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RESEARCH MEMORANDUM

FIUTTER CHARACTERISTICS OF SWEPT WINGS
AT TRANSONIC SPEEDS

By Laurénce K. Loftin, Jr.

SUMMARY

, An experimental study of the flutter characteristics of swept
wings is being made in the Langley transonic blowdown tunnel. The
purpose of this work 1s to determine the important effects of some of
the plan-form variables and to provide the basis for a means of flutter
prediction at transonic speeds. The investigations have consisted of
studies of the effects of variations in sweepback angle, aspect ratio,
and taper ratio through a Mach number range extending from sbout 0.8

to 1.35. The investigations have shown that although some further work
is no doubt required, the basic effects of these plan-form variables
are fairly well defined. Variations in the center-of-gravity position
have been shown to have an important effect on flutter at transonic
speeds. A method of analysis has been developed which accounts for the
effect of center-of-gravity position and which indicates the important
aerodynamic parameters influencing flutter of a certain class of wings
at transonic speeds.

INTRODUCTION

An experimental study of the flutter characteristics of swept
wings is being made in the langley transonic blowdown tunnel. The
purpose of this work is to determine the important effects of some of
the plan-form variables and to provide the basis for a means of flutter
prediction at transonic speeds. The investigations have consisted of -
studies of the effects of varlations in sweepback angle, aspect ratio,
and taper ratio through a Mach number range extending from about 0.8
to 1.35. The variations in the individual plan-form parameters were
chosen with a view toward bracketing the range of practical interest
and consisted of sweepback angles from 0° to 60°, aspect ratios from
2.0 to 6.0, and taper ratios from 1.0 to 0.2. The effects of varia-
tions in certain wing mass parameters have also been briefly studied.
Some of the results of these investigations have been reported (refs. 1,
2, and 3), whereas other more recent data are not yet generally
available. The present paper will attempt to summarize and correlate
some of the trends shown by the resul§§. The experimental techniques
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employed in the investigations are fully described in references 2 and
3 and will not be discussed here.

SYMBOLS
A sweep angle of wing quarter-chord line
A wing aerodynamic aspect ratio
A Wing taper ratio
M Mach number
VExp : .
VEEE ratio of experimental to calculated flutter speeds
%%ﬁ%; ratio of experimeﬁtal to modified calculated flutter speeds
Unp : . '
EEE' ra;igszftii:iﬁ;egrgzﬁﬁizi,Second bending frequency to
Clu lift-curve slope-
X distance along wing chord measured from leading edge,
¢ fraction of chord
c wing chord length normal to quarter-chord line
Subscripts:
CG . center-of -gravity positioh
ac 4 aerodynamic-center position
M Mach number
.8 stream Mach number of 0.8

N direction normal to quarter-chord line
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METHOD OF ANALYSIS

Before discussing the trends shown by the results for the various
wings, a few remarks regarding the method of presentation and the
definition of flutter speed may be appropriate. Some typical results
for a swept wing are shown in figure 1. A definition of the exact plan
form is not important in this case. The Mach number is plotted along
the abscissa and the ratio of the experimental to a calculated, or
reference, flutter speed is on the ordinate. The reference flutter
speeds were determined from a Rayleigh type of analysis in which the
flutter mode was represented by the superposition of the uncoupled
modes of a cantilever beam and in which the aerodynamic coefficients
were two-dimensional, incompressible values taken normal to the quarter-
chord line (ref. 4). The necessity of employing such a normalizing
factor as Vggr 1n the presentation of experimental flutter results
seems unavolideble because of the large mumber of mass, elastic, geo-
metric, and aerodynamic variables involved. Thus, by use of a reference
flutter speed, the mass and stiffness properties of the models and the
air density, all of which have a profound effect on the actual flutter
speed, do not appear explicitly in the comparison of the various wings

Vv
but are implicit in the values of Vgppp. Curves of QEXE against
' REF .
Mach number, therefore, show the departure of the actual flutter speed
from a known reference level as a function of Mach number.

In many of our tests, difficulty is experienced in selecting a
unique boundary which separates a condition of flutter from a condition
of no flutter. The data points through which the solid line is faired
in figure 1 indicate & condition of continuous flutter. The cross-
hatched area represents a region of doubt in which the behavior of the
model is characterized by random oscillations and intermittent bursts
of flutter. As can be seen, the region of intermittent flutter is
primarily associated with the supersonic range, although this is not
always the case. The significance of this region of doubt and the
extent to which the bursts of intermittent flutter may be due to
excitation by tunnel turbulence in a region of low, but not zero, aero-
- dynamic damping are open to some question. In any case, the flutter
boundaries to be presented in succeeding figures correspond to the
condition of continuous flutter as illustrated by the solid line in
figure 1. ‘

RESULTS AND DISCUSSION

The results of the study of the effect of varyihg sweep angle are

A
shown in figure 2 where the flutter-speed ratio VEZB 1s plotted against
: REF
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Mach number. The wings had an aspect ratio of 4.0, a taper ratio of
0.6, and were about 4 percent thick in the streamwise direction. The
sweep angles are seen to be 0°, 30°, 45°, 52.5°%, and 60°. In the Mach
number range below about 0.9, the agreement between experimental and
calculated flutter speeds is very good, in spite of the oversimplified
representation of the aerodynamic forces in the calculations. As indi-
cated in the key of the figure, only two modes were employed in the
calculations for the wings of 0° and 300 sweep. These were the
uncoupled first torsion and first bending modes of a uniform cantilever
beam. In addition to these modes, the second uncoupled bending mode
was employed in the calculations for the other wings. The necessity
for employing a third mode was found to be closely connected with the
value of the ratio of second bending to first torsion frequency. The
frequencies forming this ratio were the measured coupled values. The
third mode appeared to be necessary in order to obtain good agreement
between calculated and experimental flutter speeds when the ratio of
second bending to first torsion frequency was in the vicinity of, or
below, 1.0.

For Mach numbers greater than about 0.9, the value of the flutter—
speed ratio increases with Mach number by an amount which depends on
the sweep angle. Very little increase is noted for the 60° swept wing,
with progressively more increase accompanying decreases in the sweep
angle from 60° to 30°. An inversion in this trend is noted in the
curve for the unswept wing which falls below the curves for the 30° and
45° swept wings. No entirely convineing reason for this behavior is
apparent at the present time, although one possibility suggests itself.
Difficulties with static divergence were experienced with some of the
unswept-wing modes. These divergent tendencies may have, in some way,
obscured the true zero-angle-of-attack flutter boundary. In any case,
investigations are now being made of wings of about 10° sweepback angle
in an effort to clarify these results.

Some effects of aspect ratio are shdwn in figure 3 in which the

flutter-speed ratio is again plotted as a function of Mach number.

VExp
VREF
The data shown are for 45° sweptback wings having aspect ratios of 2,

4, and 6. The taper ratio is 0.6 and the airfoils are 4 percent thick.
The calculated and experimental flutter speeds agree quite well at
subsonic speeds for the wings having aspect ratios of 4 and 6. The
calculated flutter speeds for the wing of aspect ratio 2 are, however,
considerably lower than the experimental values at subsonic Mach numbers.
The discrepancy between experimental and calculated flutter speeds in
this case is perhaps due to the inadequacy of the two-dimensional aero-
dynemic coefficients employed in the calculation. At supersonic speeds,
all three wings are characterized by values of the flutter-speed ratio
which increased with increasing Mach number. The shape of the curves

is, however, somevwhat different for the three wings.




Some indication of the effect of taper ratio is provided in
figure 4 in which the flutter-speed ratio is plotted against Mach
number for h5° sweptback wings having taper ratios of 1.0, 0.6, and
0.2. The aspect ratio was 4.0 for all three wings and the airfoils
were 4 percent thick. At subsonic Mach numbers, the agreement between
calculated and experimental flutter speeds is seen to be good for the
wings with taper ratios of 0.6 and 1.0. The calculations for the wing
with a taper ratio of 0.2; however, give a flutter speed which is too
low by about 20 percent. The flutter mode for these wings was charac-
terized by high frequencles, between the still-air coupled second
bending and torsion values, with large tip deflections. The first and
second uncoupled bending and first uncoupled torsion mode shapes of a
beam with a taper ratio of 0.2 were employed in the calculations. The
flutter mode shape, however, may not have been adequately represented.
Also, the still-air vibration modes for the wings having a taper ratio
of 0.2 were highly coupled, which raises some question as to the approx-
imate method employed for deducing the uncoupled torsion frequency from
the coupled values. Consequently, the subsonic level of the
VEXP
VREF

established. The data show, however, that the

curve for the plan form with a taper ratio of 0.2 is not too well

VEXP
VREF
rise more steeply with increasing Mach number as the taper ratio
decreases.

curve tends to0

The results presented in the preceding three figures all show an
VEXP
. VREF ;
into the supersonic range. The fact that the agreement between calcu-
lated and experimental flutter speeds becomes poorer as the Mach number
increases 1s not surprising because no account was taken in the VRgp
calculstions of the effects of compressibility on the aerodynamic char-
acteristics. The changes in aerodynamic characteristics with Mach
number would seem to be primarily a function of wing-plan~form shape.
An important question arises, however, as to whether the curves of

Xﬁ;ﬁ against Mach number are a function only of wing plan form or

increase in the flutter-speed ratio as the Mach number increases

whether these curves may be altered by variations in some of the mass
and elastic properties of the wing which are hidden in the Vggp calcu-
lation. Some understanding of the important aerodynemic parameters
affecting the flutter speed may be obtained from the simple flutter
formula given by Theodorsen and Garrick in reference 5. This empirical
formula is based on the results of low-speed studies of two-dimensional
wing flutter and is applicable to cases in which the ratio of first
bending to first torsion frequency is small. A consideration of only
those elements of the formula which contain the aerodynamic character-
istics of the wing indicates the following important proportionality:
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where the symbols have the following meaning:

A flutter speed

Clu lift-curve slope

(§)CG section center-of-gravity position

(%) section aerodynamic-center position
ac

The assumption is now made that the departure of the curves of %EKE
. ‘ REF
from 1.0 as the Mach number increases is a function only of the well-

known rearward shift in the aerodynamic center and reduction in 1lift-
curve slope. On the basis of this assumption and with the use of the
relation (1), the following expression for the flutter-speed ratio is
obtained:

X

XEXP _ (°Lo) g [(E)CG j 0;25] .8
Vear | (G, [(%%G - (g)ac]M

(2)

The subscript .8 refers to a Mach number of 0.8 for which the flutter-
VEXp
VREF
center is near the 25-percent-chord station assumed in the Vggp calcu-
lation. The subscript M refers to some Mach number higher than 0.8.

Equation . (2) clearly shows that the reduction in lift-curve slope and

rearward movement of the aerodynamic center which accompany an increase

in Mach number beyond 1.0 should cause an increase in the flutter-speed
V:
ratio Vigi. Equation (2) also shows that the magnitude of the effect

speed ratio is usually aboutvl.o and the corresponding aerodynamic

of rearward movements in the aerodynamic-center on the flutter-speed
-ratio depends upon the position of the section center of gravity.

In order to obtain some indication of the correctness of these
ideas, a short experimental investigation was made of three wings having
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identical plan forms but different section center-of-gravity positions.
The wings had a sweep angle of 45°, an aspect ratio of 4.0, a taper
ratio of 0.6, and L-percent-thick airfoil sections. The wings had
section center-of-gravity positions of 3&, 45, and 57 percent chord.
The results of the investigation are shown in figure 5 in which the

Vi
flutter-speed ratio V§§§ is plotted as a function of Mach number.
_ : v
For any given supersonic Mach number, the value of VEZB is seen to
: REF

increase with forward movements of the center-of-gravity position. In
fact, the wing with the most forward center-of-gravity position could
not be fluttered at all, within the operating limits of the tunnel,

above a Mach number of approximately 1.2. No-flutter points for this

VEXp »
wing are indicated by solid symbols. The highe; values of VEEE or

the more forward center-of-gravity locations are entirely consistent
with equation (2).

Equation (2) suggests certain possibilities for generalizing the
data of figure 5 to include other center-of-gravity positions. The _
values of the lift-curve-slope ratio and the aerodynamic-center positions
appearing in relation (2) are unknown and must be found. One possibility
is to use overall wing lift-curve slopes and aerodynamic-center positions
as determined from static aerodynamic tests of rigid wings. Such a pro-
cedure does not yleld good results, however, because the deflection of
the wing is not considered. Another possibility is to regard again the
aerodynamic parameters appearing in equation (2) as lumped or integrated
values and to determine these values with the use of the flutter data of
figure 5 and equation (2). This procedure has been followed herein.

The aerodynamic-center position and the lift-curve-slope ratio at eny
given Mach number are assumed to be a function only of the plan form
and, hence, would be the same for the three 459 swept wings having
different center-of-gravity positions. This assumption implies that
the flutter mode shapes for the three wings are not markedly different.

Equation (2) indicates that the difference in the curvés of ,%EXB at

, REF
supersonic speeds for the three wings of figure 5 1s expressed by the
difference in value of the ratio '

[@)ccf - 0'25] .8
(B - (3,
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whereas the lift-curve-slope ratio

(°La).8
(Cra)u
has the same effect on-all three wings. On the basis of this synthesis

of the effects of lift-curve slope and aerodynamic center, the faired
curves of figure 5 for the three wings were cross-plotted in such a way

.as to determine the variation of the lumped, or effective, values of

the aerodynamic-center position and lift-curve-slope ratio with Mach
number. “The resulting aerodynamic-center position is shown as a
function of Mach number normal to the quarter-chord line in figure 6.
The aerodynamic center is seen to shift from the 0.25c station to the
0.34c station as the normal Mach number varies from 0.55 to 0.95. These
values appear quite reasonsble. The variation of the lift-curve-slope

(°La) 8

ratio ZE——F—- with Mach number normel to the quarter-chord line is
La)m

shown in figure 7. The ratio of the lift-curve slopes at stream Mach

numbers of 0.9 and 1.2, as determined from some unpublished static

aerodynamic tests of a rigid 45° sweptback. aspect-ratio-h 0 wing, is

shown by the symbol in this figure. v

An indication of how well the deduced variations of aerodynamic-
center position and lift-curve ratio describe the results obtained for
the wings with different center-of-gravity positions is provided in

figure 8. 1In this figure, the ratio %EZET is plotted against stream
REF

Mach number for the wings with different center-of-gravity positions.

The values of Vggp' were determined from equation (2) by letting

ON

VREF' _ _' = 0'25].8 (35

- VReF (Cl_u)M [( )CG - (%)aC;IM

C
and using the values of (%) and %E§§%;§ as given in figures 6
ac v
M

0 lx

and 7. The correlation is excellent, with no systematic trends evident
for the wings with different center-of-gravity positions.

The variations of aerodynamic-center position and lift-curve-slope
ratio shown in figures 6 and 7, respectively, were determined from
flutter tests of a particular wing plan form. Application of the results
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to an arbitrary wing plan form is not, in general, permissible. For
the restricted case in which the sweep angle is the only plan-form
parameter varied, however, one might expect the values of aerodynamic-
center position and lift-curve-slope ratio for one sweep angle to be
roughly applicable to other sweep angles on the basis of equal Mach
numbers normsl to the quarter-chord line. On the basis of this rather
crude assumption, the aerodynamic-center position and lift-curve-slope
data of figures 6 and 7, together with the formula (3), have been used
in an attempt to correlate the swept-wing data of figure 2. The results
VExp
VREF'
number normal to the quarter-chord line. Also included in figure 9 are
the data for the 45° swept wings with center-of-gravity positions of 34
and 57 percent chord. The unswept-wing data of figure 2 are not
included. For normal Mach numbers less than 0.7, the correlation is
within the scatter of the data for individual wings. At higher Mach
numbers, the correlation is not quite so good, with the maximum dis-

are presented in figure 9 in the form as a function of Mach

‘parity between the data points and the line %EZBT = 1.0 being about
- REF
15 percent.

The correlation of figure 9 indicates that, at least for the class
of wings considered, the aerodynamic center and lift-curve slope are
the important aerodynamic characteristics controlling the variation

V
of V%ﬁ% with Mach number. The fact that the correlation, figure 9,

was achieved without any consideration of the effect of compressibility
on aerodynamic lag is perhaps also of some significance. The formula,
equation (3), together with the values of aerodynamic-center position
and lift-curve-slope ratio given in figures 6 and 7, respectively, may
perhaps prove of some use in estimating the effect of variations in
center-of -gravity position on the flutter speed of wing plan forms of

" the same general class as those considered. The generality of the
method, in an absolute sense, is however difficult to access.

CONCLUDING REMARKS

Transonic flutter investigations have been made of swept wings
having different sweep angles, aspect ratios, and taper ratios.
Although some further work is no doubt required, the basic effects of
these plan-form variables seem fairly well defined. Variations in the
section center-of-gravity position have been shown to have an important
effect on flutter at transonic speeds. A method of analysis has been
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_ developed which accounts for the effect of center-of-gravity position
and which indicates the important aerodynamic parameters influencing
flutter of a certain class of wings at transonic speeds.

Langley Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va., April 27, 1955,

REFERENCES

1. Bursnall, William J.: Initial Flutter Tests in the Langley Transonic

Blowdown Tunnel and Comparison With Free-Flight Flutter Results.
NACA RM I52K1k4, 1953.

2. Jones, George W., Jr., and DuBose, Hugh C.: Investigation of Wing
Flutter at Transonic Speeds for Six Systematically Varied Wing
Plan Forms. NACA RM I53GlOa, 1953.

3. Land, Norman S., and Abbott, Frank T., Jr.: Transonlc-Flutter
Investigation of a Fighter-Airplane Wing Model and Comparison
With a Systematic Plan-Form Series. NACA RM L55B16, 1955.

4. Barmby, J. G., Cunningham, H. J., and Garrick, I. E.: Study of
Effects of Sweep on the Flutter of Cantilever Wings. NACA
Rep. 1014, 1951. (Supersedes NACA TN 2121.)

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




NACA RM I55E19a & ¢ s°

11

5
;
b

FLUTTER BOUNDARIES

1.8
CONTINUOUS FLUTTER A "
1.6 - R N
A N 29,
a}\‘:
14 \ N\
Y R
EXP S
V_RE; ) \— INTERMITTENT
12 X . FLUTTER
Oo e
1.0 TOo
8 [ i ]
8 1.0 1.2 1.4
M .
Figure 1



s 004 o 900 o oo o L L [ ] LX X LA J
L 2 1 e ° * o L] ® & o ® o ° e o
L N o0 o e o e @ L ] L e o o
* & . o L J ] L] L N )
L] e o [ 2 L]

NACA RM I55E19a

A, DEG W, /Y, MODES

EFFECT OF ASPECT RATIO

A=45°, A=0.6
o
.8 Who
A @g  MODES a
2
16 e
. at
VExp
VRer
12k
10}
.8 CL . . |
) 1.0 12 1.4
M
Figure 3.



NACA RM L55E1Q%a

PioiCE ol i G

EFFECT OF TAPER
A=45°; A=40

EFFECT OF CENTER OF GRAVITY
A:45°% A=40, A:06

A
A
181 C.G.
o 0.34c o
o 45c | FLUTTER a
o 5Tc A a]
6 L 34c NO FLUTTER
14}
Vexe
VREF
o} =9
a
¢}
8L
| R 1 1 J
8 10 12
M
Figure 5

15



2 BiciE i cowpdring TE i moa me smoe
- AERODYNAMIC - CENTER POSITION
A=45°; A=40; \=0.6
35
33
i
X
.29
27+
ZSEI i | | 1 J
0.5 6 7 8 9 1.0
Mn
Figure 6
CLQ RATIO
A=45%5 A:=4.0; \:06
I.G(
14}
(CLQ).G
(CLQ)M
12k ' A STATIC VALUE
1ol
L L 1 | 1 1
05 6 7 8 9 10
My
Figure 7



: 15

NACA RM L55El19a

2
{

CENTER-OF-GRAVITY CORRELATION
A=45°% A=4.0; A\=0.6

.8

SWEPT-WING CORRELATION
A=40; X\=0.6

A, DEG

o 30

a 45 C.G. AT 0.45¢c
o 525
a
v
>

NACA-Langley - 7-6-55 - 350






	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18



