span Swept or Unswept Wings at Subsonic, Transonic, and Supersonic
Speeds. NASA ™ X-183, 1959,

Theodorsen, Theodore, and Garrick, I. E.: Machanism of Flutter - A
Theoretical and Experimental Investigation of the Flutter Problem.
NACA Rep. 685, 1940.

FONF

Woolston, Donald 5., and Castile, George E.: Some Effects of Varia-
tions in Several Parameters Including Fluid Density on the Flutter
Speed of Light Uniform Cantilever Wings. NACA TN 2558, 1951.

Kelly, H. Neale: Some Effects of Mass Ratio on the Transonic Flutter
Characteristics of Untapered 45° Sweptback Wings of Aspect Ratios 2
and 3.5. NACA RM L58D17, 1958.

Unangst, John R., and Jones, George W., Jr,: Some Effects of Sweep
and Aspect Ratlo on the Transonic Flutter Characteristics of a Series
of Thin Cantilever Wings Having a Taper Ratio of 0.6. NACA RM L55I13a,

1956.

Jones, George W, Jr., and Unangst, John R.,: Investigation To Determine
Effects of Center-of-Gravity Location on Transonlc Flutter Character-
istics of a 45° Sweptback Wing. NACA RM L55K30, 1956.

Ruhlin, Charles L.: Experimental Transonlc Flutter Characteristics of
an Untapered, 45° Sweptback, Aspect-Ratio-I Wing. NACA RM L55122,

1956.

Pratt, George L.: Experimental Flutter Investigation of a Thin Unswept
Wing at Transonic Speeds. NACA RM L55A18, 1955.

Bursnall, William J.: Initial Flutter Tests in the Langley Transonic
Blowdown Tunnel and Comparison With Free-Flight Flutter Results.
NACA RM L52K1k, 1953.

Theodorsen, Theodore: General Theory of Aerodynamic Instability and
the Mechanism of Flutter. NACA Rep. 496, 1935.



FON E

12.

13.

1k,

15.

16.

17.

25

Barmby, J. G., Cunningham, H. J., and Garrick, I. E.: Study of
Effects of Sweep on the Flutter of Cantilever Wings. NACA Rep. 101k,
1951. (Supersedes NACA TN 2121.)

Weissinger, J.: The Lift Distribution of Swept-Back Wings. NACA
™ 1120, 1947.

DeYoung, John, and Harper, Charles W.: Theoretical Symmetric Span
Loading at Subsonic Speeds for Wings Having Arbitrary Plan Form.
NACA Rep. 921, 1948,

Miles, John W.: On Virtual Mass and Transient Motion in Subsonic
Compressible Flow. Quarterly Jour. Mech. and Appl. Math., vol. TV,
pt. 4, Dec. 1951, pp. 388-L00.

Mazelsky, Bernard: On the Noncirculatory Flow About a Two-Dimensional
Airfoil at Subsonlc Speeds. Jour. Aero. Sci. (Readers' Forum),
vol. 19, no. 12, Dec. 1952, pp. 848-849.

Loftin, Laurence K., Jr.: Flutter Characteristics of Swept Wings at
Transonic Speeds. NACA RM L55El9a, 1955.



24

59POW Tny
90T | y0 aoqumy 1 &
sapom gy
€OT | 10 xoqumy H Y
ot | ¢or| 2ot | 1ot |oor |66 (96 |16 |96 | <6 | w6 |6 o W 2o
]
% | 16 |06 63 |og |8 |® |® (W | B @ | o ¥ 2
Ty
o 6L 8L Ll fol |ch [#wL | €L ) . |ob W Ty ‘g =
Hy
69 89 Lo 99 €9 |9 |9 |29 19 09 | 6% H Iy fd -
Tk
g¢ | L | 9¢ | <& |%¢ l¢g |2 |16 o5 | 6 |en W Iy <g —_
Ty
Ln on |6 | | er | 2w | Th o W -
Hy
6% e L% |9¢ | &¢ i1 (114 W Ml
4y ¢Lro=b
T¢ o¢ 62 192 le ge | &2 W Uomy |%. A:udd - Usg - By +.m7v
LI
€ | of 6z | gz lz | 92 |¢2 R ° + 2t
Cep
we | ¢z ez | 1e Uoey W =
Hy
o2 6T QT LT Uowy K <
9T 94 HT | &T gt TT | OT W Usey ‘o m%
¥y
6 8 L g 4 e H towy ‘o iy
Jaqunu SamITS
T JI978WeLsd | BSSTOSqQY 3BUTPID
T00L | TOOY | TSy | M0On | 00M | 07 | 26 | SH9 | Snz| wown | aShr | St
L quajuod It
sBUTM
XAQNT FINOId

I 319Vl




25

4X

*PI3BINOTBY 3I9M SOTISTJISFOBIBYD JI934NTJ UYOTUM JOJ SBUTM JO SWIOT UBTJ -'T 9.MITJ

"0°T = \{ YUITM SBuIM (q)

o§7 = b0y Wy
1604 Jutp
- e B4 =¥
==
TGry Buis
Yy 100V i
00"y = ¥
9°0 = X U3TA SBuTM (8)
08 = ¥y 0= Woy
ov'y = ¥
ory Burm ory Futs
]
[
"% i
HQt=rT ‘ _ '



26

1.3
1.2 S em—— .
I T~ "
. /é \\ \\/5
) 22:/,____\\\\\\\\\ ‘\\\\\\\
1.0 \\ E.so
\
9 \\\\\\\‘--~§-~_-_"“ \\‘\\\\\ o?sl E:
= \ \\ ] AN ’
I 8
‘\\\\ T \\\ 0.70
\\ \1.15':
7 ﬁ\ ~ — Bl
— 0.80
- ,\\
5 -
‘\\\\5\-§~‘-__-_"""““‘-=-—~—-0.90
b
3 I N
.2
.1 - . _ 8
° Y Ol .08 12 16 . 20 24 28 32 36

Figure 2.~ Variation with reduced frequency knr of the factor FCIFI
which accounts for the effect of compressibility in the circulation
F
function C = —C(FI + 167).
F1



27

£33 nd/3nTs 009%00°0 =
3JTUYS JI97U90-OTWBULPOIS® UATM DUB

Usey

0 =

Uomy pus T = » J0J pPayeINOTED st dp

9

SLtt

-1

=l

*098/93 0°C¢L = Hp

‘Gt Butm xo3 UYowy
JI030BI 1ITT UITA Poads J934NTJ JO UOTBTIBA -'¢ SanIT4

oLmsTt

BT

2

St



28

. Hu |~+ mt. v b _.

"0es/43 0vong = Ha
£33 no/3nTs 000$00°0 = d "0 = WBY PUB T = © JOJ PIIBINOTEO ST YA 4w Butm Jof Uowy
3JTYS JI93UdD-DTWBUAPOIIB YJTM PUB o J030BJ 3JTT UITM poads J933NTI JO UOTABTIBA -4 8andTg

90° to* 20" 0 2ot no*- 56°= L
: g g
|

]
i T — [ 01
5170 §
0 |
, |
| 21 2 1
A\\\ oLTST T )
i
\\_, .:-H .
— Lk
P \
9ot
!
|
et
Hpy
e
: oz
| ,
|
| , , 2z
\ m , , /
2t | | | ,k
nz | , , i
W h | _,
| | |
* | | 9z i _ | | Gz




29

ro9s/13 Lg26 = Ya
I so\wﬁam Ql¢e00"0 =d -0 = Upey pue T = ® JOJ PasrTnoTso ST YA "¥GHh Bulm J07 Uowy
1JTUS JI93U80-0TWBUAPOJIS® YITM PUB © J0398J 1JIT U3ITM pasds J994NTJ JO UOTI4BTIBA -°¢ 23In3Td

Yoey )
90* 10" 20" 0 z0*- fioe - oo.m.. 91 tet 2'1 0T g* 9 Lo
T 9
slto _
0 /
” ot
qleo oLtigT T
O , B
| 1. )
Foltgrt , 2’1 27t
| i
,
i
, ot
2
9°1
W
!
|
M ! , 81 81
! _ | ¥y Ea
| i A A
0z ; 0*2
; , ,
| | //
A ere . ; : 22
! i
! i |
i .
e ; e
_ '
| A _
_ 9re 1 9z

: Ot~ . : ‘ ,.



30

L4l

"00s/93 G°9L6 = Yp
33 00/3n18 gLL200°0 = d ‘0 = Yowy pue T = 8 107 pegmrnoTes s Y ‘oot Butm 103 Yowy
3ITUS JI93U80-OTWBUAPOIS® YITM PUB 8 J0308J 1JIT YT pasds I9390TJ JO UOTYBTJIBA ~°Q 3anI1d

Ysey e
fo* 0 - go* - ort- 180 ONHM. 2z 0°2 91 go1 11 201 o.w.
Sito | A
0 e —— !
/ /
Lo /I
s , /
0 \
91 4 FIg
\O.N i oz
oLMat 1 :
i 2 12
oLTST T \ ;, , /
7 ‘_ g2 92
m {ze | | -
i t
% ¥,
| | * -
M 9°€ g€
[
‘ ;
_ : -
W ot or
| 2 —
; ) ———
_ e 14
(2 "Jox ee8) TH'T = W 3%
susTdate FT~X oU3 JO 3863 |
zf 4B WoaJ peulvaqo Yow _ ” /
W W pus ¥ P15 Supsn wopgerneTes fo) - | | o




31

£33 no/3nTs 00TL00°0 = d

‘0 =

Uy pu T = o

1JTUS JI91U90-0TWBUAPOISE YLTM PUB o

Ho*

Uoey

fo-

80°- [ %

T 1

oLNST T

(2 *Joa @og) T*T = W 3%
sumTdale FT-X oU3I JOo 3563
ay271J wodJ peuieiqoe Ude
.
pus 415 Bupen uoj3wINOTEl O

T9h-"1

J0J PI1BINOTED

J103098F 3JTT U3ITA poads

8°1

o*e

=

g°e 0*2

ST

dp

"09s/13 Gregg = Hp
‘oot Butm g0y Youy

J939NTJ JO UOTIBEIBA - 2an3T14

o

8°1

[eh4

g'e

f*z

>



3D

'09s/13 ¢'geg = YA
£43 no/8n1s gl¢200'0 = d 0 = Yowy pue T = @ JOJ Po3BINOTBD ST YA *ToO% Butm Jo3 UYoey
1ITUS JI39U8D-OTWBUAPOISE U3TM PUB S J0108BJ AJIT UATH peads 1279nTJ JO UOTBIIBA -'Q SJanBtg

Usgy o

ce*

o

o

o
.
1

tor- 90~ g0*~ oﬁ.m. gtz 0°2 9T $°1 o1 21 o.ﬁm.
T 1 T T

A

>

” olhsTeT \




5).4

33

33 no/8nTs 0046000 = J ‘0= Uowy pue T = 5 03 PojeTnoTBY ST Hp
3ITUS JISJUSID~OTWRUAPOIS® ULTM Pum

Uoey

20°* 0 20°- tige- 90~ Ct-

C1e-

r T T

2"t

L OLRETeT

o2

e

9°€

n

_ HOh-T1

"095/33 g g = Hp

*TOOL Butm a0y Uowy
° J039BF 1JTT Y3ITA DP39ds I939NTJ JO UOTREVIIBA -°§ oINITJ

oLfigT T

g%z

0N




3k

1JTYS JI9jUa0-OTWRUAPOII® YQTM PUB o JO30BJ 1JIT

Li-4 04 ' V

. u,
"098/sUBIPBI 26T T = Om fq3 no/anTs 00gL00°0 = d  *Ghi Bulm JoOJ :v/

@
Uoey

OLNST 1

24

al-t

U1t Aousnbaxl J99qnTI JO UOTLBIIBA ~"0OT oIndTJg



35

*098/suUBTPBI #HT‘T = Pm {33 no/3nT8 000£00°0 = d *dGhh Buta g0y Uowy
1JTUS I93USD-OTWBUAPOISB U3TA PUB @ J0308BJ 3JTT U3TM Lousnbaag JI934NTF JO UOTRBTIBA =TT 9an3T4

Towyg °

90" for - go® o 20°- 0" - 90°- 9°1 11 21 0°1 g 9° -

oLt T ” ‘ i i olhgtt

el

9L

og*

ne*

i e’

_ =1 : L



36

90°* Ho"

"098/suBTpRI 90¢‘C = Pm €43 no/3nTs gLL200°0 = I
1JTUYS J93Us0-OTWBUAPOISB UITM PUB o J0308J 3JIT U3TA Lousnbaij J934nTJ JO UOTABIIBA -'ZT

20*

Uogy

L-464

20"~ o -

90"~

ii—— 0

ge*

ge*

of*

roust 1

2}

9€"

33

oh*

2n"

*¥Ght Butm a0F

Uyey

siL*o

2t

oltg 1

//.
///mpo
N

H I

ounIT g

9e°

gz*

(194

2€

hee

9¢*

15

ol

eh



‘098 /sueTpBL Con‘e = Pm {33 no/8nts gL¢200'0 = 0  "oof Suth 103 Uowv
1ITUS J99us0-dTuBUAPOISB UJTA PUuB o J0308J 3JTT YITA fousnbaxl J9290TJ JO UOTIBIIBA ~°¢T 2aInITJd

Uspy e
Ho* o fo - go°- 2T 9T~ om.m... 2z 02 3T 9°1 *1 2T ow
: ,
! i
| i : , : i
5L*0 { : Sl o
[ , . L 5L°0 .
; | X o , ! o °
, | ] K
! |
\ \O\\\\\\. | !
R - — -
| W. m | | ottsteT 7 ; [ ,,
i : P
9" + e
| ] o | 6
; ! i 1 7
i i
" ;
i ” o't 0°1
Dy 20
o ' w
;
11 _ Tt
I
| A
2t A , i 2’1
,, _,
! | i
I | i
, i
€1 — _ €1
M A
|
Wt i et
(2 "FoI o6g) TH'T = K 3® ! |
_ ousTddTs FI-X Ou3 JO 3593 ! ,
3u3T1J woay peursigo Use »
zr _ pue “'P15 Fuisn worgurnorsy O N|2> |
H S 1 L St

: Q=T . , : .



38

L-L6k

X 098 /suBTpBI 296°T = Pm {37 no/38nTs 00T£00°0 = O *¥oot Buia 103 Yowy
3ITUYS I93U3D-DTWRULPOIS® YJTA PUB o JI030BJ 1JTT UlTM Kousnball I939nT} JO UOT9BTIBA =-°HT 9INBTJ

Bogy

o* 0 fo-- go*- .- .- .
A 91 95 272 oz g'1 - - 2ot

Q Ho.:.

Si*o

! i
Om :
i 2p , | -
. [oLhST T
09 ; . 09*
W
| -
ki W -
| , i
| v W |
f 85" ” 8o
| (2 *Jex @e§) TH*'1 = K 3% “
; eusTdJals JT-X 6Yl JO 3883 “
| 3yBT13 w0y peuteaqo Uow | | .
k pae 9?15 Bupen uwotgernoTEs O !
d -
2l h R



39

*098/suBTPBI gHO‘S = T {97 SO\ws._”w QLE200°0 = d  °TOO% Sulm Joy Uowy
1JTYS JI93U90-OTWBUAPOISE UITM PUB 8 JI0308BJ 1JTT U3TA Aousnbaxl JoqqnTl JO UOTABTIBA -*(T aan3T4

Uoey °
zo* 0 E Yo~ 90°= go°~ ot~ z*2 (o34 8t 9t et 2'tT 0T
ﬁ e T ge"
| | . —
| _ .
, : otr*
0 L . ,m. , i
| " —
. \\\
. [YAL] ,_ e
oh*
oy
m
pir"
Folhst T \\\ %
\ o5
ot |
| W | w
or"T | T
; s
: L3 \\\\!
0g"t
W
95° 95"

9T



4O

Ly (44 :

*09s/sueTpEl 1,22 = M 13 no/BnTs 00660070 = O

Uasg

20° 0 20"~ f10°- 90°~ 20~ otr*-

8&*

ﬁ A oL*
W 2L
i

s

—— 9L"

3

*TO0L Butm xoy Yowy
1JTUS JIS3Usd-OTWRUADPOISB UITM PUB o J0398BJ 1JIT YsTtm Kousnbaxg I939NTJ JC UOTHBIIBA -°QT 9.MITJ

o1

9¢*




6X

=

Figure 17.- Effect of acp

speed with Mach number fo
p = 0.002378 slug/cu ft
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changes on the variation of flutter

r wing 4OO. For calculated points
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2.5
[o] Flutter experiment
2.4 Flutter calculation
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a 0 =—(F1 + I
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Fa| -.04 do.
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O ~.10 do.
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k3

Figure 19.- Effect of ac, changes on the variation of flutter

speed with Mach number for wing LOOL1.
p = 0.002378 slug/cu ft and Vg = 828.5 ft/sec.

For calculated points
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Figure 20.- Effect of acp changes on the variation of flutter
speed with Mach number for wing 7001. TFor calculated points
p = 0.005500 slug/cu ft and Vg = 84L.8 ft/sec.
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2.4
o] Flutter experiment
~—0 Calculation using aec = 1/}
2.3 Fg
| and C = FE(FI + 1G1) at
subsonic Mach numbers
2.2 O calculation using aen = -1/2 f
and € = Fr + iGr at sub-
sonic Mach numbers ) Z
2.1 — T - /
2.0 / I
o f / _
o
1.8 — (ol
-
VR /
1.7 ©
/;y{o
1.6 - A
o) /
£ O
/
1.5 7
’ /
o /
1.4 fo) / i
/
/
/7
1.3 A
/
ol Vd
1.2 B/// _
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1.0 —
.7 .8 K- 1.0 1.1 1.2 1.3 1.; 1.5

Figure 35.- Variation of flutter speed with Mach number for

wing 245, For calculated points
and VR = 650.4 ft/sec.

p = 0.003900 slug/cu ft
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Figure 48.- Variation of flutter-speed coefficient with density for
wing Lhs5.

|
|
|
|

/

9h~-"1

J

//ﬁ )

AN
AN/

~° 75
~ "
brag
1 3 I 5 6 7 8 9 1mx1073
Py slups/rt>
1 I ] L |
20 30 Lo 50 60x10™>



10X

3C
\ \\ ¥ ]
- pon N
\ \\/?
pes 2 .
T
1 1.154L70
8 - §§§E§§:
Q§t .15 ]
7 YR
byiag
6
v
by
5
L
3
2
1 Y
1 2 3 4 g 6 7 8 9 1lox107>
ps slugs/ft3
| 1 i | 1 { | i |
4 10 15 20 25 30 38 Lo Lsaod

Ry

Figure 49.- Variation of flutter-speed coefficient with density for
wing LL45SF.



Th

10,
9 —
¥
\ V/—é—
\ \ 1.15470
! \\ 5
R
v by
bray
3
2
1 .
2
1 py slugs/ft3 3 L
21 I |
5 10 15

Kr

‘Figure 50.- Variation of flutter-speed coefficient with density for

wing 4L4SR.

HhQt=T



L=404

™

10

b,

/1

=
n

&

4

6x10™3
p, slugs/ 3

| i 1. | [
10 15 20 25 30x1073

K

Figure 51.- Variation of flutter-gpeed coefficient with density for
wing 645.



76

20

10

broog

b —
\\
T~ [~ \ L
-\\\\\\:::::?_::\\\\~\‘> ‘\\\“‘-~,\\\‘~ 1.60
e ~ ] =
\\\\\ ~ v
\% 1';71561;1511
braoy

3
p, slugs/ft3

7

8

9 10x10=2

10 20

Kr

30

Lo

1
51073

Figure 52.- Variation of flutter_speed coefficient with density for

wing Ls2.

Hot—=1



L-4el

77

1,15470

\
ey h L \\
\

iy

75
3 i
brogy
2 S
1 -
1 2 3 I 5 6x1073
Py slugs/i‘t3
1. 1 | 1. I L ) I S
10 15 20 25 30 35 40 Lgx10-3

Kr

Figure 53.- Variation of flutter-speed coefficient with density forx
wing 430. .



78

20 |

10

_— ¥
\ﬁ
1.15470
N

T~
\

YR

3 b

py slugs/ft3

8

9 10x103

ko

Kr

80

100210~

Figure 54.- Variation of flutter-speed coefficient with density for

wing 400.

K At



L-L6k

10

9

)|
V2
5 \ 1.15470
v
b, \ \
b \ .75
\ "
bpog
1 2 L -6 x1¢=3
P slugs/ft3
_ ! 1 I 1
10 15 20 25 30x1073

Kr

Figure 55,- Variation of flutter-speed coefficient with density for

wing LOOR. 2



10 e
B -
8
7 \\ _
——]

|
/
]
iy

\ \l.lthO
L T~

.75
v \ R
brag by
3
2
! e Ty N c1e=3
1 2 3 k 5 oty
R slugs/ft3
1 U T 1 A
5 10 135 20 25x1073

Kr

Figure 56.- Variation of flutter-speed coefficient with density for
wing 4451,

9n="T



1X

L-46k

Kr

81
20
NNy \\ |
9 \\ \\\ lll
\ .30
8 .
7 \ \ 1.15470
v 6
brwg ) \ .75
5 \
by
3 .
» _
]
1 2 3 L 9 10x1073
| l o, slugs/ft3 | .
10 25 Loxr0-3

Figure 57.- Variation of flutter-speed coefficient with density for
wing LOOL.



82

20
\ N
\_\\ 1.30A
10 \\\\\‘-\‘
—1
9 1,15470
8 \
7 ~
] \ \‘ _
v \ \
E‘as S~ S~
\\ .75
4 RS
"~
brug
3
2
1
1 2 3 7 8 9 1lox1073
p, slugs/ft3
! i | ] ]
5 10 15 20 25x10-3

Kr

Figure 58.-~ Variation of flutter-speed coefficient with density for

wing T001.

o1



L-4 6k

1.92

1.88

1.8,

1.80

176

1.72

1.68

6.0

1.2

=~ r

1.2k

1.08

1.00
]

2. 2.8
p,slugs/ft3

Loy ki .8x10-3

o

] 1
12 16

*r

Is

Figure 59.-~ Variation of flutter-speed ratio with flow density for

wing LL5.

83



2.00

1,96}

1.92f—— -

1.88—

1.8

1.80

oy

HoH~1

1.324—

1428f—

1.2h

1,20

116

75

.8

1.2

1.6

i

240 24, 2.8 3.2 346 .0 JIN L; 8x10-3
o,8lugs/Tt3
1

8

1
12 16 20%10-7
kr

Figure 60.- Variation of flutter-speed ratio with flow density for

wing L4sSF. .



1,-L6L

85

1.56 6.0
\
\
\ —
1.52 — e 5.6
AN —
\ 1
\
1.48 4 5.2
AN
A
1.44 . - 4.8
/ ~ v
N R
\\ m
1.40 R —t e — - T+ Ly
N
~
~
M / T~ L
1.36 — = o0
3 NeY ~ — 4 v
b8
1.32 — 3.6
v
r
1.28
1.2} -
P
1.20 L — g
//
1.16 e e
/
1 151;70/
1.12
1.08
—
h __‘___4——‘—'—‘_—————____—'_—‘_-
1.0
+75
1.00 -
0 5 8 1.2 1.6 2.0 2. 2.8 3.2 3.6 k.o L.yxao3
p,slugs/rt3
L i | L 1
0 L 8 12 16x10-3
kr

Figure 61.- Variation of flutter-speed ratio with flow density for
wing 445R.



1.40 = 7.2
\
1,38 \ — = T — 4 —16.8
\ —]
1.36 - ‘\_,,_ —_— - J/ [ )
\ —
\ /
1.34F—— = e \\ - —/* -- — 6.0
\ ]
:/ Brayg
1321 SN S E PR - RS _3§5.6
N\
\V
130 - : \\ i s S 5.2
X
/ AN
vz N
1.2 T N 1.8
N
N
\X
1.26}- —— —t e B paiits Rk N [
~
~
™~ VR
1.2!4"_ i o . R ) *—Brm{x—h'o
1422 - 3.6
'
VR
1.12
1.10} _
1.08f— - - - - — T e o
|
1.06]- N S R P i
/£
/
1.0l 0 =" .. -
[l //
1.15470
1.024 I S T
—
_—-""_—-———
/
_ N L—"1 B}
e 1 /74
a5 7
.98 1
0 X .8 1.2 1.6 2.0 ady 2.8 3.z 3.6 L. L.xa07?
p,alugs/re3
i 1 1 i i 1
o 4 8 12 16 20%10~3
Fr

Figure 62.- Variation of flutter-speed ratio with flow density for
wing 6.45.

9T



L-464

1.6} 8.0
\
1.60 \\ - | —t 7.6
\ //
1.56 \ 702
\
\ |
1.52 A_/AK S %
¥ N
1.60 / AN
1.48 — A _ - 6.%
N Va
AN Brty
Lk N L 6.0
\\
\\\\
10 . .
oL S 5.6
~
- \'
1.36 : . S 52
v /__)e\
® /‘/ \\ g
1.321— =] r% 1.8
//
1.28 vz
1.2} = N
1.20 S I
" 1.16 . —_]
1.12 - — —
1.08 _ 14855, —7
1.04 /_:9—"‘::——" -
/
75~
l
1.00 —
° o -8 1.2 1.6 2.0 a2 2.8 3.2 3.6 4.0 L.xi0-3
: p,alugs/rt3
L ] . 1 1 1 ! 1
0 L 8 12 16 20 2hx10-3

fr

Figure 63.- Variation of flutter-speed ratio with flow density for
wing 452,

87



88

1.92 5.2

1.80

FUR 74 AN I N 3.6

/|

1.72 - e <t —]3.2

1.68 - - bpae 2.8

1.6L - - +

1.60 1 . . [

156 f——— - - /,

1.52 - L — ——

pd o
148 1154707

Lehlt l

7|«

1.28

1.20—1 - - - 1

1.16F—

12, 4 .8 1.2 1.6 2.0 24 2.8 3.2 3.6 l.0 b lyx10-3
p,slugs/ft3

1 1 1 I ] 1 1 | 1

[} h 8 12 16 20 2k 28 32x1073

*r

Figure 64.- Variation of flutter-speed ratio with flow density for
wing 430.

7911



12X

5.4
- : 7 — /‘/
5.0 ,,W""<;;74544,m, |
L.8 - ////////// S
4.6 <]
' /
'
by
=
\O
.—.lr 4.2 - - b.2
=t
L.o \ )
. \ - .0
\ 4
LY - - —{3.8
- 3.8 X 3
3.6 - 3.6
- ‘\ VR
\ Bralg
3 - 7 I AN 3.k
A\
3.2 = \\ 3.2
AN
N
3.0 = ~ 3.0
AN
\\
2.8 . ,7,,,,>< ] 2.8
./ ~
] ~1 vy
2.6 S%O. 2.6
r
1.15470 4
2.k v[ - 2.4
_
R
1.y |
*75
1.2 e e ]
1.0 1 _ ;
0 o .8 1.2 1.6 2.0 2.4 2.8 3.2 3.6 L0 b lpr0-3
p,alugs/ft3
— 1 1 1 I 1
] 10 20 30 Lo 50x10-3
kr

Figure 65.- Variation of flutter-speed ratio with flow density for
wing 400.



2.04

2.00 S —

1.96

1.92

1.88F—— -

1.8

leBof— -

1.76 -

1.72

1.68}— ——

1.8

g 32

1.60

1.56

248

1.15470 _ 1~ .

1,28

75

1.2 1.6 2.0 8 3.2 3.6 k.o L.jpao™3

2. 2.
p,alu;_:,}g/t't5
1 H I

8 12 16 20x10~3

fr

Figure 66.- Variation of flutter-speed ratio with flow density for

wing LOOR.

o=



L-46)

91

1.64 5.0
1.60 ~4\ - - 5.2
1.56 \ = e e 5.0
1.52 \ / k.8
X /(\
1.48 1.35 \\ - L .6
N\ Yr
\\ riq
1.hh - —j bk
\\
N
1o -+ - — .2
< L
\i
1.36 a ™ ~ h.e
X N
“r IN
1.32 - \\ — — 3-8
~
\\
1.28 1- - - S < 3.6
No &
B0,
1.2k L= )
/
/
1.20 —// - ]
1.16 -
154707 [
—-—‘-———
1.2 | | _ | .7/'/;
. /
//
1,08 75— —
1.04
1,00 -
0 .8 1.2 1.6 2.0 24 2.8 3.2 3.6 .0 Lo L o803
p,slugs/rt3
i I i 1 1
L 8 12 16 20,02
Fr

Figure 67.- Variation of flutter-speed ratio with flow density for

wing Lisl.



92

2.40 T
)
1,30 ]
2,361 — g . 4
\
2.32 i e — 7.6
\
\
2.28} T\_ — 7.2
2.2} \ ot 6.8
2.20 — o A—X\ 6.
- \ Fo 6.0
26—
Vr
\ Dy
2.2 s N : 5.6
~
2,08 - \\ - — 5.2
*-\ 8
2.04 *\& he
\\
2.00 — a J Ly
~
-+ — .0
96—+ \\ . I
R
brwa
1921 T - 3.6
1.88 IRER L I —
1.8
.
&
1.48
1.4 5 - i
140— —b—8 — —_— -
1.365 0y .8 1.2 1.6 2.0 2. 2.8 3.2 3.6 4.0 hyx1073
p,slugs/rt5 .
1 _ 1
cly L 8 - 12 16x1073

Figure 68.- Variation of flutter-speed ratio with flow density for
wing 4001.

1

9T



L-L46Y

93

L.6 6.8
Lok \\ - 6.
\ -
g2 pb— N - _ _.,/_/ 6.0

AN /
.o AN / 5.6
§ 7
N /
N
} 8 — / - — 5 2
* L~
~
AN
i P
3.6 T L.8
~
<
N
3.4 \\\ " L
/ ~
o ™~ -
3.2 1.30 / — Ty 4.0
X - SR
® \~.\r\“’u
3.0 AR ~— 3.6
2.8 3,2
2.6 — —
/
Zoh T -1 /
2.2 — / |
//
2.0 e
1.15&7/0/
1.8 //
1.6
1. .
<75
]
1.2 |
193 2. 2.8 3.2 3.6 L. by .8 5.2 5.6 6.0 6L 6.8  T.2%x03
p,alugs/ft>
1 1 I 1 i i | .
6 8 10 12 1k 16 18 20x103
*r

Figure 69.- Variation of flutter-speed ratio with flow density for
wing TOO1.

VR



ok

+78 - e

.72 /
e

=1

Fle

\
\
\
\

vz
.3 1415470
i

0
and
-BZL—— .75 ' — -

AN

2. 2.8 3,2 3.6 hed Ly 4 8x10"3

p,slugs/ft5
I\ H | 1 |
0 ki 8 12 16 20 2, 28x10~3

kr

[

=
.
@
-
.
Ny
',
.
o
n
-
o

1

Figure 70,- Varilation of flutter frequency with flow density for
wing W45. wy = 2,192 radians/sec.



L-L6k

.80

.78

.16

T

72

.70

. £l

66

.6l

.62

.60

.58

.56

.52

.50
[

95

2.0 2. 2.8
e, slug;/fﬂ

3.2 3.6 L0
i 1

L
i

L .8x1073

=
o

12 16

*r

20%10~3

Flgure Tl.- Varlation of flutter frequency with flow density for

wing WU4SF.

Wy = 1,144 radians/sec.



96

38

37

36

<35

=33

.32

<31

Fle

«30

«29

.28

.27

.26

«25

2%

21

«20

N

]
!
\T\ : ‘
\ 4\\\ ‘
\\\\.
\ <
i N

\\\\\ ‘\\\\\f\
AN

0 & .8 1.2 1.6 2.0

2.4 2.8 3.2 3.6 4.0 Ly hyx10-3
p,8lugs/r43
L

H 1 |

a b 8 12 16x10=3

*r

Figure T72.- Variation of flutter frequency with flow density for

wing L4SR. wy = 2,306 radians/sec.

901



13X

L-L6k

Lo

39

.38

37

.36

35

<34

&le

+33

32

.3

»30

.29

.28

27

.26

2
50

97

.

ANy

1-151470/ /7

X

.8 1.2 1.6 2.0 8 3.2 3.6 4.0 L x1073

2.4 2.
p,slugs/Lt3

L 1 1 i 1

8 12 16 20x1073
b .

Figure 73.- Variastion of flutter frequency with flow density for

wing 645. w, = 3,173 radians/sec.



98

56
54
sol - B !;)
g _:
A I L
)y
i 4 - g
Lo 1 / // s / é'\
4 // F
74Ny
ZARD%
o

30— - - _
28— e | e [
.26 .
0 N .8 1.2 1.6 2.0 2, 2.8 3.2 1.6 .0 ylyxo™3
p,slugs/rt3
[ i I 1 L L I
0 Iy 8 12 16 20 2Lx10-3 .

Figure 7h4.- Variation of flutter frequency with flow density for
wing 452. w, = 2,300 radians/sec.



L-L6k

«Th

.72

.70

68

.66

.62

£le

.60

.58

.56

-5l

.52

«50

48

A6

M A —
./

. N

=1
P — 4 J—
-
// //
P -
‘// /
Pre Z
/ =
;f /l
/ /
s / ,/ﬁ::;g_
1.15470
| / =
5 /)
4 .8 1.2 1.6 2.0 2.4 2.8 3,2 3.6 k.0 L L2073
p,alugs/fb3
] ] i | 1 | ]
8 12 16 20 2} 28 32x10"3
kr

Figure T75.- Variation of flutter frequency with flow density for

wing 430. oy = 2,158 radians/sec.

99



100

1.52

18—t V2

1.46 - \\

1.42

1.4o -

§le

2

1415470 —p—""

68—

.66

<15

.62 . ] e

.60

.58 NE et

75 “1

.56

()] N .8 1.2 1.6 2.0 2. 2.8 3.2 3.6 k.0 by Jyx10-3
pyslugs/ft3
L : 1 i i 1 i 1
0 10 20 30 Lo 50x10>
*r

Figure 76.- Variation of flutter frequency with flow density for
wing 400. . = 2,463 radians/sec.

oI



L-464

101

.60 o

.59 I

.58 - - 1 4]

«57 — P S // ]
L~

.56 A (N I S
/ — ] &
55 , . ,‘_ﬁ/ : 7/ = P

.5& s T e

w & -~ ;
; / 7
«53 B ]
-
1ash0 /] /s
/
.52 : _ .
/
/
.51 o A i o
/
50 ,./ o4 ]
/
L9 /
//
A48 .. // Y S FU
47 S S A/ .
46 1/ . N
&5 .75 4 , o
0 oA .8 1.2 1.6 2.0 2. 2.8 3,2 3.6 k.0 hyxa0-3
n,ulugn/ft5
L | 1 1 1 1
] 3 8 12 16 20x10~

b o
Figure T77.- Variation of flutter frequency with flow density for
wing LOOR. ay = 1,982 radians/sec.



102

46

42

4ot

387

<36

32 F

£le

30T

.28

.26

22

20

.18

.16

)

//// o -

; s /,/ ] £
|

b

1.2 1.6 2.0 8 3.2 3.6 [ Lah 14 +8%10-3

2. 2,
p,slug!é/ﬁﬁ

| . _ I | i

8 12 16 20%10~3

r

Figure 78.- Variation of flutter frequency with flow density for

wing LU51. ay = 2,352 radians/sec. -



L-464

103

55

S T -
]
52 ¢ <

1,30 /

«51 T /

.50 I

49 e

/) g
1.15470- b

18 . - —1

\
s

\

ke
\

3 — O

&5 R -

b3 -

JBi2 =

Lo —

39 7

.38 L

0 A .8 1.2 1.6 2.0 8 3.2 3.6 4.0 k<103

2.k 2.
p8lugs/rt3

i 1 1 1
° I 8 12 16m0™3

*r

Figure 79.~ Variation of flutter frequency with flow density for
wing 400l. &, = 2,048 radians/sec.



104

<79

/|
/1]

.78

«T7

.76 \

v
/

75

.7h

£l

A7

L6 4

b5

AN
RN

A1

0

39 <75

37 | | "]

36

2.0 24 28 342 2.6 .o [y b8 5.2 5.6 6.0 6.4 6.8 742%10°3
p,slugs/rt3

i 5 1 : 1 1

6 8 10 12 1 16 18 20%10~3

*r

Figure 80.- Variation of flutter frequency with flow density for
wing 7001. ay = 2,271 radians/sec.

941



105

14X

"P93BOTPUT L3TSUSP 93 JOJ PIjBINOTBO Y30q aIr dp pus A "Gy Butm J03
Jaqumu UOBW YITM OT3BI PI9ds-I974NTJ JO UOTYIBIIBA 89U} UO S28usyd LQTSUsp JO 309IJH - 1g °InITH

X
G Lt gt R = 2 T T o't 6 g L 9 & T < 2 r 0
, T ] m 2
“ | o ©
m o]
_ 0'%, | |
o%wr@& i _ o
| ol DA P o
“ ol °) e ] <
hd 4 i PI°T
@\ | 7 s
1 P ;i 0O / |
, f 1
, | o0
; _
! o
, i _ o
| "
W 7S , T
! 'Y
, A
| |
| m (20
o® M\
o /
.1
3 , 9
o . m N
» , FASS
\1 o | 0015000 v
o]
P v | coltooto > ,
N L~ ¥ o] . A
= ” 09€00° 0 o0—
4 £33/53n1s ‘0
7 uol3eTnores .Nﬁuaﬁ.ﬁﬂ mnH
(s0Fa8a d) juewisedye aeiznry (o)
02
hor-1 . . .



106

"Po3BOTPUT A3TSUSD 3Y3 IO PeYBINOTED yjoq aae Hp puw

L-464

s IGHh Bulm ao7

JI9qUNU USBH YITMA OT3BJI PIads-Ia33nTJ JO UOT}BTIBA 943 UO S9BUBUD A3TSUSD JO 109JJH -*2g 9am3Td

[«

1 T

A

1

9

L ¢ e T

0g*
m-
O
ol |
o T T8~ o
1 g . ﬁ : %
/ ° ;
, i 11
! o} G% °©
L O el
Di aC/o |
o
f o ,
A [
I 0} |
" i O H
7 , m T
i A ® “ Imb
! . A
=) |
\ " ST
1
) i
A |
{TR3uswtaadxe) Jeq3nlTy oy Al LT
0051000 v
N 0012000 <
1
\ ! 000£0070 b 8
O,. \ . muu\mwsﬂu fd
| : ]
\ | . UOT3eTOATEd g8qINTa | 61
oy ; |
— (so1ama d) juswiaedxs J83an{y (O

0*ez



107

*Po3BOTPUT A3TSUSD 973 JOF PI3vINdTBO U30oq axe dp pus A yGhy Surm J0F
JSqUNU Y28 YITM OTFBI paads-I934nTJ JO UOTFBTIBA U3 UO Sa3uwyo L9ISUSpP JO 309174 - ¢Q 9an3Td

.
G*1 ° 1 g1 2*1 1 0°T 6* N Lt 9* g f € 2 T 0 g
T
mo
01
- O
-~ n@ — o~
rd
,\\ ﬁ@m&@) l@[/l‘.- O )
Ol 1
|
% -l ¢
1
G 1
o O
[H
o L]
v 000%00°0 v T
006T00°0 [¢)
8.€200°0 0 9*1
mu.w\mw:,?. ‘d
uoy3eTNOTes J933ANnTd 11
(seTasa d) juowiaedxe Jeq3ntyg o)

. o1



108

2.h
O Flutter experiment (p varies)
2.3 Flatter calculation
p, slugs/frt3 A
] 0,003900
2.2
O 0.002900
A 0.004700
2.1
2.0 - -
1.9 o - T
18—
'
VR
1.7
1.6
o /
/0 O
/T
1.5 7‘ O ;T
/
o /
yd
1. =
. /
/
/s
1.3 1 -
/
/
1.2 ‘ﬁ?/ -
<
1.1
1.0
.7 .8 .9 1.0 1.1 1.2 1.3 1. 1.5
M

Figure 84.- Effect of density changes on the variation of flutter-speed

ratio with Mach number for wing 245.
for the density indicated,

V and VR

are both calculated
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5. U

O Flutter experiment (p varies)

5.2 | Flutter ealoulation —-

Py 3lugs/ry3
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O o

2.8 N S — - _——_t b3 — R .
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o]

! 7 o

Y R L
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Figure 88.~ Effect of density changes on the variation of flutter-speed

ratio with Mach number for wing 400.
for the density indicated.

V and Vi are both calculated
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o} Flutter experiment (p varies)

2. Flutter calculetion

p, slugs/rt3
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% e

4
N
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‘Figure 91.- Effect of density changes on the variation of flutter-speed

ratio with Mach number for wing L4OOL.
lated for the density indicated.

V and VR

are both calcu-
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h.h

G Flutter experiment (p varles)

L.2 Flutter calculation
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Figure 92.- Effect of density changes on the variation of flutter-speed

ratlio with Mach number for wing TOOl.
lated for the density indicated.

V and VR

are both calcu-
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Figure 96.- Effect of density changes on the variation of flutter fre-
quency with Mach number for wing 245. w, = 1,665 radians/sec.
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