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FOREWORD

This report, which presents the experimental and theoretical results of a
- program conducted to investigate the supersonic flutter characteristics of a

swept-back all-movable sﬁrface, was prepared by the Aeroelastic apd Structures
Research Laboratory, Massachusetts Institute of Technology, Cambridge 39,
Massachusetts for the Aireraft Laboratory, Wright Air Development Center,
Wright-Patterson Air Force Base, Chio. The work was performed at MIT
under the direction of Professor R. L. Halfman, and the project was supervised
by Mr. G. W. Asher. The research and development work was accomplished under
Air Force Contract No. AF 33(616)-2751, Project No. 1370 (UNCLASSIFIED
TITLE) "Aeroelasticity, Vibration and Noise, " and Task No. 13479,
(UNCLASSIFIED TITLE) "Investigation of Flutter Characteristics of All-Movable
Tails, " with Mr, Niles R. Hoffman of the Dynamics Branch, Aircraft Laboratory,
WADC as task engineer. This research was started in January 1955 and completed
in September 1956. Additional supersonic flutter testing of swept all-movable
stabilizers may be performed at a later date to obtain further information.

The authors are indebted to Mr, O. Wallin and Mr. C. Fall for their help in
building the models and in keeping the experimental equipment in good order, and
to Mr. G. M. Falla for his help in making the high speed photographs. The
authors are also indebted to Messrs. A. Heller, Jr., J, R, Friery and H. Moser
for their help in preparing the necessary calculations, tables, and figures for
this report.

Portions of this document are classified CONFIDENTIAL since the data
revealed can be employed to establish design criteria for the prevention of flutter
of swept-back all-movable tails of aircraft in the supersonic speed range.
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ABSTRACT

This report describes the flutter testing at supersonic speeds of a series of
swept-back all-moving stabilizers. An attempt was made to define the flutter
boundaries, for one location of the pitching axis, over the Mach number range of
1.3 to 2.1, by testing at a number of different levels of stabilizer stiffness, and
at a number of different pitching frequencies.

The results indicate that large increases in the region of instability can
occur due to the introduction of the pitching.degrees of freedom.. The test results
follow the trends of theoretical calculations, but the guantitative correlation be-
tween the theoretical and the experimental results is only fair,
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LIST OF SYMBOLS

NOTE

All quantities marked with * are measured in an unswept reference system

except when appearing with subscript &. They are then being referred to a
reference system swept with the elastic axis (see F1g 8 for unswept x, y and
swept Xg.¥p reference systems).

LE

&t R B

*Location of elastic axis in semichords aft of stabilizer midchord
Speed of sound (it/sec), a = 43.1V T
Panel aspect ratio

*Semichord of stabilizer (ft)

*Chord of stabilizer (f)
Flexibility influence coefficient of pitching mechanism (rad/ft-1b)

*Distance between pitch axis and elastic axis at the root, positive aft (ft)
Elastic axis or shear center position (% chord)
Modulus of elasticity in bending

*Bending stiffness
Frequency (cps)

Assumed mode shape f{or calculation
Structural damping coefficient (ref. 10)
Modulus of elasticity in torsion.

*Torsional stiffness
Vertical displacement of stabilizer elastic axis (ft)
See Appendix I, Eq. (1)

*Mass moment of 1nert1a of stabilizer per unit span about the elastic axis
(slug-ft )
Mass moment of mertla, of r1g1cl stabilizer about pltch axis (slug-ft )

*Reduced frequency, bw/V k=kp)
*Semi span of model {ft)
Aerodynamic coefficients (see Appendix I)
Leading edge ' :

' *Mass of stabilizer per unit span (slug/ft)

*Mach number
*Section radius of gyration (ri = 1 a/mbz) in semichords

*Static mass unbalance per unit span about elastic axis (slug-ft/ft)
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1,2
(1/41c

Time (gsecs}
Absolute temperature (°R)
Trailing edge
*Velocity {ft/sec)
*Coordinate distances (shown in Appendix I, Fig. 8)
*Distance section center of gravity of the stabilizer lies aft of elastic
axis in semichords
*Torsional deflection of the stabilizer, positive nose up (radians)
*8ee Appendix I, Eq. (1)
*Nondimensional spanwise coordinate, n = y/2
Taper ratio, tip chord/root chord
Angle of sweep of elastic axis, positive for sweep-back, {degrees)
*Relative density, p = m/mp b2 {constant along the span)
Air density (slug/ft
Rigid body pitching about pitch axis, positive nose up
See Appendix I, Eq. (1)
Frequency (rad/sec)
Flutter parameter (wal/wf)z, Eq. (23)

Deflection of the mean surface of the stabilizer (ft)

SUBSCRIPTS

Conditions at start of flutter
First and second uncoupled bending moedes of the stabilizer

First measured cantilever or "pitch locked” bending mode of the
gtabilizer (Nominal first bending frequency)

Pertaining to pitch-locked-out condition

Experimentally determined parameter

Parameter evaluated at the root of the stabilizer (y = 0)

Parameter evaluated at the 75% span station of the stabilizer
Reference station for theoretical calculations {(75% span station of the
stabilizer)

Parameter evaluated at tip of stabilizer (y = £)}

First uncoupled torsional mode of the stabilizer

First measured cantilever, or "pitch locked, " torsional mode of the
stabilizer {Nominal first torsicnal frequency)

Parameter measured in reference system swept with the elastic axis
Rigid pitch degree of freedom

First and second measured coupled modes

Quarter chord
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SECTION I
INTRODUCTION

This report covers the experimental flutter tests and associated theoretical
calculations made on a swept, all-moving horizontal stabilizer at supersonic
spe'eds. The'cohfiguration tested is becoming a common one fqr high speed air-
craft and missiles.

At present, the methods of theoretical supersonic flutter analysis using
two-dimensional gerodynamic forces derived from linearized theory do not
appear adequate to predict the absolute levels of the flutter boundaries.
Reference 3 shows that even for the simple cantilever straight wings analyzed '
in that report such analyses give results that are conservative in one Mach
number range and unconservative in another. It may be suspected that the poor
correlation between theoretical and test results shown in Ref. 3 arises from
the use of two-dimensional aerodynamic forces on a three-dimensional lifting
surface, and so the use of more powerful methods of analysis, such as the
aerodynamic influence coefficient methods of Refs, 5 and 6, may improve the
correlation. However, correlations between theoretical and experimental
results, where the theoretical calculations have been based on three-dimensional
aerodynamic forces, are not common in the supersonic regime. Until such
correlations have been made, it is not certain that the added labor of the in-
fluence coefficient methods will be worth while in terms of improved results.
The designer will probably rely on the simpler two-dimensional calculation
to supply a description of the trends to be expected when various parameters
are changed, and will probably depend for some time on what experimental data
is available or can be obtained to define the absolute levels of the flutter
boundaries.

The present program is intended to define experimentally the level of the
flutter boundaries for an all-moving, swept horizontal stabilizer. " The canti-
iever, or "pitch locked, " boundary is defined by tests of the cantilever con-
figuration of the model shown in Fig. 14a, and through the use of data from
previous flutter tests, Various levels of wing and pitching restraint stiffness
are then combined in an attempt to define the effect of the pitching degree of

Manuscript released by the authors September 1957 for publication as a
WADC Technical Report.
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freedom on the fluiter boundaries, over the Mach number range 1.3 to 2.0. The
results are discussed in Section II of this report, and a complete compilation
of the experimental data is found in Appendix II.

Along with the experimental program, a large number of theoretical
calculations have been made on the basis of two-dimensional aerodynamic
coefficients, both supersonic and incompressible. The major effort was ex-
pended on three-degree-of-freedom calculations employing assumed wing bend-
ing and wing torsion structural modes and a rigid pitching mode. Four-degree-
of-freedom calculations were also made which included an assumed second bend-
ing mode as well as the previously mentioned modes. The results of the calcula-
tions are discussed in Section II, and the equations used for setting up the cal-
culations are described in Appendix I,

WADC TR 56-285 2
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SECTION I

DISCUSSION OF RESULTS

1 Discussion of Theoretical Results

A considerable number of calculations were made during the course of the
program for the swept stabilizer models to determine, if possible, what trends
might be expected in the fluiter boundaries for models of various stiffness levels
and varying pitch frequencies. The calculations used the velocity component
method of Ref. 8 with two dimensional aerodynamic coefficients. The model for
calculation of the aerodynamic integrals was assumed to be untapered in order
to avoid variations of reduced frequency, k = bwf/v, along the span, but the
mass and stiffness parameters were assumed to vary in the same manner as the
experimental model. A description of the calculations is found in Appendix I

Most of the theoretical effort was expehded on three-degree-of-freedom
calculations employing supersonic aerodynamic coefficients. The three degrees
of freedom used for this analysis were wing first bending (parabolic),wing first
torsion (linear),and rigid pitch about the rotation axis, The results of these
calculations are given in Fig, 1 for various values of the pitching to torsion

frequency ratio ( w ¢ /wal)z and pitching to first bending frequency ratio

2 ;
w, Sw . In all of the calculations (w, /w =0.25
(wy / hl) : ( hl/_ “1) , where U o
and w , refer to the frequencies in the assumed uncoupled modes. Note that
the reference semichord for the calculations, b > is that of the 75 % span

station, bO. 75 The reference axes for measuring the semichord as well
as other similar quantities are aligned with the stream unless a subscript 2
is used. In that case the reference axes are swept with the'elastic axis (See
Fig. 8). Many of the parameters, such as u, are constant along the span.

' Perhaps the most interesting feature shown in Fig. 1 is the sharp increase
in the region of instability that occurs below Mach numbers of about 1.8 for a
-value of ("’:p /wa )2 = 0.20. For this value of (w‘p/wa )2, the boundary actually
1 : 1

crosses the M = 1.7 line three times giving the shape shown. As noted in Ap-
pendix I, the four-degree-cof-freedom calculations indicated that this sharp drop
or "bucket' in the boundary probably occurs because of a change in the mode of

WADC TR 56-285 3
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flutter. Figure 13 of Appendix I shows that the "bucket" may be very much af-

fected by the level of structural damping, g, to the extent that for g about 0.6 the

boundary for (w 6 Jw o )2 = 0.20 may follow smoothly the trend established by the
: 1

cantilever, or “locked" case (u¢/wa )2 = .
1

For high pitch frequencies the velocity - Mach number trend is similar to
the locked pitch case with only a moderate lowering of the flutter velocity. For
low pitch frequencies the velocity - Mach number trend appears io be nearly a
constant equivalent airspeed (V? V = constant) through a wide range of
Mach number.

For M = 1.5, corresponding to a cross flow Mach number perpendicular to
the 409 chord line, Mg, of 10/9, a sharp increase in the region of instability
occurs even for the cantilever case, (w¢/ W gy )2 = . This increase in the

1

region of instability may arise from the use of the linearized supersonic aero-
dynamic theory at such a low cross flow Mach number. It must be remembered
that the Mach number used for the determination of the aerodynamic coefficients
of the calculation is the cross flow Mach number, not the free stream Mach
number.

The cantilever curves, (w¢/wa )2 = e, of Fig. 1 were determined from two-
1

degree-of-freedom calculations in which first bending and first torsion modes
were used without the pitching degree of freedom.

Figure 2 shows curves of the flutter parameters Vf/ @, bO 7% and
; 0
Vf/caf by 45 versus the frequency ratios (w 0 /wal) and (wf/whl) calculated by

using incompressible aerodynamic coefficients and three degrees of freedom:
wing first bending, wing first torsion, and rigid pitch. A sharp increase in the
region of instability for values of (w¢ /wa )} less than about 0.5 can be seen.

1

More significantly, the decrease in stability appears to be related to the
near equality of pitch and bending frequencies. This effect has been observed
by other investigators and depends on pitch axis location.

Calculations were also made using an assumed second bending mode along
with the first bending, first torsion, and pitch modes and the results are dis-
cussed in Appendix I. The addition of the second bending mode does not affect
the shape of the flutter boundaries significantly in the Mach number range studied.
Changing the ratio of second bending to first torsion frequency, (whz/wa 3,

from slightly greater than 1.0 to slightly less than 1.0 also has little effect on
the flutter boundaries. [t appears, then, that sufficient accuracy was obtained

NADC TR 56-285 5
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in the calculations with three degrees of freedom for the wings studied. As noted
in Appendix I, the V-g solutions for the four-degree-of-freedom calculations did
furnish valuable insights into the modes of flutter and the effect of structural
darmping. '

2  Discussion of Experimental Resulis

During the test program nine cases of flutter occurred for the sixteen
configurations tested. Two models fluttered in a cantilever; or "pitch locked, "
condition and the remaining models at various levels of wing stiffness and
pitching frequency. '

Reference 1 describes the M. I T.-WADC supersonic variable Mach number
Blow-Down Wind Tunnel facility in which the tests were conducted. Reference 2
describes the techniques of testing that were used to obtain the data. No major
changes were necessary in either the wind tunnel facility or the testing techniques
to obtain the experimental data presented in this report.

The planform of the stabilizer models tested is shown in Fig. 14 of
Appendix II. They incorporated a pitching degree of freedom with a pitch axis
perpendicular to the root chord, 64.3% of the root chord aft of the leading edge.
The stiffness of the pitching restraint could be varied at will. The model con-
struction was similar to that described in Ref. 2 with a single spar providing the
reyuired stiffness. Balsa fairings glued to the spar 'gave the required 6% thick
double wedge airfoil shape and suitably spaced lead weights provided the required
mass parameters, A more complete description of the models is given in
Appendix II.

Before flutfer testing, each model was given vibration and static tests. The
results of these tests, as well as the tabulated results of the flutter tests, are
contained in Appendix II. With the pitching mechanism "locked out, " the
cantilever condition, the lowest natural modes of vibration were determined for
each model. In general three modes were easily excited, the first bending,
first torsion, and second bending modes. The first bending mode and first
torsion mode determined in this manner were used to plot the flutter data of

Figs. 3 and 4 are the wp and w, of the figures. The rigidities in bending and
N N
torsion, EL, and GJ - at the root were also determined for most of the models in

the cantilever condition, This data is not too satisfactory since it is difficult to
assess accurately the effects of root fitting deformation. As can be seen from
Table 2 there seems to be considerable scatter in the EIr and GJr data since
models with essentially the same cantilever frequencies appear to have widely
different values of EL, and GJr. With the pitching mechanism in operation

WADC TR 56-285 T
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vibration data was also taken for various pitch restraint stiffnesses. In general,
only the first three modes of vibration could be excited easily as can be seen
from the data of Table 5. This data furnished the coupled vibration frequencies
Wy and w, for the plots in Figs. 6 and 7. Influence coefficient data was also
taken with the pitching mechanism in operation. The uncoupled pitch frequency,
w,, was determined from the measured rigidity of the pitch mechanism and
from the measured total mass moment of inertia of the wing and root fitting, I¢.
A few of the frequencies so determined were checked by fitting a rigid disc of
known morment of inertia to the flexure and measuring the resulting vibration fre-
quency. The check on frequencies was satisfactory. Pitching frequency data can
be found in Tabie 3 of Appendix II, while the frequency data and all of the flutter
data is summarized in Table 4.

Figures 3. 4, and 5 ccmpare the experimental flutter data and the theoretical
predictions when plotted versus Mach number. It is presumed that w ! the
N

first measured cantilever torsion frequency, corresponds fairly closely to the

unccupled first torsion frequency, w used as a parameter in the calculations

o H
1
and similarly that Wh corresponds closely to wp - Since the different models

N i

fluttered at somewhat different relative densities, M and since the value of .
used in the theory is lower than for most experimental points, the factor
1/Vu £ has been included in the ordinates to reduce the effects of these variations.

The tests of the SWS-2 model, which fluttered in a locked configuration,
along with the data of Ref. 3 were used to establish the cantilever, or bending-
torsion flutter boundary; ( w, /w )2 or (w, /w )2 = . (The SWS-1d model

¢’ "hy ¢ oy

also fluttered in a cantilever condition but, since the vibration data of Table 5
shows that this model had a low torsion frequency quite different from the

rest of the stabilizer models, it was used only as a guide in drawing the "locked"”
boundary. )

The SWS8-1 series of models, had a slightly higher stiffness level than SWS-2
and thus had a margin of safety of about 7% in bending-torsion flutter. The
margin of safety is defined as the ratio of W, hecessary to prevent flutter in

N

the cantilever condition to the W, of the actual model. The SWS-1 series models

N
were flutter-free in the cantilever condition but when the pitch frequency was low-
ered to about 98 cps, flutter occurred at M = 1. 35, as can be seen from the
5WG5-1-98 model test point. Two other SWS-1 series models were flutter tested
at lower values of pitch frequency, the SWS-1c-48 and the SWS-1e-74 models,
The vibration data shows that these models were similar to the SWS-1-98

WADC TR 56-285 8
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model in a cantilever condition. The SW8-1c-48 model fluttered on injection
when practically in the tunnel whereas the SWS-1e-74 model fluttered in the

middle of a test run.

The three flutter points for the SW3-1 series models cover quite well the
Mach number range available in the wind tunnel so that further tests of this
series of models at intermediate values of the pitching frequency were not
attempted. Instead a third series of models, SWS-3, were designed with a
margin of safety in bending-torsion flutter of about 45%based on the curves
of Figs. 3, 4 and 5. In order to achieve the higher frequency and stiffness
level required by the increased margin of safety without increasing the model
thickness ratio, it was necessary to modify the design parameters of the SWS-3
models. The frequency ratio (whN/ w QN) was lowered from an average of 0. 29

to 0, 26 rather than change the mass parameters. The test data and calculations

of Ref. 3 show that there is little variation in the level of the cantilever flutter

boundaries for straight and swept wings for variations in (wh / W, ) over this
N N

range.

Three of the SWS-3 series models, SWS-3b-53, SWS-3a-63, and SWS-3c-T4
fluttered on or very close to injection. The SWS-3c-74 fluttered when fully in
the tunnel but before the Mach number had started to change and, therefore, is
not shown as an injection flutter. r‘[‘he SWS-3a-63 and the SWS-3b-53 were almost
in the tunnel when flutter occurred and are shown as injection flutter. In sketch-
ing the experimental boundaries,the data for SW5-3d-87 and SWS8-3c-T74 were
relied on more heavily than the data for SWS-3a-63 and SWS-3b-53.

The SWS-3 series data show that there can be a very large increase
in the region of instability if the ratio (w¢ /wh )2 is near unity. In fact, it
N

appears that for a given value of (w¢ /wh )2 the stiffer SWS-3 models will flutter
N

at higher Mach number than their SWS-1 counter parts. Thus, the experimental
boundaries for a given (w(p /wh )2 appear to bend back and form deep "buckets"
N

in the curves just as they do for the calculated results. Ingeneral, however,
the calculations predict larger regions of instability than the experimental
results indicate.

It is interesting to note that the SWS-3 series flutter apparently occur in
a different flutter mode than the SWS-1 series, ‘Figures 18 and 19
show the analysis of the high speed movies for the SWS-1-88 and the SWS-3d-87
models, taken from the excerpts from the high speed movies shown in Figs. 16
and 17. The SWS-1-98 model should have a different mode of flutter than the

NADC TR- 56-285 12
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SW5-3d4-87 if the results of Appendix I are correct in that the "buckets" of the
boundaries are formed by a new flutter mode. Examination of Figs. 18 and 19
shows that while the relation between the tip vertical translation amplitude to
pitch amplitude is of the same order of magnitude for the two models, the
relationship between the tip angle of attack amplitude and the pitch amplitude is
much different. The SWS-1-98 model shows a much larger ratio of tip angle of
attack amplitude to pitch amplitude than does the SWS-3d-87. This fact indicates
that the flutter mode for the SWS-1-98 is composed of important pitch-bending-
torsion motions while the flutter mode for the SWS-3d-87 is mainly pitch-bending,

It would appear, then, that for small margins of stability in bending-torsion
flutter the addition of a high frequency pitch degree of freedom causes a decrease
inwhat is essentially a bending-torsion flutter speed largely because of the
decrease in the coupled torsion frequency. However, if (w o /wh) is low enough
to be near unity a bending pitch mode develops which may increase the region
of instability to as high as M = 2.

Before discussing some of the other curves drawn from the test data, some
attention should be given to the SWS-3-53 model. This model, although practi-
cally identical with the SWS-3b-53 model insofar as vibration { requencies are
concerned, was tested in the same range of Mach number and density as the
SW8-3b-53 model but failed to flutter. owever, the structural damping of the
first two important coupled vibration modes is about twice as great for the
SWS-3-53 model (average g of 0. 04} as it is for the SW8-3b-53 model {average g
of 0.02), The SWS-3 series flutter points form the sharp increases in the
regions of instability or "buckets' of Figs. 3, 4 and 5; thus, the mode of flutter
may be one that is very sensitive to g variations, Since it was predicted theo-
retically (Fig. 13) that the mode which forms the '"bucket' is very sensitive to
changes in g, it then seems possible that the higher structural damping of the
SWS-3-53 model may have prevented flutter for this model down to a Mach
number of 1.8 where it was destroyed by a failure of the inboard leading edge
caused by a root seal failure. This possibility that the "buckets" in the
experimental curves are sensitive to g variations may point the way towards
elimination of large regions of instability by use of damping. It should be noted
that for most of the stabilizer models tested the value of g for the first two
important coupled modes is about 0,02,

The data for the SWS-3e-120 model is also particularly interesting because
this model failed to flutter over the Mach number range 1. 25 to 2.00. This
failure to flutter means that the curve for (w¢ /wh )2 = 0. 18 must be drawn as

N

shown in Figs. 3,4 and 5 and shows that at these higher values of (‘”qs/“’"h ) the
N

"bucket" is not evident. Comparison of the data for the SWS-3e-120 and the
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‘other SWS-3 models helps to set upper and lower limits of (w " /w aN) for flutter
in the Mach number range 1. 27 to 2. 10.

In Fig. 6 and Fig. 7 the first two coupled frequencies with the pitching
mechanism in operation, w 1 and wo, Were used to form the flutter parameters
(bO. 75w1/af)V(;.1/65)0_ n5 and (bO. 75w2/af)\/_(p/65)0_ n5» where a; is the speed
of sound at flutter. The use of the relative density correction in this form is
based on the previous experimental results of Ref. 3 and not on any firm
theoretical basis. Figures 6 and 7T may be useful as design charis; a straight
line parallel to the abscissa being a constant altitude line, and a straight line from
the suppressed origin being a line of constant dynamic pressure.

In Fig. 6, the first'coupled vibration frequency, wy, 18 used to nomalize
the data. This vibration mode, as can be seen from Table 5, is essentially
a combination of the rigid pitch and the first bending modes of the model. The
SWS-1e-74 and the SWS-3d-87 both have the same value of the parameter (w¢ /wl)
and hence must fall along the same boundary. Thus, the curves must be drawn
as shown in Fig, 6 with a narrow stable region between the (u&; / wl) = o and the
(w¢/w1) = 1.60 curve.

Figure 7 shows curves similar to those of Fig. 6 except that the second
coupled vibration frequency, Wo, is used as a parameter. This vibration mode,
as can be seen from the data of Table 5 is largely a combination of the rigid
pitch and first torsion modes of the model except for the lowest pitch restraint
stiffnesses where it may involve appreciable bending.

.For the various experimental plots, curves have been drawn on the basis of
a bare minimum of data. The fairing of such curves is subject to some guestion,
and Figs. 3, 4,5,6, and 7 therefore represent only rough sketches of where the
flutter boundaries lie, The general outlines of the curves are probably correct,
and enough experimental data has been obtained to show that there are large
increases In the regions of instability with sufficiently low values of the pitching
frequency. Furthermore, these increases appear to follow the general trends
established by the theoretical results.

In one respect the theoretical results do not match the experimental results
even qualitatively. This is at the lower Mach number of the calculation M = 1, 52
or Mg = 10/9. For this case the calculated results show that even the "locked"
case has a sharp increase in the region of instability and predicts that the SWS-1
and the SWS-3 series models will flutter in the cantilever or "locked" configura-
tion. The failure of the theoretical calculations to predict flutter correctly in this
regime is probably due to the failure of the linearized aerodynamic theory to
predict aerodynamic forces correctly in the high-transonic - low supersonic
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G.12 [ T I 1 ] I
AR = 167 ay Jeoq) = 026
Q1/ae = 45° :
< ea at 40% chord
0.10 A= 05 cg at 50% chord
=025 o om
f ! - SWS-3c-74
‘ SWS-3d-87 .48
0.08 L i1.59) — | 5W5-30-63%
0 sw?zac 120 ] é 11.20)
- |
by l o {e0) 160
— SWS-1-98 SWS-2 ey @y T SWS— *
0.06 7 {1.95) w_d’_' 90 =] “]"“ i 03 (I.g%l 5
i . - T 7 |
ol i 7
g ’ SWS-le-74 SWS-16-48 %
£ |
0.04 ! (159 “-"”
=T i | f
0.02 UNSTABL? * INJECTION FLUTTER
) . STABLE' Lo o
| ' 1
0 \ , | j |
1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0 2.1 22
MACH NUMBER
Fig. 6. Flutter parameter (by o wo/a) 4/ (F‘f/és)o 45 Yersus Mach number from experimental tests.
0.60 T . I T T — T
AR =~ 1.67 (th/coaN) = (.26 l i {
Q143 = 459 t -
ea at 40% chord ‘ ‘
0.50 A= 0.5 cg at 50% chord
- 025 g = 0.02
1 e
i |
0.40 i ! J i
P ; B} ' ‘ ’
o Ry I | SWS-3d-87 SWS-3-63 ¥
T ., [ —
T liB * NO FLUTTER "] {0310
= 0.0} 4 r |
) _wt_=o.50 i i © SWS-3b-53%
ols e ws-2 {0.28)
B n%% {00} isaiiid SWS-3c74 |
° 0.20 easaass il sadatis & | 037 |
rra CEEEAELd “‘ SWS-Ic-qé* ' H
e {0.28)
SWS-1-98 | ¥ | SWS-1e-T4 SWS-I1D
{0.54) (0.43) {eal
0.10 .
i STABLE ’ * INJECTION FLUTTER
i "
T UNSTABLE ‘
0 | L ! J_
1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0 2.1 2.2

MACH NUMBER

Fig. 7. Flutter pc:rcrmeter([)OJ,5 wy/a) 4/ (ug/65), 75'versus Mach number from experimental tests.

WADC TR 56-285

15




regime. Similarly, it seems probable that the failure of the theoretical
calculations to make good quantitative predictions throughout the Mach number
range for the various pitching frequencies and model stiffnesses is due to the
failure of the aerodynamic terms in describing accurately the actual forces on

the wing.
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SECTION III

CONCLUSIONS

Some conclusions may be drawn from the theoretical and the experimental
results of the present program. They may be summarized as follows:

1. Three basic assumed modes appear to be sufficient to define
qualitatively the flutter boundaries when the velocity-component.
method of Ref. 8 is used. These modes are wing first bending,
wing first torsion, and rigid pitch. Addition of wing second bend-
ing does not change the results of the calculation significantly.

2.  For low margins of safety in bending-torsion flutter, the
inclysion of a high frequency pitch mode results in minor
reductions in flutter speed.

3. For both low (7% and high (45%) margins of safety in bending-
torsion flutter, the inclusion of a critical pitch mode {w /wh =)
causes large regions of instability in an essentially pitch-
bending flutter mode which may extend as high as M = 2.

4. The theoretical calculations do not give a good quantitative
correlation with the experimental results. The theoretical
calculations predict larger regions of instability than are
observed experimentally. They also predict that the rapid in-
creases in the regions of instability will occur at higher values
of (w(p/whl) ’than were observed experimentally.

3. The theoretical calculations indicate that the mode of flutter
which causes the large increases in the region of instability
may be very sensitive to changes in structural damping coef-
ficient. Some of the test data obtained from the SWS-3 series
models confirm this conclusion.
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APPENDIX I

THEORETICAL CALCULATIONS

1 Introduction

In setting up the flutter eguations for the all-movable swept stabilizer, the
authors examined the relative merits of the strip-theory method (Ref. 7) and
the velocity-component method (Ref. 8). For the strip-theory method, the
aerodynamic forces are applied to sections parallel to the free-stream while
for the velocity-component method, they are applied to sections normal to the
elastic axis. The former method is more rational when the wing ribs are
parallel to the free stream, and gives a better representation of the aero-
dynamic conditions at the root and wing tip. The latter method, however,
appears to be more suitable for the swept stabilizer model which derives all its
stiffness characteristics from a single spar. The simple spar type of construc-
tion, the relatively high length to chord ratio as well as the results of vibra-
tion tests suggest that the concept of the root being effectively clamped perpen-
dicular to the elastic axis, which is a basic assumption of the velocity-component
method, is well justified. Therefore, it was decided that the velocity-component
method would be used in deriving the equations of motion.

In the derivation and solution of the equations of motion by the velocity com-
ponent method all quantities, mass parameters and aerodynamic forces, are re-
ferred to a reference system (x O Yo ) swept with the elastic axis (Fig. 8).

In particular the Mach number used in obtaining the aerodynamic coefficients
must be the crossflow Mach number Mg . In the presentation of the results,
however, all the theoretical flutter parameters have been referred to an.
unswept reference system (x, y) for convenience when comparing with experi-
mental results.

2. Flutter Equations Based on Velocity-Component Method

The flutter equations are derived following the method of Section 16. 2 of
Ref. 9. The assumption that the wing displacement is a superposition of four
modes gives as the deflection of any point (Fig. §)
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+ (yQ sin g +Xg cos g -d) o (1) (1)
where (see Eqs. 40-42)

F Fh are the first and seconﬁ assumed cantilever bending modes
1. '

2
Fa is the first assumed uncoupled torsion mode

El’ Ez are reference tip amplitudes for the first and second bending modes,
a Q ¢ ) first uncoupled torsion mode, and rigid body pitch mode, respectively.

ACTUAL ROOT
M
4

26
: Lo %Q:u%
\ '

d  RIGID BODY ROTATION &XIS
/

EFFECTIVE
ROQT

ELASTIC AXIS

Fig. 8. Axis system for swept stchilizer.

From Eq. (1) it is seen that the rigid body pitch is equivalent to a ben'ding of
the elastic axis plus a rotation about the elastic axis, so that only the aero-
dynamic forces due to the translation and rotation of sections normal to the
elastic axis are needed. Application of the Lagrange equations of motion to the
system as given by Fig. 8 along with the assumption of simple harmonic motion
and the introduction of the dimensionless variable

Ly o
ng = =2 . (2)
Lo
leads to the following dimensionless set of flutter equations:
By Ry o
A('__) +B(—) +C& + D =0 (3)
b b
'QO 'QO
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1,b 1 b
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w 1 b 1,b
¢ d °Q 2 fe) 2
- () ) (et G2 ) oty
M 0 V50, Q4 072,
3
1 b
d Q
~2cosRf (g—-—_) (E— ) Lo xa{Q dng} } (22)
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w 2
a -
z - (,__1.) (23)
Wt
kg = ———— (constant along span) (24)
2
apb R
SOEQ
X, = ——=— (constant along span)
2 m_Q bg
IC{
2 ———9——— {constant along span) (25)
rQ m;,b
L Q
The aerodynamic coefficients are, as defined in Ref. 9:
th = Lh (26)
. b
Ly, = ~i E‘kﬁ_Lh (27)
L =L -L &4+ a 28
hey o h 3 (28)
. tang2 1 1
L. = —i -2+ L (= -a (29)
ha " [ 2 * G )]
M., =M -L (1+a (30)
ah h h 9
; tan & i
M, o= -t ” [Mh-Lh(-z- + a}] {31)
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My, =M, - M +L)E + a0t + 22 (3
tan® 3 .1 1 2
M y = - =1l - (—-‘a)* (33)
a k 8 2k 'y ]
¥ Sin &2 ~d
Lh¢| =[ Qb J Lpp + Lha cos & +th, sin £ (34)
2
¥, 8inQ—d
-1’2 i 35
Matp _[T] Mah+Maa cos &+ Mcuh‘ sin & (35)

where I;.h, La’ Md and Mh are as defined by Ref. 10.

The above equations were written using the actual mass distribution for the
stabilizer being studied. These relationships are

b 2
Q (36)
T = Mo, (b )
'Q_O
3
b
2
5 = m (37
bo
0
4
b
2 fo]
= r m : (38)
g aq ‘QD )
b
2y
where
b
(i) :(1_ Yo ) (39)
b‘QO ng

However, to simplify the aerodynamic calculations, the tapered planform was re-
placed by a rectangular planform of constant chord so¢ that the aerodynamic coef-
ficients would remain constant along the span at a given value of reduced frequency,
A check calculation has shown that if reference semichord, br’ is taken at the 75%
span station of the actual mode perpendicular to the elastic axis, the difference
between the values of the aerodynamic integrals as given by the rectangular

*It should be noted that this equation is given incorrectly in Ref. 9.
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planform and those values found by an actual numerical integration along the
span of the tapered wing are very small, :

The first bending mode was taken as

2
Fh]_ =g (40)
the first torsion as
Fa = Mo (41)
and second bending as
F, = -12.209 72 +25.488n° -12.2799% (42)
h . 2 ) na : To .

2

The second bending mode was obtained by assuming a power series in g which
satisfied

(1) the boundary conditions for a cantilever mount,
(2} the condition of orthogonality with the first bending mode, and
{3) the condition of zero deflection at the 75 percent span location,

Condition (3) was obtained from observation of the node line for the second
bending mode of the actual mode during vibration tests.

The parameters used in the analyses were

by = %0 a=-0,20
2 o
r, = 0.250 Q=43"14
Q
< 0.20 —9  -0.66798
0
b _ .
0
0 _p.21233 2  sin@ - 3.22603
2g b
’ Qo
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which resulted in the following values for the coefficients of the flutter equations.
' w
h

A =0,078,125 Ly} +0.025,919 Ly, + 2.071,439 [1 ‘-( wl ) 4 } (43)
oy

B =0.020,332L,, +0.051,958 Ly, , (44)

C=0.061,035 L, , + 0.010,799 L, . + 0.342,857 (45)

D = -0.228,066 Ly +0.059,291 Ly  +0.055,743 Ly,, + 6.582,193 (46)

E <0.020,331,530 Ly - 0.000,120,555 L, , (47)
F-0.091,120 L, + 0.025,919 L, +3.417,742 [1 - (“’hz/‘”a ) 2 z] (48)
1

G = ~0.000, 283,89 L, , —~ 0.004,972,8 L, . - 0.212,126 {(49)
H =0.038,584 Ly, -0.027,302 L, A -0.025,668 L, . -1.161,620 (50)
I =0.061,035 M, +0.021,599 M ,, + 0. 342, 857 (51)
J = -0. 000, 283, 89_Mah +0. 037, 371 M . -0.212,126 | | (52)
K=0.060,863 M, + 0.010,124 M, . + 0.441,964 [1 - Z] (53)

L = -0.180,995 M, +0.055,585 M, +0.052,259 M_,, +1.691,275 (54)
M= 0.059,;91 M + 0.023,604M ,, + 0.228,066 Ly, +0.076,860 L, ., +6.582,193

(55)
N = -0.027,302M , +0.023,604M ;. +0.038,584 Ly, +0.158,271 L, ., - 1.161,620
‘ : g : (58)
0 =0.055,585M ,  + 0.014,753M . + 0.180,995L;  +0.030,618 L, +1.691,275
(57
P=-0.188,098M ,, +0.080,996M '+ 0.076,149M_,. - 0.687,648 Ly
, ‘ oo s
+0.168,098 Ly  +0.158,038 L, + 23.195,949 {1 -(_) z] (58)
W

i

3 Solution of Equations of Motion for Flutter

The flutter equations for the swept stabilizer were solved for two {bending-
torsion), three {bending-torsion-pitch} and four {first bending-second bending-
,{torsion-pitch) degree-of-freedom systems. The flutter determinants for each
system are respectively
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I K
A C
I =0
M O
(59)
A B C D
E F G H
I J K L =0
M N ¢ p
where A, B, ----P are given by Eqs.  (43) through (58). In each case the

aerodynamic terms were evaluated by selecting specific combinations of M and
k. ' o

The general pattern of solution of the three flutter determinants was the
same. A given determinant was first expanded into a complex polynomial, Since
the right-hand side of the equation was zero, two separate equations were
written by setting both the real and imaginary parts of the polynomial equal to
zero. These two simultaneous equations were solved for any two desired
eigenvalues.

In the two-degree-of-freedom case,' the complex polynomial resulting from
the expansion of the determinant was solved for the eigenvalues (wh.l/w al)z and

(@, /wf)z. The cross flow Mach numbers used were Mg = 0, 10/9, 5/4 and
1
10/%7. This case corresponds to the pitch-locked condition. ’

The three-degree-of-freedom system was solved for the two eigenvalues
(@, /w )2 and (@ /e )2. (wy, /w )2 was set equal to 0. 0625, a value which
o/t ay f h1 @y

corresponded closely to the average value for the actual stabilizer models.
Again Mg =0, 10/9, 5/4, and 10/7 were used.

Finally, for the four-degree-of-freedom systems, Z = (wa /r.v.’f)2 {1 +ig) was
1
used as the eigenvalue. Here, it was necessary to specify values of (wh /wa )2,
1 1
{w, /w )2 and (w, /w )2 in advance. The solutions of the fourth-order deter-
hy' " o ey

minants were carried out on a 650 IBM computer using a program developed by
North American Aviation in Columbus, Ohio, and the results plotied on a
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V-g diagram. Value of the constants for which solutions were found wezre
A 2 -
(whl/wal)2 = 0.0625, (whz/wal) = 0.9025, 1.155625 for (w ¢/w al). = 0.30

2

- 2
and (whl-/wal) = 0.0625, (wh'z'/w%)-z = 1.155625 for (w¢/wal) = 0.20.

The results from the two- and three-degree-of-freedom cases are plotted in
Fig. 9 and then crossplotted in Fig. 1. The pitch-locked values shown as as-
ymptotes as (w q,_l./t‘uhl)z—-- 0 in Fig. 9 and as the (w / Wy ) —a= 0 boundary in

Fig. 1 are the results of the two-degree-of-freedom calculatlons

The most interesting feature of these analyses are the very deep "buckets"
that occur at low values of (w / wy 2 in Fig. 9 and correspondingly at low
1

values of (w¢ / @, ) in Fig. 1 In some cases the curves actually double back
on themselves g1v1ng two regions of stability at a given value of (w / wh ) or

Mach number, The presence of these "buckets" is apparently due to a change in
flutter mode shape and can be explained by looking at sample four-degree-of-
freedom calculations in some detail.

Each solution for the four»degree of-freedom problem at a given set of
values for (wh /w ) , (wh /w 1_ , and (w¢/w ) and Mach number, yields

four separate: curves on branches on a V-g plot and several values of k for the
flutter condition of g = 0 (see Fig. 10). Since each branch represents a
particular mode of flutter, it appears from Fig. 10 at Mg = 10/9 (M = 1.525)
that the stabilizer is capable of flutter in the 1st mode and the 2nd mode. At
Mg "= 5/4 (M = 1. 716) the stabilizer has one unstable region along the V axis
in the 2nd mode and two unstable regions in the 3rd mode. A set of three-
dimensional sketches of V versus g versus M is shown in Fig. 11, To avoid
confusion, each.sketch contains only one type of flutter mode. Because of the
difficulty in following the various possible flutter modes from a V-g diagram to
a Vi/ w oy bO. 75 Versus M plot, the results of the four-degree-oi-freedom

analysis of Fig. 12 were ultimately drawn after looking at three-dimensional
plots of V versus g versus M with interest concentrated on the traces of the
different modes in the g = 0 plane.

The lowest set of curves on \J’f/wa1 b0 75 Versus M in Fig. 12 form the

critical flutter boundary. This boundary, as can be seen by looking at Fig. 12
is formed by three different flutter modes each becoming the critical boundary
of instability over a particular Mach number range. The flutter boundary from
the four-degree-of-freedom analysis for (w¢/wa1)2 = 0. 30 appears to compare
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Fig. 9. Flutter perameters Vf/cual by, 75 and fo/mf:O_-,s \i'erslus (g /oy, 1)2 from two- and three-degree-of-
reedom calculations.
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Fig. 11. Sketches of V versus g versus Mach number curves from four-degree-of-freedom calculations.
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Fig. 12. Flutter parameters Vf/c;;al by 75 and Vi/echy 75-versus Mach number from four-degree-of-freedom
: caleulations.
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very favorably with the three-degree-of-freedom flutter boundary |{(w, /w )2 = w|
hy' "oy .

which is also shown in Fig, 12. Thus, the second-bending degree of freedom

V .
apparently has liitle influence on the flutter parameter f of a

w,_ b
) oy 0.75

swept stabilizer below M = 2. 0 except for a general lowering of the curve. In
using the four-degree-of-freedom analysis to interpret the points found in the
three-degree-of-freedom analysis, it is seen that the S-shaped curves of Fig. 9
do indeed appear reasonable and are a direct result of a change in critical

flutter modes in going from low Mach number to high Mach number.

Another interesting characteristic of the V-g solutions of the four-degree-
of-freedom analysis is the variation in the flutter boundary with small changes
in the structural damping coefficient, "g.' By referring to Fig, 13, it is seen
that increasing the structural damping from g = 0 to g = 0. 06 moves the "bucket"
on the flutter boundary due to the 2nd mode from about M = 1. 75 to about
M = 1.65. The general level of the flutter boundary as determined by the 1st
and 2nd modes will not be changed.

7.0 -
AR = 1.67
" Q = 450
(1/4)c
6.0 / \\\ A= 05
/ MODE 3 Na 9:0.00 @y fwg) = 0.23
50 ri = 0.25 ‘
\ { ™ §:003 ea at 40% chord
} i - 50% chord
- 7 - cg ot c
2 \ Prd (d/b,) = 0.487
j=] .
—Q._.40 N = pQ = 30"" - 21-8
S .
‘g.. MODE | ){ . 92y = %hy = 9g = 0
> 30 75003003, 006 m = m (ba/bg )2
O
— S, = S, (ba/bg
2.0 l \‘Fo.os ‘?\ I, = l“o (bg/bgo)4
! MODE 2 (ho/by ) = (1-1
f // g:fﬂ}ﬁ .hQ/bgo) ( >0
R S S I P Tt (wpyre g2 = 115
0 E . _ (m¢/mq1}2 = 0.'20
1.5 1.6 1.7 1.8 1.9 2.0 2.1

MACH NUMBER

Fig. 13. Variation of Vf/cua1 by 75 versus Mach number with changein sfructural
damping from four-degree-of-freedom calculations.
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APPENDIX II

EXPERIMENTAL DATA

This appendix gives the detailed tabulation of both design and experimental
data. Since both the model design and the testing techniques are essentially the
same as those described in Ref, 2, little discussion of them is included in this
appendix. '

The planform of the stabilizer models is shown in Fig. 14a and a cross
section of the root of the SWS-1 series models is shown in Fig, 14b. Root
cross sections for the SWS-2 and the SW8-3 series models are not shown since
they differ only in minor details from the SWS-1 model. As can be seen in
Fig. 14b the spar, which contributes essentially all of the model bending
stiffness and most of the torsiconal stiffness, is constructed of a pine core
arcund which is wrapped an aluminum skin. Steel caps are then cemented to the
spar. Both the steel and aluminum are tapered linearly along the span giving,
when combined with the taper of the height and width of spar, the required fourth-
power distribution to the bending and torsional rigidities, El and GJ Q

bg 4
El, = El, 0(—_b ) (60)
'QO
bg 4
Q bg
where o
(bs? ) - (1-1y/28) (62)
b o

- 0

BalSa wood cemented to the spar was used to give the aerodynamic shape re-
qﬁired, and suitably spaced lead weights were used to give the mass parameters
required. Table 1 gives a summary of the design parameters for all of the
stabilizer models.
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Fig. 14. Swept stabilizer design drawings (all dimensions in inches).
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Table 1. Design parometers for swept stabilizer models.

The parameters presented in this table are common to all the models buile in this program,
Geometric Paramerers
Panel aspecrratio, AR L . ... oL 1-2/3
Taper €atio, Ao oo v vt i e N 1/2
Sweep angle of 1/4 chord, o o v v v ittt e i 45.0°
Mean aerodynamic chord (in.}, MAC. .. ... ... ... . .. L L 7.7778
Section max. thickness (B chord), . ...\ v vt inin s e s e 6.0%
Line of max, thickness (% chord) . ... ... .. ... .ot annnn 50.0%
Design Patameters
- Section center of gravity location (% chord), (cg) ...................... 50.0%
Radius of gyration (fraction of semichord), fp, . ... oo vt oL 0.50
Calculated locus of shear centers (% chord), (eu) ...................... 40.0%
Properties of Balsa Wood (average values)
Modulus of elasticity in bending (Ib/in), E . ... ... ... .. . . .l 6400
Modulus of elasticity in totsion (Ib/in®), G .. ... .. .. ... ... . ..., 20,000
Density (I5/in), g g« o v v m et e e e e 0.€03900
Properties of Pine Core
Modulus of elasticity in bending (lb/inz), = 1.329 » 10°
Modulus of elasticity in torsion {Ib/in2), G .. .. ... uirt s 0.107 x 10°
L 0.014

The root fitting and the mounting block with the pitching mechanism are
shown in Fig. 15. The spar was glued and screwed to the root fitting, shown
removed from the mounting in Fig, 15a. Pitching {requency was controlled
by changing the thickness of the flexure shown on the end of the root fitting in
Fig. 15a. Figure 15b shows the rear of the mounting block with the flexure
in place. The angle of attack of the model could be changed by rotating the
whole clamp shown in Fig. 15b. Drag and lift loads were carried adequately
by three ball bearings in the mounting block. The gap between the root and the
mounting block was sealed with aluminum foil for all tests.

‘With the pitching mechanism "locked out, ' static tests were made on most
of the models in an attempt to determine the cantilever properties of the model.
The properties determined were measured elastic axis, (ea)M, as discussed in
Ref. 2, and the root values of Elg and GJg. The results uf these measurements
are given in Table 2. There is considerable scatter in the Eig, GJg and (ea)M
data.

The measured mass per unit lengti: at the root (mo)M is also given in Table 2.
This quantity was indirectly measured using the assumed mass distribution
2
m(y) =(m)y 1- YX) (63)
2¢
By just measuring the total mass and then computing (m O)M from

tatal
(mo)M - otal mass (64)

fﬂ (I—L)zdy
o 22
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Fig. 15a.

Fig. 15b.

Fig. 15. Picturesof root mounting block.
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In Eq. (64) the total mass does not include the mass of the root fitting, so that
the value for {m O)M includes only the mass of the balsa, lead, glue and the

spar,

Data for the pitching frequency is found in Table 3. The mass moment of
inertia of the whole model, including the root fitting, was obtained by swinging
the model with a bifilar pendulum, The pitching mechanism flexibility influence
coefficients, C,, was measured with a transit and mirror arrangement. The
pitching frequency was then calculated as:

o= L 1 (65)

o .
27 I¢ C¢

The results of the fluiter tests are given in Table 4. For the sake of

convenience, mpst of the important experimental natural still-air-vibration
frequencies are included as well as the tunnel conditions at flutter. If flutter
occurred, the conditions at the start of flutter are given. I no flutter occurred
during the test run, the conditions at the start and end of the test are given,
Figures 16 and 17 are excerpts from the high speed movies taken during the
flutter of the SWS-1-98 and the SWS-3d-87 models, respectively. These portions
of the movies have been analyzed and the results are presented in terms of the
pitching motion at the root and the motion of the tip sections in Figs. 18 and 19.
These flutter modes are typical of those encountered for the stabilizer models.

Complete vibration data, including sketches of node lines, frequency, and
structural damping of the lower modes of vibration are found in Table 5. All
of the models were vibration tested in both the "locked, " or cantilever, condi-
tion and with the pitching mechanism in. Figure 20 is a plot of the normalized
coupled frequencies with the pitching mechanism in. The lowest cantilever
bending frequency, th, was used as the normalizing frequency. It is interesting
to note that the frequencies of the first coupled modes, fl, for most of the
stabilizer models fall along a common curve with not too much scatter., The
same is true for the frequencies of the second coupled mode, f,.

Table 6 gives the influence coefficient data for the models with the pitching
mechanism in and Fig. 21 shows the location of the stations at which influence
coefficients were taken.
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Tahle 2.

Stotic data for swept stabilizer models.

Model | {m),, {ea)), (GJDQ)M {(El D
(slug/ft) | (% chord}
SWs-1 0.0214 3.690 x 104 8.493 x 10%
SWSs.2 0.0214 2.696 x 10%% | 6.860 x 10+
SWS-1b | 0.0220 2.877 x 10% | 6.661 x 104
$WS-1c | 0.0225 46.5% 3.450 x 10* 7.422 x 104
SWS-1d 0.0225 49.0% 2.380 x 10* 5.84 x 104
SWS-1e 0.0246 39.0% 4.220 » 10* 7.836 x 104
SWS-3 0,0240 35.36% | 7.572 x 0% |10.448 x 104
SWS-3a | 0.0231 43,0% 3.680 x 104 8.59 x 10%
SWS-3b | 0.0224 50% 5.23 x 104 7.139 x 10%
SWS-3¢ | 0.0233 1.942 « 107 | 6.734 x 10+
SWS-3d | 0.0247 50% 5.234 x 104 7.489 x 104
SWS-3e 0.0274 3.89 x 10% | B.89 x 104+
* Data for spar only.

Table 3.  Pitching frequency data.
Model (qu,)m,us (CQB)mecs fe
{slug-ft%) | (rad/Ib-fr) | (cps)
SWS-1-L 0.00244 | 0.000022
SWs-1-138 | 0.00244 |0.000543 | 138
SWS-1-105 | 0.00244 | ¢.000915 | 10%
SWS-1-98 0.00244 | 0.001072 | 98.3
SWS-2-L 0.060022
SWS-1b-L | 0.00223 | 0.000022
SWS-1e-48 | 0,00238 | 0.004460 | 47.6
SWS-1d-L 0.000022
SWS-le-74 | 0.00226 |0.002132 | 73.7
SWS-3-53 0.00206 |C.004460 | 52.5
SWS-3a-63 | 0.00224 |0.002854 | 63.1
SWS-3b-53 | 0.00212 | 0.004240 | 53.0
SWS-3¢-74 | 0.00205 |0.00224 74.4
SWs-3d-87 | 0.00225 |0.001498 | 86.7
SWS-3e-120 | 0.00275 |0.000628 | 120.0
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Fig. 16. Pictures of flutter of SWS-1-98 model from high speed movie.
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Fig. 17. Pictures of flutter of SWS-3d-87 model from high speed movie.
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Fig. 18. Analysis of high speed movies of SWS-1.98 model.
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Fig. 19. Anclysis of high speed movies of SW$-3d-87 model.
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Vibrotion frequency date for swept stabilizer medels.
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SPAN STATICNS
35%,65%,95%

CHORDWISE STATIONS
25%,50%,75%

Fig. 21. Location of influence coefficient stations.

WADC TR 56-285 48



86 _— 902 | — €8] — 05
3INCGN 86-
I-SMS
S0!| 91070 912 | #20'0 86l [ OP0' O 6°2%
" % V -
el 1800 gl | — 212 |0#0°0 #es
- V g -
— 6€Z | S10°0 v1Z2 12200 §v9
03¥307
Qa%207 INCON 1-SMS
4 J 3L AL {sd2)} TI00W
HOLid 037dNOINN HL¥NO4 ayInL aNOD3$ s 3008

'DIOP uoHDIqtA |Diuswsedxy G B|qo |

49

WADC TR 56-285



sv |o10°0 62z | 020°0 00z |ovo'0 e | — g2
8b—
Jf — SMS
- e | — 91z | — vz | — 09
Q3anao
oo g o
4] 0200 [a]F 910°0 002 | 920°0 008
261~
3NGN qI—SMS
910°0 w2 | 2200 202 |920°0 925
Q3%3071
e e &V g y o
[] ML) My L) ML {sd2)) 300N
HOLK G3ENOINN H1¥NO4 QYIHL 0NOD3S 1S¥14 300W
|

{*#1102) "DJDP UCHLIGIA \ppuswtradxy G 2[qu |

50

WADC TR 56-285



€100 602 [ — 002 1 620°0 1
a0
a3no0 INON 2~ SMS
LEL +10°0 212 | 0100 22 | 12oo 9'9p
vi-
N
) g g o
P00 912 | 210°0 00g | — 29
QIR0
a0 INON 81— SMS
00 6! | —— 191 (€200 1'6§
a3IN0T
a3IN301 INON PI-SMS
] [ L i} b (sd2) ) ~300W
HOlld Q37dNOINN HL1HNOd4 QdIHL QNOD3S ._.mm_.h_ JTON

{4uo2) 'Diop uoDAQIA jojuswiadx] ' I|qo |

51

WADC TR 56-285



'e9 | 100 . £'e8e | S10°0 S'sb2 | B10°0 e v0e S10°'0 '8t
€9
0g— SMS
2100 982 200 0g2 | £10°0 199
Q3Inoon ANON Q3X307
\ DE—SMS
g2e | — £ae £0'0 F4-X — 012 |v+0’ [sl*14
£6 -
£ —SMS
— sz | — 152 (81070 g89
Q3IHIeN
a3x207 3NON ¢ —SMS
3] 6 b DL ML {393} 4 1300W
HOlld Q318NOONN H1HNO0A QHIHL gN0D3s 15414 300w

('tu02) '4Dp UoHDIGIA _EcmE_\_maxm ‘G agn

52

WADC TR 56-285



vl Qo€ | N0'0 i22 | 8200 Q02 | 200 008
vl
NOISHO L IE-SMS
b o0¢ 1 600°0Q <192 110°0 6 0L
| a3Noon
Q301 INON
y g y o
o'es £0°0 g2z | oo z61 |z200 1'Zh
£5
" ﬁ % gw o
— oot |8000 s:z | ei00 £u9
034007 INON g3an007
aE—-SMS
} 1L L NI {sd2); 4300W
HO1id 037dN0INN HLHNOA QYIHL " QN093S isyld 00N

. A.E.ouv ‘DIDP uolDgEA |RjuBwadR] G B|qD]

53

WADC TR 56-285



02! S 1wz | — #e2 | 200 §'26
INON oAy
0 8 —CMS
— 062 | — ssz | — 89
Q307 INON a3%907
Ic— SMS
198 | 8100 ost | 2200 v¥2 | 1£00 gzz | 9200 Iv6
.8
PE — SMS
g0’ g1z { 9zo0 2 | 8100 9'69
INON a3¥901
Q307 PE—SMS
NG i) NI N (569} } 1300W
H3Llld 037dNOINN HLlHNOJ QHIHL aNO23S L5414 300W

:couv .o_.c_u _,_o_h,u::> |ojusiiuadxy ‘G I|qo |

54

WADC TR 56-285



WADC TR 56-285

.D..U—u —:mmumwqu.U ajuan|jul _U.—tﬂc.._._mn_xm geqo ]

TI10°0  ¥¥00°0 0 GET00  OITO'C  9%00°¢ Z0Z0°0  SLIG'0  9%10°0 é 260070 8C00°C  ££00°0  S¥IOT0 LOTO'0 ¥B00°0 Q9100  SSTO'C ¥RIOTO &
ZYO0'D  £T00'D  €0OG'0 TLOOTD %000 ZROG'O  RILG'0 BOTOD 260070 8 gC00°G  ZYO0SC  $C00°0  BGOCTO  0800°0  ZL00°0  9%T0°C  TZIO0 EITOD g
000°0  $000T0  9TA0TG  TIRO0  ZTO0T0 PI00G £600°0  EEOC'O SO0 £ £€00°0 950070 €E00°0  GSO0T0  0LDO'D  T900°0  ZOTO'Q | SA00°0  BLO0Q ¥
SZZI00 TL00'0  900D°D  9%50°0  0TZ00  0SI00 BOYO'D 9S00 PGZO0 g SPI00 8G0OTD 65000 09Z0'0 €0ZOC0  Z9I0'0  S0e0'0  8CE0'0  8BIOT0 Q
FG00'0  FP0OOT0  BO0DG  ZOZ0T0  ZOZOT0  SCI0h 9TE0'd REWR'D  RCZO'D g £L010°C  0BOO'C  0L00°0  €0ZO'0  €LT0°0 09T0'0  SGZO'0  T9T0°0  0SZOT0 [y
0L00°0 THOO0  ¥000°0  BZTOH  ZTI0C  TOI0Q 0TZON0 ZIEON0 BGIOO ¥ 8000 ZL00°0 [900°0  Z9TICTQ  09T0°0  L€10°0 9%20Q  SGzd'0 £T1Z0°0 4
ZO¥0'0  BILO'0  $Z00G  O00F00  PIE00  ZOZO'G  95A0°0  BGSG'0  COLOO £ 0910°C  9¥10°0 ZOI0'0  SOE0'¢  S6Z0°0  2EZ0°0  €£90'0  L2€0°0  8LK00 £
9o 9I10'0 ZZO0'0  89€0°0  RLZOO  BOIOG  T650°0 PECO'D  OCP00 Z ¢CTO™0  FZIO'0  SL00'0  BSEDWQ  T9ZO'0  $CZ0T0 LZEO'D  TIV0'0 ETRO'D z
SZI0'0  0800°C CCOO'D  ZIE0'0  9¥Z0’0  BBIOTO0  Z6PO0  09R00 8TWOO i PPIOC0  SITO0  BLOO'0  88Z0°C  06ZD'Q  £TZ0°0 BSROCD €TROO ZIR0'0 ]
proT poo)
[} 8 L 9 s ¥ £ [4 L pooy [ 8 £ 9 g ¥ £ 4 l pos
FL-OL-SMS BEL-1-SMS
691070 SLOOQ  LT00°D  ZHTOO  GLTOO  YZIOO LTRO'G 0BI00 ¥RIOTO 6 P600°0  ISC0°0  1ZOO'0  ¥SIOTO  €OIG'0  TLO0'0 QGIOD  PLIG'D  FPIOO 6
€800°0 B¥OCT0  ST00T0 LETOD €0T0°0  LZ00°0  $B100 29100 LPTGO 8 [S00°0  6E00°0  £100°0 16000 0800°0  FS06'0  £ET10°C  ZZINO ZOT0'0 ]
SI000  ZI00'G  GI00°0  SE0O'0  ZTE0O'O QY000 £500°C  0S00°0  I€00°0 £ [Z00'0  ZTI00°0  9I00°0  S$E£00°0 ZHOO'0  £F00T0  €£00°0  THOO'O  0L00°0 £
9£70°0  9ZI0'C  0¥00'0  9¥¥O'G  LIC0°0  9TTO0 w6500 ¥iL00  BEROO 9 L1070 TG00™D  GE00°Q ISZ0T0  GBIG'0 0ZTIOO 9¥£0'0  FTEC'0  TLZO'O 9
1810°0  SOLO'G  9E00°0  O£L0'0  T6Z0°0  GBTO°0  09%0°0  OI¥0°C 092070 [ o100 0800°0 T¥O0°0  GRIOTG  €9I0°0 ZZIO'0 €8ZO'0  09Z0'Q  0TZO'O g
PZIO0  9L00°C  SE00°0 .MmND.D 4810°0  SOI0°0  ZEEOTQ  86Z0'0 9LI0'0 14 Z200°0  $C00°0  fROGTO  0ZIOG  TEIO'0 9600°0 TIZO0 OZZO'0  §810°0 ¥
ZEEO0  THIOT0 8S00'0  OT90D  O9WO'0  PEEQ'O  BZOITO 01800 BR90TC £ 0610°0  $EI0°0  §400°0  9FE00 €8Z0'0 TIZO'D  SE90'0  €ECO0 EEKDO £
¥8Z0'0  £900°0  8C00°0 BTS00 OTROD 00£0°0  PIROTO FILOO FTIOD 4 YLI0°0  ZZIO0  ZROQTD  BICOTO  0SZO'0  OTITO'C £ES0°0 L6¥0'0  8Z¥DO c
oyZ0'0  OFI0°0  LS00'0  BEFPOD 9SE00  GLZ0°0  $890°0  FI90°C  0LS0°G 1 FPI0°0  E0T0°0 040070  ZL20°0 DZTOTO BRTIOTO  ZLRO'O 8TROT0 98¢0°0 !
poaT poo]
6 8 £ g S ¥ £ Z l pooy] 6 8 £ 9 g 4 £ 4 l pos
BY-2L-SMS B6"ESMS
Z600°0  ER00T0  EZOO'D  OCIO0 960070  T400°C  GSTOT0 S¥IL'D  BITONO & 7OOO'0  ZECOT0  TTOOT0  €CIO'D  L900°0  6EOD'0  ESTOD ¥S00'0  ¥B00O 4
SPR0°0 BE00'0  GIOG'G  €L00°0  L900°C  GE00TD 90TL°0 46000 L8000 g Z€00°0  0F00°0  GT00°0 LSOOG IS00'%  €F0C'0  €800°0 06000 8900°0 ]
1Z00°0  LT0G°0  1€00°0  6E00'0 8E600  9THO0 6S00°G  6500°0  §500°0 ra ZZO0'0  6T00'0  STO0'0 980070  CE00G  £€00°0  TS00°0  8R000  8S00°0 £
0ZTO0  €L00°0 L THOO'G  9CZ00  TBIOC  LOTOTO  BECO'D 8S0E0'0  ¥EZO'O [+] EOTI0°0  £600°0  9€00°0  9LT0°0  <EI0'0  $600°0 9€ZO'0 891070 DOZOO "]
9600°0  €900°0 6€00°0 £BIQQ  69I00  BOTOO  ¥OTO'G  BPIOO  0ZZO'Q 4 £900°0  ISDOC0 £€0D'C  SEI0C BTIO'G  BBI0T0  £0ZO'0 00ZO0 Z8BTO0 <
TLODG 0S0OTO  ER0GC LETOQ STI0°0 €LY0'0  90Z0'0 96109 061670 ¥ GE00'0  E¥00°0  $E£00°0  SGOOTD 8600’0 88000  B9TO0'0  £9T0°0  {SI0T0 ¥
$OTO°C  ¥OT0'0  €900°0 £¥E00  QLT0°0  BLI0Q  9490°0  2TC0C  ¥EROQ £ £510°C  SBOO'D  IS00°D  9¢TO0 €000 8910°0  8TIE0'0  $BE0'0  GCECTD £
OFT10°0  S6O00  TS0C'0  ¥0E0TD  8RI0T0 69100 BOSD'C ¥EROQ 90F00 z $C00'0  0600°0  BY000  89TO0  00ZO'0 9100  SBEOD  99€00  BECOO z
92ZT0°0  £800°0 0900°G 0LZ0°G  ZTI0TQ  B9IO0  9TRQ'Q  ZI¥ODO0 9BEQD [ ¥800'0  8900°0 0S00°0  00Z0'0  ZRIOD £S10°0  6SE0D  8LEOD  FIE0D [
poe Ll
] 8 F4 g 4 ¥ £ 4 1 poay] 6 g L 9 g 14 £ 4 1 poay;
TPL-q1-SMs 1 -5MS

55



CONFIDENTIAL

IZI000  £600°0  FPIO00 091070 CZI00  $RODD  OZIO0  8GI00  [910°0 6
£$00°0 €500 7IODO  OBDOTD  €L00°0 BSOD® GZIO0  BTIOU  BOTO0 8
¥100°0 ZI00'0  €£00°C  ZTODT0  ZZOOT0  SLO0C  §E00°0 86000  BEORTQ ra
09T0°0 98000 TZ000  STEO'D  PEZOD 9100  ISPO'0  LGE0D  BZEOD 9
TII00 €000 ZLO0'0  ¥EZOO  LIZOCO  SEIOC  8EEGO0  GOL00 92060 [
$800°0 8€00°C SZ00'0  €9I0°0 8EI00  0FI0°0 LWTO0 6ZZ0G 9QZ00 t
P radine] meo.o €€00°0  TISPOT0  BEE0T0  [FWZOTD 96L0°0 9¥900  6ZSBO £
8610°0 BITO'0 BE00'0 (6€0°0 GOE0'0  6ZZOC  9¥90'0  $6S0°0  08¥0°Q C
1910°0 %0180 SE000  8STEO0 COI0'0 90TO0  O6LSD0  08R0'0 FEYO0 l

6 8 z 9 $ p £ z Lo
*]2pOW STI[] 30) J1NAWWAS PALNSSE XIITH pes,
£9-2E-5MS

1Z10°0 1500°0 9Z00°0 8YI00 91100 96000 Z0Z0'0 08100 ¥iZ0O ) Z¥10'0 090070 0 66TO°0 95100 8L00°C TLZ00  ILZ00 64100 &

1900°0  9600°0 £ZGO°0 86000 980070 PL00°0 ZETQ0  YZIO'O  91T0°0 g 19000 TC0G°0 ] ¢0I0°0  $800°0 G¥O0T0  PSIGG IETO0 OTIO'O g

9Z00°0 LT000 [F00°0  OS00°0 ZS00°0  %€00°0 TL0O'D TL00'D 090070 i 0 0I00°0  TO00'C G000 9I00°0  £IG0T0 SEOET0  SZOD0 LEZ000 L

8¥10°0 §600°¢  0S00°0  0ST0°0  QII0) "ZBOCO0  OZF0'0  ZTLEO00  0QZEOO 9 |0Z0'0 BOIGO 1] 06800 ¥LZ0°0  ¥BIOO PTSO'C BEY0'0 0LE0TO 4]

STI00 9800°0 TSO00  OITQ°Q0  SIg0 0 CSI6°0  97180°0 88700 8B¥L0°0 < FCIO0 28000 o] 9LZ0°0  OFTOT0  PRIOT0 BLED'D  ZSED'0  8LZ0'W0 [

26000 L0070 ¥600°0  Z800°0 ZSTO'0 9S00 2820°0  O¥I0'0 . ZECO'O 1 ¥600°0  9R00'0 i} Z610°0 ¢¥10°0  0610°0  99Z0°0  FRZ0'0 81Z0Y0 ¥

Z0Z0'0  TETO) ZL00°0  OZWO'O0 9T€0°0  ZCTU'0 0BLO'0  RINO'D BORDO £ 062070 POIC°0 20000 ZESG0 POYO'0 04200 Y0600 DZLO0  ZBLOO [

Q8T10'0  9ZI0'0  ¢L00°0 ZZe0'0  8BZOTO  O¥ZO0 BIZOQ'0 0PSO 89F0°0 Z P6Z00 FE10°C Z000°D  8¥ROT0 BLLO'0  TRI00 QL4070 BEO0'0 975070 4

pLZO0 9QTIGD 0900°0 0ZE0°0 8¥C0°0 ZET0'0 89%0°0 B9Y0'0 ¥IR0'O i 902070 ¥010°0 0 g8¢0°0 00800 ¢ico’o 88<0°0  0FL0'0 o¥ro 0 L

5 8 ¢ 9 5 ¥ £ z L Eomaj 6 8 L 9 5 ¥ 3 z L E»MS,_
+LB-PESMS £SE-SMS

£910°0 000 TINO'0  9ZZOQ  €L10°0 9TIDO C0E00  99Z0°0  ZEI00 & £100°0 ¢goo e ZTO0'0  ¥OTC'0  BLOOTO  LPOOD OFIOD  GITOO  €0lo0 6

140070 9%00°0 FL00'0 1Z10°0 $800°0 SLODQ  OLIOD  BRIOD  SEI00 ] CE00°C 0%00°0 ¥T0G'0 190070 CS00°0  YPOO'D  9800°0 LBGO0 CLO00 g

00070 9100°C  0ZOG'O $ZO0'Q  TTOO'0  BTOOTG  €E00°0  LEOD'O RROOTO / 210070 ¥I00°0 820070 GZOO'O  TEQDTO 0000 ZL00'Q  TS00'D  SF00°0 £

QZTO'0 0100 {900°C TZP00  O1E0°0  GIZO0  9L80°0C  G6Y0'D  DEFGO g FO10°0 19000 6Z00'0 09Z0'0 B9I1O°0 OTIO0  SPL0'D  00L00  TSIOC G

£910°0 SO10°0  6LO0Y 6600 8CZU°0  OBTO'0  9¢k0'0  T9:0°0  EPEDO G BL0O0  ZS00'0  TEGD'D LTG0 BST0°0 91100 99Z0°0 BP0 TTLO'0 [

COT0'0  ¥L00°0  LZ208°0 YOZO'O  FLI0°0  ¥STOTO0 VIEO'C  9LZ0°0  £¥I0'0 |4 L¥0O0'0  VFO0TO0 0000 STI80 9IT0°0  ¥ZI00 POIO'C  TOT0'0  BBI0O ¥

LDEO0 €6TO0  8E00°D [GS0°0  TPP0°0  SIE0°0 86070 DiL0°0 BLUOQ0 [ obI0°0 880070  ZSCOT0 BOLD'O ZLZ0°0 0000 STL0TG TI9S0'0 FOR0D £

¥9z0'0 16100 9¢00°0 L0S070 L8E0°0  A8T0°0  0GLOTO0  TRLOO BEL00 4 GII0°0 £800°0 I€00°0  80€0'0  FPIL'0 96TO°0 9FL00 OO0 BEFD'O T

0Z20°0 0ETO0  8%00°0 ZZVOT0 SYE0'0  0FZ0O0 PIS00  89CO°D  09R00 i €010°0 CL00°0 BPODO  BETO0 ¢TZo'0 Yol 9¥¥0"0  0E¥D'0  0E%0°0 l

no
6 8 L 9 g ¥ £ z 1 _s....hsj 6 8 ¢ 9 5 ¥ £ z S -
£5-9E-SMS . SMS
A.wCOUv .D.—D—u nco_u_**wou OUCUD:E_ _U«CQET_m—n_Xw O &_LD.__,

56

CONFIDENTIAL

WADC TR 56-285



