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FOREWORD

This report, which presents the experimental and theoretical results of
a program of supersonic flutter testing, was prepared by the Aercelastic and
Structures Research Laboratory, Massachusetts Institute of Technology,
Cambridge 39, Massachusetts for the Aircraft Laboratory, Wright Air Development
Center, Wright-Patterson Air Force Base, Ohio. The work was performed at the
MIT under the direction of Professor R. L. Halfman, and the project was
supervised by Mr. J. F. McCarthy, Jr. The research and development work was
accomplished under Air Force Contract No. AF 33(038)-22855, Project No. 1370,
(Unclassified. Title) "Aeroelasticity, Vibration and Noise," and Task No.
13474, (Unclassified Title) ®Three-Dimensional Supersonic Flutter Model Tests
at Mach Number }.B". Mr. Niles R. Hoffman of the Dynamics Branch, Aircraft
taboratory, is task engineer. This task coversa continuing effort on flutter
research at supersonic speeds. Research was started in March 195]. The test
data presented in this report was obtained during the period from December
1962 to December 1984. This is Part {| of a report to be issued in three
separate parts. Part | of this report, WADC TR B4-113, (Unclassified Title)
"Three~Dimensional Supersonic Fiutter Model Tests Near Mach Number 1.5, Part |I.
Mode! Design and Testing Technigues,™ was issued in December 1955. Technical
Report WADC TR 8M4~1iN, "(Unclassified Title)" A Variable Mach Number Supersonic
Test Section for Flutter Research™ was issued in December 1954,

The-authors are indebted to Mr. 0. Wailin, and Mr. C. Fail for their
help in the mode! construction and in keeping the wind tunne! in operation; to
Mr. G. M. Falla for the photograph; to Messrs. A. Heller and H. Hagerup for
their help in the calculations; to Messrs. J. R. Friery, G. Anitole, and
W. Marchant for their help in preparing the tables and figures; and to Miss
K. Roberts and Mrs. B. Marks for their help in typing this report.

This document is classified CONFIDENTIAL in its entirety (excepting the
title) because results of supersonic flutter tests generally indicate limiting
performance capabilities of present and future military aircraft and have
application in the form of design criteria.
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ABSTRACT

_Three-dimensional supersonic flutter tests were made on
over 75 semi-span models in the MIT blowdown wind tunnel facil-
ity. The testing technique involved injecting the model into a
stable region of flow and decreasing the Mach number until in-
stability occurred. Experimental flutter stability boundaries
are defined for bare straight, swept and delta-wing planforms
in the Mach number range, 1.3 - 2.0. Exploratory tests were
also made on wings with ailerons for all planforms, and on
straight and swept wings with tip tanks for both cantilever and
free-to-roll root conditions. Except for absolute stiffness,
the dimensionless flutter parameters were chosen so as to be
typical of present-day high-speed aircraft.

Extensive theoretical calculations were made on the
straight-wing planform using two-dimensional supersonic oscilla-
tory aerodynamic coefficients and three-dimensional structural
properties. The qualitative prediction by the theory of the
effect of various parameter changes generally agrees with ex-
periment, but the quantitative ‘prediction is generally poor.

The theoretical calculations are unconservative in that they
predict smaller regions of instability than those obtained ex-
perimentally at Mach numbers above 1.4, No theoretical calcula-
tions were made for the swept and delta planforms.

Comparison of the experimental data with the results of
other flutter tests shows that in the Mach number range of 0.6

to 2.0 for wings with parameters similar to those tested the
following conclusions may be drawn:
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1). At constant altitude, the critical flutter region
for straight wings lies at about M ¢ 1.7

2). At constant altitude, the critical flutter region
for swept wings lies in the transonic regime at
about M ¥ 1.1

3). At constant altitude, the critical flutter region
for 60° delta wings lies at the highest Mach number
tested, M # 2.0

4). At constant dynamic pressure, the critical flutter
region lies in the transonic regime close to
M % 1.0, for all the straight, swept, and delta
planforms tested

A complete tabulation of the design properties for all
the models tested is presented along with the results of static,
vibration, and flutter tests.

PUBLICATION REVIEW

This report has been reviewed and is approved.

FOR THE COMMANDER: éiz

‘DANIEL D, McKEE
Colonel, USAF
- Chief, Aircraft Laboratory
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SECTION 1

INTRODUCTICN

The phenomenon of flutter, the self-excited oscillation of
an elastic structure in an airstream, appeared early in the de-
velopment of aircraft. At first, designeré could apply only
crude corrective measures, and it was not until the early 1930's
that aeronautical scientists were able to fashion promising theo-
retical approaches to the problem of flutter. Although expéri—
mental work lagged behind the theoretical attack, the flutter
problem in incompressible flow had become quite tractable by the
end of the Second World War. Both the theoretical and experi-
mental approaches were well developed and understood., Until the
advent of transonic and superSonic aircraft, these techniques
were adequate for the airplane designer.

Unfortunately, the trend towards higher speeds, increased
structural flexibility and lower aspect-ratio lifting surfaces as
well as the growing use of large external stores so aggravate the
flutter problem that it is now often a primary design considera-

' tion rather than an occurrence that can be remedied fairly easily.
Because of the questionable reliability of existing methods of
flutter analysis in the high-speed range, the airpiane designer
calls upon the experimentalist to provide data that are immedi-
ately useful and that can be used to confirm theory. A reason-
able amount of experimental flutter data exists, but attempts to
correlate this data with calculations made with incompressible
unsteady aerodynamic coefficients have not been too successful
(see Ref. 4). ' '

In the low supersonic speed range, M = 1.2 to M = 2.0,

- i e M e e

Manuscript released by the authors December 1955 for publication
as a WADC Technical Report.
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aerodynamic forces provided the perturbation velocities on the
system to be studied are small compared to the free stream
velocity. Flutter analyses‘using two-dimensional supersonic
aerodynamic coefficients (Ref. 7) have been done for some time,
but there has been little confirmation of the theory with ex-
periment over a range of Mach numbers and for dimensional para-
meters which are typical of present-day aircraft, especially in
the case of the mass ratio, which has generally'been much higher
for the models tested than that encountered in practice

(Refs. 8-11).

Experimental investigations of flutter in the supersonic
speed range at first glance appear to be as difficult as those
in the transonic range. Models mounted on rockets, bombs, or
sleds must go through the transonic range before encountering
supersonic speeds so that the same problems of complexity and
expense (mounting, data recording, expendable models, etc.) are
still present. For tests conducted in the wind tunnel, there
are the“large—power requirements for continuous-flow tunnels of
reasonable size, the aerodynamic problems of obtaining uniform
flow in the test section, and the potential damage that could
be inflicted on the testing facility by models which are lost.
For supersonic flow, the Mach number in the test section is a
function only of the geometry of the nozzle, so it might appear
that many nozzles of fixed geometry would have to be used to get
useful data. The model designer is again confronted with the
problem of building efficient structure into thin wings in 7
order to obtain the very high natural frequencies required when
Mach number must be simulated (see Reference 12).

Some of the complexity and expense of testing flutter
models in the low supersonic speed range was eliminated by de-
signing the facility described in Reference 13. Briefly, a
supersonic nozzle of variable geometry was built for installa-

WADC TR 54-113, Part I 2
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tion in a blowdown wind tunnel. It is of the asymmetric sliding-
block type, and the Mach number can be varied through the com-
plete range of the nozzle during a run (M=1.2 - 2,1) without any
change in the dimensions of the test section. The testing tech-
nique involves injection of the model into the airstream in
order to avoid destruction of the model by the violent starting
shock, Thus, the problems of large power, damage from broken
models, and testing at fixed Mach number were immediately solved
Also, the difficulty of obtaining low mass ratios is somewhat
alleviated because of the high air density in the test sectionm,
which is characteristic of a blowdown wind tunnel. The approach-
es for designing, building, and testing inexpensive supersonic
flutter models with desired parameters are discussed in Refer-
ences 14-17,

The planforms shown in Figure 1.1 were chosen for investi-
gation (Ref. 18), These are typical of present-day high-speed
fighters and proposed supersonic bombers. Although most of the
work was done on the bare wings, some exploratory tests were
made on models with ailerons and, in the case of the straight
and swept wings, on models with tip tanks for both cantilever
and free-to-roll root conditions. The 10-inch root chord rep-
resents the model of maximum size that can be tested in the
facility without shock interference (see Reference 14). The
symmetrical double wedge airfoil section was used because of its
simplicity. The range of flutter parameters built into the
"models are typical of current high-speed aircraft.

Theoretical flutter calculations were made only for the
straight-wing, since it was felt that two dimensional aerody-
namic coefficients could be used successfully for this planform.
No theoretical work was done on the swept or delta planforms
because the primary emphasis of the research program was on ex-
perimental results. However,; enough theoretical work was done

WADC TR 54-113, part II y




on the straight wing so that the complete range of experimental
parameters was covered and a reasonable comparison between
theory and experiment could be made for this planform. The
theoretical trends exhibited by the straight wing were compared
with those obtained experimentally for the swept and delta wings.

In subsonic and low transonic flutter testing wings are
brought from a stable to an unstable region by increasing the
speed or Mach number. Figure 1.2, which shows a hypothetical
flutter boundary, demonstrates a peculiarity of supersonic flut-
ter testing. A wing is generally brought from a stable region
to an unstable region (see Reference 14) by decreasing the speed
or Mach numbexr along a tunnel operating curve. From Fig. 1.2

BOUNDARY —__

v§ UNSTABLE

-
-
-
-

TUNNEL OPERATING CURVE

FIGURE 1.2 HYPOTHETICAL FLUTTER BOUNDARY

it can also be seen that decreasing the region of instability
over the whole Mach number range will lower the Mach number for
flutter in the supersonic speed range and raise the Mach number
for flutter in the subsonic and low transonic speed range.

WADC TR 54-113, Part II 5
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These facts explain some of the conclusions of Sections 3 and 4
that at first glance may appear unreasonable,
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SECTION 11

FORMULATION

The dimensionless answers which one hopes to obtain from
a flutter model test are the values of the Mach number, M, the
reduced frequency, k, and the frequency ratio, Z, at flutter and
the flutter mode shape. These dimensionless quantities can be
derived from basic flutter theory (see Reference 19 and Appendix
A.1) along with other parameters which define the physical prop-
erties of the lifting surface. For bare wings of reasonably
large aspect ratio, the physical properties evolve as dimension-
less parameters which must be defined at every spanwise station,
viz.,

plaﬁform, %
o

m
m
o

mass distribution,

location of the chordwise center of gravity, X,
dimensionless moment of inertia in pitch, 1

bending stiffness distribution, (%%)
X . . GJ
torsional rigidity distribution, (GT)
location of the elastic axis, a
For wings of low aspect ratio or for surfaces where chord-
wise deformations are appreciable, the concepts of bending stiff-
ness, torsional rigidity and elastic axis are not valid, and the

chordwise as well as the spanwise distributions of mass and stiff-
ness must be defined.

WADC TR 54-113, Part II T




‘For given distributions of mass and stiffness, the model
has a discrete set of eigenfrequencies with associated eigen-
_functions and a distinct set of influence coefficients. For both
models and full-scale airplanes,-these latter parameters are rel-
atively easy to obtain experimentally compared to obtaining mass
and stiffness distributions, especially when the chordwise as
well as the spanwise variations must be considered. Therefore,
in the usual formulation of the flutter problem, natural fre-
quencies and mode shapes or matrices of influence coefficients
replace stiffness distributions. Through the years, flutter
engineers have become used to thinking of the flutter problem
in terms of natural frequencies and mode shapes rather than in
terms of stiffnesses., The concept of attacking the problem with
matrices of influence coefficients is relatively new, since
lifting surfaces of low aspect ratio have only recently become
popﬁlar. The tendency is to treat this latter type of planform
in the same way, i.e., in terms of natural frequencies and mode
-shapes when attacking the problem physically or when interpre-
ting results. This tendency is still valid since coupled fre-
quencies and mode shapes evolve as theoretical solutions to the
flutter equations at zero airspeed, even though the problem has
been formulated in terms of influence coefficients.

It is the intention of this report to adhere to the
classical concepts of natural frequencies and mode shapes and
elastic-axis location, rather than to consider matrices of in-
fluence coefficients or stiffness distributions., Valid criticism
may accompany the concept of an elastic axis for any of the plan-
forms considered because of sweep and low aspect ratio. Also,
in the interest of simplicity, all models were designed to have
identical spanwise distributions of mass and stiffness. The
former varies as the square of the chord, and the latter varies
as the fourth power of the chord. These distributions, which

WADC TR 54-113, Part IT 8
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were accomplished by tapering all dimensions linearly from root
to tip, are typical of present-day aircraft, The absolute values
of bending and torsional stiffness are measured by the magnitude
of the first bending and the first torsional frequency, respec-
tively, and that of the mass by the value of the flow parameter,
M . The models were designed to have constant values of
chordwise center-of-gravity location, dimensionless moment of
inertia in pitch and elastic-axis location at every spanwise
station. No attempt was made to design chordwise distributions
of mass or stiffness into the models although matrices of in-
fluence coefficients were measured in some cases.

With these simplifications, the parameters which were con-
sidered for each bare wing planform are:

mass ratio,

location of éhe chordwise center of gravity, x,
dimensionless moment of inertia in pitch, T
first torsional frequency, W« |

C.Qh
C&,“

frequency ratio,

location of the elastic axis, a.

The ranges of the values of these parameters were chosen to be
typical of present-day aircraft. By virtue of the design, the
quantities, m , X, Ty and a are constant at all spanwise
stations; the frequencies «, and w, , are three-dimensional
structural properties. Natural frequencies higher than first
bending and first torsion were not considered separately in the
model design since their values are dictated by the choice of
the mass and the stiffness distributions already mentioned. We
also note that the mass and stiffness distributions determine
the values of the mode shapes associated with each natural fre-
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quency.

Other parameters which evolve from basic flutcer theory
are:

airfoil shape
structural-damping coefficients
Reynolds number

Prandtl number

ratio of specific heats,

For simplicity, the airfoil section was taken as a symmetrical
double wedge for all the models, since it is probably of second-
~ary importance in the flutter problem. For the structural-damp-
ing coefficients, the correct order of magnitude was obtained
through discriminate choice of structural material. As high a
Reynolds number as possible was obtained by using as large a
scale model and as high a fluid density as practical with the
available facility (Reference 13). Control of the values of
Prandtl number and the ratio of specific heats was not consider-
ed since air was used as the testing medium,

For wings with control surfaces, additional parameters
evolve out of model theory (see Appendix A.l), viz,,

location of the aileron hinge line, ¢

chordwise location of the aileron center of graw
ity, xﬂ

dimensionless radius of gyration of the aileron
about its hinge line, g

. g
frequency ratio, __—
Uy

WADC TR 54-113, Part II 10
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Again, the problem has been formulated in terms .of mode shapes
and frequencies, and for the control surface, the stiffness
chordwise is considered large with respect to the stiffness
spanwise, The values of c, Xg and rg were made constant at
sach spanwise station in the model-design procedure.

For wings with tip tanks (see Appendix A.2) in the can-
tilever or free-to-roll condition, we must define the geometry
and mass of the tip tank in addition to the bare wing parameters
already considered:

v

T
volume
gy
B
location, =
mass, fl
m L
static unbalance, §T= ST
mb §
moment of inertia in pitch, IT
22
mb
moment of inertia in roll of the root support, Is
mi

These parameters have been non-dimensionalized in a somewhat
arbitrary fashion because of the simple theoretical model con-
sidered.

Having formulated the problem in terms of explicit para-
meters for all configurations, it now remains for us to devise a
scheme of model design whereby desired values of the parameters
can be obtained. Also, techniques of testing the models at zero
airspeed and in the wind tunnel must be developed to verify our
design values and to obtain the desired answers. Detailed con-

WADC TR 54-113, part II 11




sideration of model design and testing techniques are presented
in Reference 14. A cursory glance at the highlights, sufficient
for this report, is given in Appendix D.

Since the emphasis of the research program was on exper-
imental results, the theory was used primarily as a guide for
model design. Only the straight-wing planform was treated theo-
retically since it is most amenable to analysis. The calcula-
tions were based -on three-dimensional structural properties and
two~dimensional supersonic aerodynamic forces since experience
has shown that a similar procedure gives reasonable results for
subsonic flutter below the transonic range. -Also, other more
complicated methods of analysis which are presently being de-
veloped, {e.g. Reference 20) were considered far too premature
to be used on the present program. Some calculations based on
Piston Theory were made because of its simplicity. In formulating
the theory, only those degrees of freedom which experience had
shown to be essential in the analysis were included. Thus, for
the bare-wing and cantilever tip-tank calculations, only first
bending and first torsion were included. For wings with control
surfaces, the aileron degree of freedom was added, and for wings
with freedom to roll, the rigid-body roll motion was added.

The choice of eigenvalues was such that most useful in-
formation for a given effort could be obtained from a model-
design viewpoint. For example, in the theoretical analysis of
the bare wing, the problem was set up so that the bending and
torsional frequenciés, which are measures of stiffness level were
obtained as results for each set of assumed conditions (fre-
quency and Mach number at flutter). In the énalysis of wings
with ailerons and wings with tip tanks, the torsional frequency
along with the aileron frequency for the former and the tip-ténk
static unBalance for the latter were chosen as unknowns. This
choice of eigenvalues still allows for a comparison between

WADC TR 54-113, part II 12



theory and experiment so long as the complete range of experi-
mental parameters is covered.

The theoretical results are presented in terms of the
flutter coefficient, Ti%ix , rather than in terms of a velocity
ratio, as has been done in the past. This procedure eliminates
the necessity of treating velocity (v), size (b) and stiffness
level (wW«) as separate parameters. Also, this dimensionless
quantity evolves. out of the theory (see Appendix c.l).

WADC TR 54-113, part II 13




SECTION. III

- PRESENTATION OF RESULTS

3.1 Bare Wings
3.1.1 Straight

In designing the bare straight-wing models, an attempt
was made to vary the first torsional frequency of the wing keep-
ing all other pertinent dimensionless parameters constant, viz.,

mass ratio,/M
location of chordwise center of gravity, x

dimensionless mass moment of inertia in pitech,¥,

Cly,
oy

location of elastic axis, a

frequency ratio,

spanwise mass and stiffness distributions.

In this way, experimental curves of the flutter coefficient,
Ve
b, e

function of Mach number. These experimental curves could then

» and the reduced frequency, k, could be determined as a

be compared with those obtained by theory in order to test the
validity of the theory and, if necessary, aid in the development
of a criterion for torsional rigidity.

| This choice of parametric variation was particularly
difficult to accompiish insofar as model design was concerned

because of the interdependence of the parameters and the re-

. éﬁf—, be held constant, so
that some variations occurred in the parameters which were to

quirement that the frequency ratio,

be held constant. Control of the mass ratio,/,& , was difficult

WADC TR 54-113, part II 14



because of the change in air density with Mach number and the
fact that the Mach number at flutter could not be accurately
prédicted beforehand. The values of other mass parameters,
center-of-gravity location, c.g., and moment of inertia in pitch,
ry » as well as the spanwise distributions of mass and stiff-
ness could be controlled accurately. Insofar as elastic axis is
concerned, there was some question as to how this concept should
be handled for-real wings. After some research late in the pro-
gram, it was decided that, based on classical flutter theory,

the elastic axis should be treated as the locus of shear centers
rather than as that point on the wing where bending and torsion
is statically uncoupled, "apparent' elastic axis (see Reference
21). Experiments showed that the locus of this latter point
varied slightly along the wing because of sweep and root effects.
Furthermore, accurate control of the locus of shear centers could
be maintained by careful construction of the models, since the
location of the shear center is a function of the position of
the structural elements of the model. Both measured "apparent
elastic axis' and calculated locus of shear centers are tabu-
lated in Appendix D where available. Good control of the fre-
quency ratio, %%} , also evolved with experience. Careful
selection of balsa wood and realistic estimates of the effect of
glue were made late in the program. A detailed tabulation of
the parameters for all the models tested is given in Appendix D.

In order to determine the effects on flutter of those
parameters which were difficult to control accurately in the
models, theoretical straight wing studies were made varying
these parameters. Figure 3.1 presents a systematic variation of;

oy,
Y

frequency ratio,
mass ratio, M

elastic axis, a

WADC TR 54-113, Part II 15
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for fixed spanwise mass and stiffness distributions, fixed
moment of inertia in pitch and fixed chordwise center-of-gravity
location. Taper was taken into account in determining the aero-
dynamic forces. All the curves of Figure 3.1 were based on zero
structural damping. However, spot checks showed that inclusion
of a small amount of structural damping (g = 0.01) in the analy-
sis did not alter the answers appreciably, probably because all
of the calculated caseg had reasonable amounts of positive static
unbalance. Two-dimensional aerodynamic coefficients and three-
dimensional structural properties were used in the theoretical
calculations. The detailed formulation of the theory is given
in Appendix A.1l, and an example analysis is presented in Appen-
dix C.2. Theoretical results for values of frequency ratio,

v , other than those presented in Figure 3.1 can be obtain-
ed by cross-plotting the curves of Figure C.1. Because avail-
able tabulated values of the supersonic oscillatory aerodynamic

coefficients were limited (Ref. 7), portions of the curves of
Figure 3.1 could not be defined accurately. These doubtful
portions are presented as dashed lines.

Figure 3.1 shows that, in the range of practical inter-
est ( ““~4 5 ), the theoretical stability boundaries are not
very sensitive to changes in the parameters, mass ratio and

elastic-axis location (for the ranges considered) but do vary
;: . We also notice that the
trends are comparable to those to be expected from experience in
subsonic flow (Ref. 22), i.e., the region of instability in-

creases with,

somewhat with frequency ratio,

decreasing mass ratio,/u

increasing distance between the .elastic axis and
the center of gravity, x

. . . Gy
increasing frequency ratio, ——~

WADC TR 54-113, part II 22

' O——



The theoretical curves of Fig. 3.1 may be used to predict
the onset of flutter which will be given by the intersection of
an operating line and the flutter boundary. The operating line
for a model with a given set of mass and stiffness parameters de-
pends on the velocity- Mach number relationship of the environment
in which the model is tested. Velocity at a given Mach number is
a function of the ambient temperature only. Velocity versus Mach
aumber for extreme ranges of the atmosphere and of the facility
used for flutter testing on this program is given in Figure 3.2.
In the tunnel the stagnation temperature is roughly that of the
atmosphere, and at a given Mach number the static temperature, and
hence the speed of sound and velocity, is less than atmospheric in
accordance with isentropic flow relations. Figﬁre 3.2 shows
graphically the difference between the velocity- Mach number re-
lationship in the atmosphere and the wind tunnel. A given model
will then have a different operating line in the tunnel than it

v V7 / 7 /‘/
a
SEA LEVEL
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has in the atmosphere. Figure 3.3, illustrates this point. It
shows the operating lines for a model in the wind tunnel and in the
standard atmosphere at sea level and at the tropopause.' Since
these operating lines are not the same they intersect the flutter
boundary at different values of Mach number. It is also interest-
ing to note that if the flutter boundary is to be approached from
a stable region at either constant altitude in the atmosphere or in
the tunnel, it must be approached by decreasing the Mach number.

For all of the straight wing models tested on-the'présent .
program the theoretical Mach number of flutter has been determined
from curves similar to Figure 3.3. The flutter Mach number has
been determined for conditions in the tunnel and in the standard -
atmosphere. The theoretical Mach numbers of flutter so determined
are compared with the flutter Mach number of the actual tests.
These results are given in Table 3.1.

An even more graphic comparison between theory and ekper-
iment is given in Figure 3.4, All the legitimate experimental
flutter points were obtained by injecting the model into a stable
region and decreasing the Mach number until flutter occurred. All
the straight wings built on this program fluttered, and no single-
degree-of-freedom torsion flutter was encountered experimentally
(see Ref, 23, p. 6). The scatter of the data is small and most of
the deviations from the mean can be explained. The models which
fluttered during injection would have their marginally stable con-
dition at higher Mach number. These injection flutters generally
occurred at frequencies closer to the first torsional frequency
than would otherwise be expected. Models ST-1d and ST-1d-1 were
designed with elastic axes forward so that they had slightly high-
er values of the coefficient, E;i« , than the other models, veri-
fying the trend predicted by the theory. Model ST-12 was a low-
density,}u‘=30, wing designed to have a margin of safety against
flutter based on the test results of models with mass ratio on the
order of 65 and on.the theoretical effect of lowering the mass
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TABLE 3.1
MACH NUMBER AND FAEQUENCY AT FLUTTER FOR STRAIGHT-WING PLANFORM, THEORY AND EXPERIMENT
Exgeriment Theory n Structural-
Damping
Wind Tunnél Wind Tunnel I Trgpopause Sea Level } Coefficient
Bare Wings ‘ in Theory
Model ME e Mf We Mf W Mf We
cps cps cps cps
sT-1 1,52 | 8s5.7 1,33 150 1.33 130 1.36 145 8]
ST-1d 1.59 82.7 1.28 135 1.31 120 1.38 125 o)
5T-1d-1] 1.52 86.2 1.35 150 1.35 135 1.41 110 o]
ST-2% 1.71 | 110 1.3% 115 1.39 95 1.44 a5 0
ST-4 l.52 93.7 1.32 165 1.33 140 1.37 145 o]
S5T-4-11] 1.30 g98.4 1.33 170 1.33 145 1.37 145 0
§T-5 1.44 83.3 1.33 155 1.33 130 1.37 135 0
§T-5-1 1.47 85.5. 1.35 150 1.35 130 1.38 135 o]
8T-6 1.72 78.3 1.33 140 1.3% 120 1.37 120 0
5T-7-1#} 1.88 76.9 1.38 115 1.39 100 1.43 100 o
ST-7-2¢ 1.92 | 108.0 1.3% 115 1.39 95 1.4% 95 0
sT-7-3 | 1.94 8l.5 1.3% 130 1.39 105 1.4k2 165 0
ST-12 1.45 | 120.8 1.30 215 1.30 190 1.33 195 0
Wings with Tip Tanks (Cantilever} l
unstable -- unstable - unstable -- 0
ST-la* | 1.80 21.4 { 1.59 36 | unstable - unstable - 0.01
: 1.54 48 1.56 4o 1.62 47 0
ST-le* § 1.3 | 18.1 { 1.43 38 1.53 38 1.48 37 0.01
1.50 63 1.%0 61 1.48 67 0
ST-ta | 1.3 | 26.3 { stable | -- | stable| -- | stable| -- 0.01
: nstable -- ungtable - unstable| -- 0
ST-4b* | 1.83 2G4 { 38 unstable -- unstable -- 0,01
Wings with Tip Tanks {free-to-roll)
ST-4e-1] 1,33 33.9 1,57 50 1.6C 52 1.62 '59 )
ST-RC-Q 1.32 30,0 1.57 g 1,60 52 1.62 59 0
ST-bec-3| 1.32 32.7 1.37 50 1.60 52 1.62 ] ¢}
Wings with Ailerons
ST~1b* 1.80 200.¢ 1.34 180 1.34 185 1.35 195 0
ST-1e 1.72 | 87.9 1:37 140 1.38 135 1,44 135 0
ST-1f 1.55 87.5 1.36 16¢ 1.36 145 1.38 150 o
—
-*Injection flutter
Note: tip-tank selutions attempted only inside interval 1.3< M < 1.8
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ratio. When the model fluttered, the experimental results were
re-interpreted'on the basis of the parameter, EEEliig;-' Theo-
retically, the flutter coefficient and the mass ratio are inde-
pendent parameters and consequently cannot be combined into a
single quantity. Piston theory shows, however, that for the case
of high supersonic bending-torsion flutter of a representative
two-dimensional section, this combination can be demonstrated
analytically for some special cases (Ref. 24, p. 81 ff). The
semi-empirical flutter formula prbposed in Reference 22 (p. 17)

for subsonic flow also suggests this combination.

Figure 3.5 shows the results of plotting the experimen-
tal data on the basis of this parameter. We see that the scatter
of Model ST-12 is considerably reduced with no appreciable loss
of consistency in the other data points., The range of mass ratio
is not large enough to determine if this trend is general however.

Figure 3.4 emphatically shows the value of being able
to vary the Mach number during a flutter model test. 1If a
fixed nozzle of low supersonic Mach number were used, we might
conclude that the theory gave good agreement with experiment,
and there would be some doubt as to the location of the neutrally
stable region. The gross deviation between theory and experiment
at higher Mach numbers led to a theoretical investigation using
Piston theory. The theoretical formulation is presented in
Appendix A.3, and a numerical example is given in Appendix C.6.
The results of this investigation are shown in Figure 3.6. It
should be emphasized that this theory is valid only at high Mach
numbers, well out of the range of the experimentation of this
program. We see that if thickness is taken into account, the
results of Piston Theory give better agreement with experiment
than the results of the classical theory near Mach 2, Piston
Theory certainly does not apply at Mach numbers below 2.0..
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Reference 25, based on potential flow‘solutions,‘shows that the
effect of thickness on the damping of an oscillating airfoil in
the range of Mach number from 2.0 to about 1.2 may be either
stabilizing or destabilizing depending on the Mach number, re-
duced frequency, and other parameters. Reference 33, based on
Piston Theory, shows that the effect of thickness, for the cases
considered there, is destabilizing and that the effect increases
with increasing Mach number. It should also be mentioned that
even though the Piston Theory shows a tremendous effect due to
thickness, this effect may not be as large as the results in-
dicate, because terms have been neglected in the analysis which
could be of the same order of magnitude as the thickness terms.
The results are presented in order to determine trends for a
bétter insight into what happens at high Mach number.

For purposes of comparison, Figure 3.7 gives the re-
sults of a theoretical flutter analysis based on incompressible
aerodynamic coefficients (Ref. 26), A numerical.example is
given in Aﬁpendix C.l. It is interesting to note that the in-
compressible theory gives almost the same results as the super-
sonic theory near Mach number 1,35,

It is interesting to compare the flutter parameters of
the models tests on this program with those of some actual high-
speed airplanes. Table 3.2 gives flutter parameters for three
representative airplames. The data in Table 3.2 has been derived
from actual airplane data, averaged to give representative
straight, swept and delta wing airplanes. The torsional frequency
of the scaled model, (ﬂ%t)M, is included in Table 3.2 so that a
direct comparison could be made of the model and actual airplane
stiffness. From dimensional analysis it can be shown that if Mach
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number is to be kept constant from model to airplane, the follow-
ing relationship holds,

(e .. .La-, Ta Eq. (3.1)
(Wedy, Ll Ty

Wy is the first torsional frequency of the wing
L 1is length
T is temperature

where

The subscripts, M and A, refer to model and airplane, respective-
ly. The scaled model frequencies, (6hx)M, of Table 3.2 were cal-
culated assuming a scaled model of the airplane with a root chord
equal to that of the wings tested on this program (10 inches),
Air was assumed as the model testing medium. The air was assumed
to expand adiabatically from a stagnation temperature equal to
room temperature (70°F) (See Reference 12).

3.1.2 Swept

The experimental data for the bare swept wings are pre-
sented graphically in Figure 3.8; no theoretical work was done
for this planform. Less extensive tests were conducted on the
swept than on the straight wings, and some of the models tested
did not flutter (see Table D.8). Again, all legitimate flutter
points were obtained by injecting the model into a stable region
and decreasing the Mach number until flutter occurred. The re-
marks made above pertaining to control of the paraﬁeters for the
straight wings are also applicable to this planform.
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In Figure 3.8 those models which fluttered during in-
jection would probably be neutrally stable at higher values of
Mach number, and the model which fluttered during retraction
would probably be neutrally stable at a lower Mach number,
Models SW-3¢c, SW-3 and SW-3d were purposely designed to have
three different elastic-axis locations {loci of shear centers).
All other parameters were held very nearly constant (see Tables
D.5 & D.8)., The theoretical and experimental trend evidenced by

Model e.a. Mf W

% chord cps .
SW-3c 37.0 1.48 135
SW-3 42,0 1.41 132
SW-3d h7.0 1.25 137

the straight-wing planform holds, i.e., moving the elastic axis
forward from a given center-of-gravity location is equivalent
to a decrease in stiffness. Therefore, on Figure 3.8, Model
SW-3c should have a slightly higher and Model SW-3d a slightly
lower value of the flutter coefficient, , than the mean.

o Wg

The destabilizing effect of lowering the mass ratio,
is evidenced by Model SW-8 (See Table D.8) which was tested once
without flutter. 1In a second test during which the mass ratio
was lowered by raising the air density in the test section, the
model fluttered during injection. If the experimehtal results
are plotted on the basis of the pérameter, v —  (Figure

. . . . boam THg
3.9), there is no appreciable increase in scatter, but again

there is no sound theoretical basis for this choice of parameter,
and it should be used cautiously because of the scantiness of
 the data,

WADC TR 54-113 Part IT 36

'lll!!!l .] -L



LS W
T/ —x- ©INGIDIJLH0D FHL NO QESVE

WI0ANV'Id ONIM-IJAMS TUVE W04 A¥VANNOY ALITIEVIS HALLNTI TVINIWI¥HJXH 6 € FUNOIL

Y3IEANNN HOYW

1'g e &'l 8l L 91 g1 L €1 ' 2l
HILiNTd NOILOVHLIAY +
HILLINTd NOLLOArN] *

NOI934
INgVYLS

L\—g-ms —— ¥

g ksroe'sa’cn 53TAYL IS

Dm mh.Oﬂ

thwi
| I

2’|

91

02

zoo b
1

S80= %|3
Um
_Hva
Tamy
QHOHD 9,2 g D@
sig0: """ 0,

L QuOHD 9,06 @ bo

fale-e

s20g

L8 ~MS

g oy o oy A A

T2 L2 ALl

Y777 77|

T777pre 7l Ai7irs

L4

VE-MS

{-8-MS

£—MS

PE-—MS

B, s
T
#_m —MS

NOI193
3T9ViSN

]
n

("92) 0 —f S OHOHD
F

-caz~

hG2

————
I<WN

ol

37

WADC TR 54-113, Part II




The experimental stability boundary for the swept plan-
form occurs at about the same values of the flutter coefficients,

‘/{- V{ o .
o and o il as for the straight planform at low

supersonic Mach number while the slope of the boundary with in-
creasing Mach number does not appear to be as steep as that for
the straight wing. The same effect of sweepback has also been
obtained from flutter tests at transonic speeds (see Reference 4,
p. 27 and Reference 6). The numerical equivalence of flutter
coefficients probably means that the swept wing is slightly less
desirable from a flutter viewpoint than the straight wing.

While it is difficult to compare wings of different geometry,
some remarks can be made., From elementary rod considerations,
the following relation can be deduced for a wing of given root
stiffness and of given root chord,

~ 'E(‘A) J cos
K vy J/I—L_

Wy Eq. (3.1)

where
¢/ is the sweep of the elastic axis
£ 1is the semi-span of the wing, measured from the root
¢chord.

The effect of taper, A ,» on the torsional frequency has been
estimated from the relation,

(wy) tapered (e ) untapered g Eq. £3'2)

where the functiom, f; (A), is obtained from Reference 27 as

1.6
£ (A) =1+ 1.87 (1 -A) Eq. (3.3)
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It should be mentioned that the effect of taper on the bending
frequency is more difficult to estimate, and the methods of
Reference 28 are suggested. On the basis of equation 3.2, for
the experimental parameters of Figures 3.4 and 3.8, the straight
wing should have a higher torsional frequency by about 10 percent
than the swept wing for the same root stiffness and the same root
chord.

3.1.3 Delta

Considerable difficulty was encountered precipitating
delta-wing flutter. Some twenty models were flown before suc-
cessful flutter was obtained, utilizing the extreme values of
center-of-gravity and elastic-axis locations available with the
model-design procedure. . Even models made only of balsa and lead
were flutter-free. Lead was added to some of the wings which
had been tested without event in an attempt to lower the second
bending frequency without significantly changing first bending
or first torsion, since there was some evidence that a critical
condition might be one where the second bending frequency is be-
low first torsion (Ref. 29).

Successful flutter was finally obtained by reducing the
thickness ratio of the wings to 4 percent, thus reducing the
stiffness well below that which would be encountered in practice.
To illustrate this point one need only compare the scaled tor-
sional frequency of the delta-wing airplane presented in Table
3.2 with those of the delta-wing models tested on this program
(Table D.9). The frequency of the model of the actual aircraft,
where Mach number is kept constant from model to airplane, is
an order of magnitude higher than those of any model built on
this program. A similar conclusion can be drawn by comparing
the flexibility influence coefficients of the models tested.
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(Table D.18) with those of the XF-92A airplane (Table D,19)
using the relation,

Ci3dm pa

Eq. (3.4)

(Cij)A P

)

where

Cij is the force-deflection influence coefficient

fo is the air density.

Equation 3.4, which is based on dimensional-analysis considera-
tions, assumes that the mass ratioc as well as the Mach number is
held constant from model to airplane. It is interesting to note
that the ratio of influence coefficients depends only on flow
parameters and is independent of the length scale factor. This
ratio is equal to 1/3 if the XF-G2A airplane is simulated at an
altitude of 35,000 in a wind tunnel where air is expanded
isentropically from a stagnation temperature equal to room tem-
perature (70°) and a stagnation pressure equal to 10 psig.

Figure 3.10 shows the flutter stability boundaries ob-
tained experimentally. Again, each successful flutter point,
except those otherwise indicated, represents a model which was
injected into the airstream, flutter-free. Flutter was then
approached by decreasing the Mach number until instability
occurred. Figure 3.11 presents the results of plotting the ex-
perimental data on the basis of the coefficient, ;tw.igz

Experimental evidence of the destabilizing effect of lowering
the mass ratio, w , was obtained in the case of Model De-2d-2
which was tested once, flutter-free, at higher mass ratio than

that obtained at flutter during a second test (see Table D.9).
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The curves of Figures 3,10 and 3.11 are not as well defihed as
those of the straight and swept-wing planforms because of the
inherent difficulty, with a simple design procedure, of accurate-
ly controlling the natural frequencies of delta-wing models where
the effects of plate-type vibratory modes become significant.
While there is little justification for quantitatively comparing
the stability boundary of the delta wing with those of the
straight and swept wings, even on the basis of equation 3.1, the

delta wing should have its stability boundary at much lower
Vi

b, wo

tally (about 1/4 that of the straight wing) for the same root

chord and the same root torsional rigidity. It is interesting

values of the coefficient, , than that obtained experimen-

to note that the same general changes in stability boundary with
sweepback as those obtained on this program have also been ob-
tained from transonic tests (see Reference 4, p. 27 and Refer-
ence 6).

3.2 Wings with Ailerons S(/

3.2.1 .Straight

In the theoretical formulation of the straight wing

with aileron, the frequency ratio was considered as an un-

3 ?
known in the analysis with the fixegmbarameters shown on Figure
3.12, The detailed formulation of the theory is given in
Appendix A.2, and a numerical example is given in Appendix C.3.
Only three models were tested so that a direct graphical com-
parison between theory and experiment could not be made as in
the case of the bare straight wing. A tabulated comparison of
the Mach number and the frequency at flutter is given in Table
3.1, and a detailed tabulation of the experimental parametérs

is given in Appendix D,
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Again, the theory shows that for flutter at super-
sonic Mach numbers, instability must be approached from high
Mach number, Decreasing the frequency ratio,'éz?‘, is an effec-
tive decrecase in torsional stiffness, and no significant change
occurs near the condition,-fﬂﬁ % 1.0 , as would be expected from

=N
subsonic experience.

These trends have been verified by experiment for the
three models tested,

W
*
ST-1b 0.691 1.80
ST-1le . 1.49 1.72
ST-1f o0 1.65

* Injection Flutter

Model ST-1f was the result of the repairing Model ST~le and -
locking the aileron. Increasing the frequency ratio,

Com, ?
lowers the Mach number at flutter or has the same effect as in-
creasing the absolute stiffness, wg . Although the trends are

correct, the theory is again unconservative in that experiment
shows a larger region of instability than the theory (see Table
3.1). The experimental flutter frequencies are also lower than
those  predicted by the theory except in the case of Model ST-1b
which fluttered during injection near the first torsional fre-
quency.

In the design of the aileron models, the aileron fre-
quency was controlled by flexures even though such a design was

difficult, especially since all the models had sealed gaps,
typical of high-speed aircraft. If the aileron frequency were
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controlled from outside the wind tunnel, a real wing would not
be simulated because the aileron would rotate relative to a line
fixed in space rather than relative to the wing itself.

3.2.2 Swept and Delta

The trends obtained for the straight wing with aileron
were also evidenced for the swept and delta planforms, although
no theoretical work was done and only one model with aileron was
tested for each of these planforms. The data show that Model
SW-3b, which had roughly the same parameters as Models SW-3 and
SW-8-1 except for finite aileron frequency (see Tables D.5 and
D.8), fluttered at a higher Mach number than either of these
latter two. The delta-wing elevon model, DE-2e, fluttered durirg
injection in a mode in which aileron motion predominated at much
higher Mach number than the experimental results of the bare
delta wings would indicate.

3,3 Wings with Tip Tanks

In addition to tests on bare wings and on wings with
ailerons, some exploratory tests were made on straight and swept
wings with tip tanks for both cantilever and free-to-roll root
conditions. Some theoretical work was done on the straight wing
for a simplified model ({see Figure 3.13) so that trends useful
for model design could be obtained. 1In the theoretical formula-
tion of the problem, the dimenionless static unbalance of the
tip tank, 3., and the first torsional frequency of the bare wing,
wy , were treated as unknowns. The frequencies of the bare
wing were chosen as independent parameters because those of the
wing with tip tank depend on the tip-tank statie unbalance,
which was to be varied both theoreticélly and experimentally,
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3.3.1 Cantilever Root Condition

The results of the theoretical calculations on the
simplified model of the straight-wing planform for zero struc-
tural damping are presented‘in Figure 3.13. The detailed formu-
lation of the theory is given in Appendix A.2, and a numerical
example is given in Appendix C.4. It should be mentioned that
the aerodynamic forces on the tip tank were taken into account
in the calculations (see Appendix B) and were significant,
especially insofar as the pitching moment was concerned, Theo-
retical results for values of the dimensionless tip-tank static
unbalance, §T, other than those presented in Figure 3.13 can be
obtained by cross-plotting the curves of Figure C.4.

The curves of Figure 3.13 are at best confusing. It
can be shown mathematically that the curves must be continuous,
so that the theory seems to indicate that the wing with tip
tank is unstable even for infinite stiffness ( -152; =0). Con-
siderable difficulties were encountered in the calculations be-
cause of the limited tabulated values of the supersonic oscilla-
tory aerodynamic coefficients (Ref. 7) and the choice of eigen-

values.

The extreme sensitivity of the theoretical curves and
the disappointing results led to the decision to do some of the
calculations including a small amount of structural damping.
The results of these calculations are presented in Figure 3.14,
Theoretical curves for values of dimensionless tip-tank static
unbalance, §T, other than those presented can be obtained by
cross-plotting the curves of Figure C.5. The curves of Figure
3,14 are more encouraging, following the trends typified by
bare wings and by wings with ailerons,
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The theory shows that instability increases with in-
creasing tip-tank statﬂ:unbalance, ST,corresponding to rear-
~ward travel of the tip-tank center of gravity. Few real roots
were obtained for negative tip-tank static unbalance; i.e. for
tip-tank center-of-gravity locations ahead of the wing elastic
axis (see Figure C.5), indicating that the wing is always stable
if the center of gravity of the tip tank is far enough forward.
The trends predicted by the theory were verified by experiment,
but again the theory is unconservative if quantitative results
are compared, Four cantilever tip-tamnk models were tested, from
the most aft to the most forward: tip-tank center-of~gravity
location obtainable with the model design. All the configura-
tions with tip-tank center of gravity aft of the wing elastic

Tip Tank

Model -EE c.g. M
' % Wing

Tip Chord
ST-ub‘: 1.05 77.5 1.831
ST-la 0.401 56.0 1.80
ST-1c¢ " 0.0%506 39.1 1.83%
ST-ka -0.511 25,0 1.43

* Injection Flutter

axis fluttered during injection, even the model with a tip-tank
static unbalange of very nearly zero (Model ST-lc). The only
successful flutter was obtained with a model whose tip-tank
center of gravity was well forward (Model ST-4a). According to
the theory, this latter model should have been stable for all
Mach numbers above 1.3. A tabulated comparison of theory and
experiment is presented in Table 3.1, and detailed parameters
for the models tested are given in Appendix D.
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The stabilizing effect of moving the tip-tank center
of gravity forward has also been demonstrated experimentally at
high subsonic speeds (Rei. 30C).

Three swept-wing models with tip tanks were tested; no
theoretical studies were made for this planform. Although the
tip-tank center-of-gravity location was not varied as above for
the stfaight wings, the models did have different values of the
torsional frequency of the bare wing, with essentially constant
values of other parameters (see Table D.11). The trend predict-
ed by the theory was verified, i.e. increasing the torsional
frequency of the wing lowered the Mach number at flutter.

_ , w
Model Sep Tlgvgank cﬁz Mg

% Wing

Tip Chord

* *

SW-3a -0.51 25.0 145 1.92
SW-7 -0.51 25.0 161 1.44
SW-6 -0.53 25.0 189 1.36

* Injection Flutter

3.3.2 Free-to-Roll Root Condition

The results of the theoretical calculations for the
simplified straight-wing model with free-to-roll root condition
are presented in Figufe 3.15, The theoretical formulation is
given in Appendix A.2, and a numerical example is given in
Appendix C.5. The calculations were made for zero structural
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damping only.

Again the theoretical results are confusing, but it did
not seem worthwhile to expend additional effort redoing the cal-
culations with structural damping included since the major effort
of the research program was on experimental results. The solu-
tion of the three-degree-of-freedom flutter determinant for the
free-to-roll root condition involves tedious graphical solutions
of simultaneous equations for each set of assumed conditions, i.e,
the Mach number and the frequency at flutter (see Appendix C.5).

Some preliminary calculations indicated that with the
inclusion of structural damping in the analysis, one of the
branches of the curves would disappear (see Figure C.0) and a
general shift similar to that for the cantilever root condition
would occur. The condition is one which is fairly common in
flutter analyses, where small changes in input give erratic
changes in results.

In the theoretical formulation, no account was taken of
the canted hinge, which was used to give the models aerodynamic
stability in roll, although this would be possible in a more re-
fined analysis. The amount of cant was kept as low as possible,
2 1/2°, consistent with the change in flow direction with Mach
number, about + 0.1° (see Reference 13). For small angles it
can be shown that there is a simple relation between cant angle,
roll angle, and angle of attack,

oK
o - & Eq. (3.6)
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A 1is the angle of attack
© is the angle of roll
& 1is the angle of cant in radians.

where

In any wind tunnel test where a semi-span model is
given freedom to roll, the classical question of whether or not
the anti-symmetrical degrees-of-freedom are adequately simulated
always arises. This uncertainty comes from the fact that the
model plus its mirror image are actually represented (see Figure
3.16). Because of this doubt along with the canted hinge, the
results for the models which were tested probably lie somewhere

TUNNEL WALL

MIRROR

FIGURE 3.16 SEMI-SPAN MODEL WITH FREEDOM TO ROLL IN WIND
TUNNEL

between the cantilever and the ideal free-to-roll configurations.

The experimental results for the free-to-roll tip-tank
models are as inconclusive as the theoretical results. The four
straight-wing models tabulated in Appendix D actually represent
one model which was repaired after each flutter so that small
changes in the experimental parameters occurred {see Appendix D),
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The straight-wing free-to-roll model fluttered at a lower Mach
number than its cantilever counterpart, while the opposite is
true for the swept wing.

Model Root Condition Mg
ST-4a Cantilever 1.43
ST-Ue-2 Free-to-Roll 1.32
SW-7 Cantilever 1.44
SW-7a Free-to-Roll 1.92

3.4 Comparison with Other Experimental Results

In assessing the value of any experimental program of
high speed testing the question always arises as to whether the
results obtained are representative of what would be obtained for
a full scale airplane, or merely represent the peculiarities of
the testing facility or the models tested. Little or no full
scale airplane flutter data is available, but a considerable body
of flutter experience for models of various geometry and construc-
tion methods is available. In particular, Reference 4, 5, 47, 48
49 and 50 give flutter data for straight, swept, and delta wings
whose characteristics are similar to those tested under the pres-
ent program. A variety of model construction methods are repre-
sented; from the solid plate models of Reference 47 to the
wrapped aluminum foil, foam plastic core models of Reference 5. A
number of different testing facilities have been used to obtain |
the test data, Figures 3.17, 3.18, and 3.19 are plots of the par-
ameter, bww;?“ ﬂaﬁizlywyersus Mach number for the straight swept
and delta wing models of this report and for similar models from
References 4, 5, 47, 48, 49, and 50. This parameter, suggested in
" Reference 47, is an extremely convenient one for the plotting of
flutter results, but it must be remembered that the use of the
factor M;a; has no firm theoretical basis. Figures 3.17, 3.18

and 3.19 .represent a collection ofdgﬁifOflwings that are similar
but not jdentical. Therefore some differences in the data are bound

to occur. Even so the correlation of the various test results is
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quite good.

Figure 3.17 shows the results for the straight wing
models. The data of Reference 47 is too sparse to draw a curve
since only three points are available from M = 0.67 to M = 2,0.
The -level of this data agrees quite well with that of the
present report. The data of References 4 and 48 agree very
well with each other in the transonic range. In the low super-
sonic range, the data of Reference 4 shows that a smaller Wy
is needed at a given Mach number to reach the stable region than
for the models of this report. The trend of the data obtained
in this report with increasing Mach numbers up to about 1.7 is
somewhat disturbing since it indicates that higher and higher

wy 's are needed to prevent flutter. Since no data was obtain-
ed at Mach numbers below.1.3, it is not possible to say whether
there is a peak in the boundary at about M = 1.0 which is higher
than the peak in the boundary at about 1.7. The data of Refer-
ence 47 is too widely separated in Mach number to determine
whether or not a peak exists. The extended curve for the
straight-wing models of this report, given as the heavy dash
line on Fig. 3.17, shows a slight peak. The extension is based
on the results of Ref. 48 and some unpublished data. Such an
extension shows that an airplane, flying at constant.altitude

or constant density may encounter bending-torsion flutter

in the low supersonic range at about M = 1.6 after having passed
through the transonic range without flutter. On the whole the
agreement of the straight wing data obtained on this program
with that of References 4, 47, and 48 is quite good. There

seem to be no major discrepancies that cannot be explained by
the differences in the model parameters.

Figure 3.18 shows similar curves of the parameter,
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SZ vs. Mach number of the swept wing models. The
daf Y\ Hrflors
agreement between the present data and that of References I and
. is very good. The three sets of data could easily be repre-
sented by a single curve. In spite of a slight tendency towards
increasing @)y s necessary to prevent flutter at the higher
Mach numbers covered by the present data, the critical region

for flutter appears to be the transonic range.

Figure 3.19 shows the comparison of the delta wing data
of the present report with that of Refs. b7, Lg, and 0. Less
delta wing data is available for comparison because of the ap-
parently heavy dependence of delta wing flutter speed on second
bending to first torsion and first bending to first torsion fre-
quency ratios noted in Figs. 3.10 and 3.11. This heavy depend-
ence on these frequency ratios means that if delta wing flutter
data is to be compared on a rational basis these ratios must be
similar. Data for only those models from Refs. 47, 49, and 50
which have frequency ratios and mode shapes similar to those of
the delta wings of the present program have been used in Fig,
3.19. In general the agreement is not too bad. The data of
Ref. 47 shows a level of the flutter parameter about equal to
that of the present report at Mach numbers of 1.3 and 2.0, The
data of Refs. 49 and %0 indicates that there is a peak in
boundary around M = 1.0.

The curves of Figs. 3.17, 3.18, and 3.19, are also
extremely useful for practical airplane design in that they
show clearly the critical conditions for flutter. A straight
line from the origin M = O, équaa*l/,u; 22“= 0 of the curves

. ¥ A
can easily be shown to be a line of constant dynamic pressure.

A straight line parallel to the abscissa represents a line of
constant altitude.

It is then apparent that for the straight wing data
shown in Fig. 3.17 that the critical flutter region for a con-
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stant altitude airplane condition occurs at about M = 1.7. At
constant dynamic pressure the critical flutter region occurs at
Mach numbers slightly less than 1.0.

For the swept wing data shown in Fig. 3.18 the critical
flutter region for both constant altitude and constant dynamic
pressure conditions occurs at about Mach number 1.1.

For the delta wing data shown in Fig. 3.19, the peak in
the boundary at a Mach number of about 1.1 is very close to
being at the same level as the boundary at a Mach number of about
2.0, Theréfore, it is difficult to say with any assurance
whether the most critical flutter region at constant altitude is
in the transonic region or at higher Mach numbers. The data of
Ref. 47 indicates that the boundary continues to rise beyond
M = 2.0 since the flutter point obtained in Ref. 47 for M = 3.0
occurs at a higher value of éﬁéﬁﬁ“}(&%&;)a7s than the point at
M = 2.0 shown. It would appear, then, that the critical region
for flutter at constant altitude lies at the higher Mach numbers
around M = 2.0 in the range covered by Fig. 3.19. This con-
clusion should be used with care because of the scatter in the
data at the higher Mach numbers and the general scarcity of data

on equivalent delta wings in the transonic range.

As a further illustration of the usefulness of the
boundaries of Figs. 3.17, 3.18, and 3.19 for airplane design, a
simple design example is discussed below. Figure 3.20 shows the
consolidated flutter boundaries for straight wings, drawn from
the data of Fig. 3.17. The critical constant altitude and con-
stant dynamic pressure lines are shown. The following airplane

characteristics and desired performance are given:

M sealewl! = 20.0
b,qs = 5.0 (ft.)
M ex. 2.0 at 30,000 (ft.)

il
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The level of wing torsional frequency required to prevent flutter
for the high-speed condition will be determined, and then the

speed and dynamic pressure restrictions that occur will be noted.
The standard atmosphere is assumed.

For the constant altitude condition the critical value of
f_"‘—"qi;c‘—{gk“(ﬂ% )a...,s is 0.28 at M = 1.75 as can be seen from
Fig. 3.20. The resulting value of &4 needed to just prevent
flutter is 9.8 cps. For this value of o4, the airplane must
be limited in both speed and dynamic pressure to prevent flutter
at altitudes below 30,000 ft. For example, with this value of
wea , the Mach number for flutter at sea level is 0.81 and the
critical dynamic pressure is 670 pounds per square foot.

1f the example airplane is to be flutter free at a sea
level Mach number of 1.1, then the critical value of the para-

byas wOA : '
meter eI = / f’u"p&)ovs- is 0.23. The value of W necessary
to prevent flutter for this condition is 14.8 cps, about 5C%
greater than the previous case.
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SECTION 1V

CONCLUSIONS

It is possible to draw a number of conclusions from the
data presented in this report. The experimentally obtained
flutter boundaries for the straight wing planform can be compared
with the boundaries obtained from theoretical studies. This com-
parison can serve to indicafe in what Mach number ranges theo-
retical calculations can be expected to give good quantitative
correlation with experimental results. Figure 3.4 shows graph-
ically that good correlation between theoretical studies and ex-
perimental results is found at Mach numbers between 1.3 and 1.4,
Outside of this Mach number regime the correlation appears to be
progressively poorer with the theoretical results being uncon-
'servative, showing too small a region of instability, above
M = 1.4, and conservative below M = 1.3, The results of Table
3.1 show that because of the steeper slope of the theoretical
curve on Figure 3.4 nearly all the bare wings have theoretical
flutter Mach numbers between 1.3 and 1.4,

Some other conclusions can be drawn from the trends of the
theoretical and experimental data. Both the theory for the
straight wing and the experimentation for all three planforms
show that, for the ranges of parameters considered, which are
typical of present-day high-speed aircraft, the region of in-
stability increases with the following independent parametric
variations:

1. decreasing torsional frequency

2. decreasing mass ratio
3. rearward movement of the tip-tank center cof gravity
L. decreasing aileron frequency
5. forward movement of the elastic axis
WADC TR 54-113, Part il 67
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These items are listed in order of importance based on the ex-.
perimental results,.

In general, the straight wings fluttered in bending-tor-
sion; the swept wings sometimes had a small amount of second
bending in the flutter mode. It is difficult to say what modes
were involved in the flutter of the delta wings since all the
motion was near the tip, and very few cycles were required to
damage the models. One delta-wing with aileron fluttered on
injection in a mode in which aileron motion predominated, but
even in this case the mode shape of flutter is not too clear
since wing torsion and bending motions are involved in the
flutter. The experimental values of the reduced frequency at
flutter were much lower than those characteristic of subsonic
flow. Some of the trends noted above and the same general
changes in the stability boundaries with sweepback as those
obtained on this program have also been obtained from transonic
tests.

In Section 3.4 the data obtained on the present program
is compared with that obtained in other tests on similar models
with similar parameters. In that section the flutter boundaries
are drawn from M = 0.60 to M = 2.0 using all this data. Some
scatter exists but the general trends may be noted. Conclusions
can only be made for models whose parameters compare well with
those presented. The following general conclusions may be
reached:

(1) For straight wings with the parameters,
Panel AR = 1.50
center of gravity at about 50% chord
elastic axis at about 42% chord

(22) "o
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The critical flutter condition at constant
altitude lies at Mach numbers of about 1.7.

(2} TFor swept wings with parameters similar to
the straight wings given above, the critical
flutter condition at constant altitude
prbbably lies in the transonic region.

(3) For 60° deltas with mode shapes and natural
frequency ratios similar to those of the
subject program, the critical flutter con-
dition probably lies near M = 2.0. As
noted in Section 3.4 this conclusion must
be used with care because of the scarcity
of delta wing flutter data for models with
characteristics similar to those tested on
the subject program.

(4) For all those planforms, straight, swept,
and delta, the critical flutter condition
at constant dynamic pressure lies in the
transonic regime at Mach numbers close to
1.0.
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APPENDIX A

THEORETICAL FLUTTER ANALYSES FOR STRAIGHT-WING PLANFORM

IN SUPERSONIC FLOW

A.1 Aileron and Bare Wing

Using the standard nomenclature of Figure A.l, the elements

of the three-dimensional flutter determinant of Reference 26

can be written directly for our case by a straightforward sub-

stitution of the two-dimensional supersonic aerodynamic co-

efficients of Reference 7. A comparison of the expressions

for the lift and the moments in incompressible flow (Ref. 26,
p. 25 ff) and supersonic flow (Ref. 7, p. 7) shows that the

following aerodynamic terms are equivalent,

Incompressible Supersonic
7 Ly, —a(L, +ils)
o [Li—Ly (o) —4(Ly +iLa)
W L —-4(L5+;Lé)-
o [ -1, (2 +a)] —a(M +iM,)
o[- Lulire) 2 1)t ]| = (115 +0)
W[Mﬁ-ég ? +4)7 -a(Ms +iM,)
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Eq.

Eq.

Eq.

(A.1)

(A.2)

(A.3)

(A.4)

(A.5)

(A.6)
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.{a) Plan View of Wing

MIDCHORD
\ ELASTIC AXIS

- X

CENTER OF GRAVITY
(WING AND AILERON)

- b s B b
!
r4

{b) Streamwise Section

FIGURE A.1 NOMENCLATURE AND CONVENTIONS FOR THEORY
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Incompressible Supersomic
v T, ~4 (N, +iN, ) Eq. (A.7)
w7 (4 +a) ] A (o +CNy) £, (5.
7}‘7}5 -4(M5+LN(_) Eg. {&.9)

Equations (A.1) through (A.9) assume that the leading edjze of
the aileron lies on the hinge line. The ccefficient, Mo is
taken equal to 1/2 (Ref. 7, p. 29). With this equivalence, the
flutter determinant can be written as (Ref, 7, pp. 62, 53}

P

A 1
e
e T
H
O

Eq. (A.IO)

o]
fun
I

where

A
A= [’“ (%)Z(E?:A)(’*;—gh)]/m(g) ’[#.(3’)‘{}

3 2
d,_,,/é/(,_ﬂL,;Lz),@)ﬁ(J)ég Eq. (A.11)
¢
E-_- /Sd(:j)ﬂ(g){,(j) (Jy‘
Eq. (A.12)

£
-4 f (L+cLa) by) fep £y) dy
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- L,
S - [59 49 ;nyJ s
ay

Eq.
—j/’/ (L5 +<lg) b(y)ﬂf 9)1(9) g
9
D [ sy 45 € I
© Eq.
- 4/0/(M+L.M2)6 ) 4 L) dy
Ef = [- (Eg)(L+L§al]J/;x§”'ﬁg€y)db
'""/0/(1‘13 +eM,) é(,) (j) dj’ Eq.
£ /[1/;(3)‘*‘ (c-—a.)bg) 5/3@)][(3) 1((5) d}
/5 o) 4 @fc,)cg,
- 4/"/{/\/ +c N, )é(y) 7[(-/) [/7):/} Eq

H = /[;a(‘i)“'(c a)bg)sfy)]f(y) f(y)c/;

/a[(ﬁ/ -Fc/\{,)é(y)[(y){(y)clg Eq.

[ (_‘:@ (“%L) (H-cj{,z]/l- ) 'F(y) cf;

~40 [(Ns- +:.'N6)5(J) fg(zy) c{} Eq.
A

(A.13)

(A.14)

(4.15)

(A.16)

. (A.17)

(A.18)

(A.19)

The assumed bending and torsion mode shapes are taken as

approximations to the uncoupled first bending and first torsion

.mode shapes of an ideal beam; the aileron mode is assumed to be

a constant rigid-body motion, i.e.,
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The mass parameters of the models were built to

L=y
ﬂ@)=;
faly) = 1

of actual wings, hence,

WADC TR 54-113,

Eg) = b, [i- (:—2)%]

S
bip) ]°
Sod(j) = 50(4[__5:@“]

%l = Sﬁ[féﬁf

Ly - L[

Ly~ L [+2] 4
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Part II

bly) 4
be

Eq

Eq

Eq
be

Eq.

Eq.

Eq.

. {(A.20)

. {A.21)

. (A.22)

typical

. (A.23)

(A.24)

. (A.25)

. (A.26)

(A.27)

(A.28)



' R

where

A is the ratio of the tip chord to the root chord. The
subscript, o, refers to conditions at the root chord of the
wing. In the case of the aileron, these are fictitious values
since the aileron extends over the outboard half of the wing
only. Taking A = 1/2, introducing the dimensionless variable,

.4
2 = Eq. (A.29)

and dividing the columns and rows of the flutter determinant by
appropriate constants, the elements of the flutter determinant
can be rewritten in the following dimensionless form,

A= [/— gj.)‘/_g;)z(lﬂgh)]/;[(’(_ ?/2)2?4‘:‘2

' Eq. (A.30)
_f(z_,+£La')ﬂ—.§)zg" Iy
- - 35 ! vy 3 3
_é =/*Xu°/(f~§}2 Jg _O/(LSTLL[")ﬂ“Zz) 7 JZ Eq. (A.31)

C =i 53[({- g)gzzd?—/(zgnz_‘)ﬁ—g)}‘clf Eq. (A.32)

/ 2 y 3
D jin [0 B [Oroin Bt e

i
E - [i- () tirega)] il [ - 2) i

' Eq. (A.34)
- [t i)l £) e
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Fea [0-2) 1% + 5 pica) L-'("g V't

o ’ a Eq. (A.35)
_.Jifffﬂf +(.f46){}~ é?) Z»d?
{ 3 i ' 2 2
_6.. 7:7(/g£((- EZ} ZZJZ - Z{(N, +LN2)("‘2'Z) ? d? Eq. (A.35)

- ! 4 _ ! a
H = "pz l«:('—g} ?J.? 4—/A‘)}s(c—a)o/€(t~ ;_’,-Z) ZJ'Z
—fl(NsuMq)(l—zz)"f dy Eq. (A.37)
o<

L[ G arg] o [0- )4
. | ) ) Eq. (A.38)
- L,—(Nf +oNe )i~ z?) dy
where

/}I is the wing mass-density ratio in supersonic flow,;iﬁ;r
It should be noted that by virtue of the linear taper of all
dimensions (see Figure 1.1) and the spanwise mass variations of
equations (A.23) through (A.28), the parameters,/u » Ko Xy s Y s

Pcs

S; , ¢c and a, are constant along the span.

The integrals multiplying the mass parameters are definite
integrals and can be evaluated in closed form. Their values

are:

. 2 29 A
[6-2) 4y = 22 Eq. (4.39)
fl(’__z)? 2 _ 297 Eq. (A.L40)

2/ 79 ~ 15360
8.5
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2

[(,,Z'Z_) ¢’y = = Eq. (A.41)

-2, . _zu
‘[5( =/ % - 2560 Eq. (A.42)

z\? _ {739
4('_2) 2 I = 30,720 Eq. (A.43)

[0-2) gy - 2

| 172/ 19T 7 T5go Eq. (A.44)

The integrals containing the aerodynamic coefficients cannot be
evaluated directly because the aerodynamic coefficients are
functions of the reduced-frequency parameter , » Which varies
along the span.

The flutter determinant for the case of the bare cantilever
wing can be obtained by setting the aileron terms equal to zero.
Thus, the determinant is,

A B
-0 Eq. (A.45)
D E

where the elements, A, B, D, E, are as defined for the wing-
aileron flutter determinant.
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A.2 Tip Tank; Free-to-Roll and Cantilever Conditions

Assuming that the motion of the wing at flutter can be
represented by the superposition of the fundamental uncoupled
bending mode (h), the uncoupled torsion mode (o) and the rigid
body rotational mode about the wing root (@), the vertical de-

flection of the wing illustrated in Figure A.2 may be written
as

2(%,y,t) = 486 + h(y,t)+(w—ba.)o<(3,t) Eq. (A.45)

Equation (A.46) assumes that the elastic axis of the wing is
straight and is perpendicular to the wing root chord.

X

M>>I
V

\q’
N s

FIGURE A.2 AXIS SYSTEM FOR WING WITH TIP TANK

With the introduction of assumed modes, the kinetic energy
of the mechanical system becomes
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o
uﬁk r

7 b
! . . . 2
KE = ZL /M(X,J)[y 9(1-)1'-[“(5) 11(6)-/-6“54)&9);[(0 JXJJ
o-b
+ 41, [66)]° By (A.47)

- = . 2
+ A Z@(r)ﬁéﬁ)+4(f) +/7r—ba.)_2<’(f)] dx
where

X ) 1s the mass of the tip tank per unit chordwise
mp (%) P P
distance

I, 1s tbe rolling moment of inertia of the wing
support

Each motion has been separated into a time-dependent variation
(superscript —) and a space-dependent variation (mode shape}).
For the case of simple harmonic motion, equation (A.47) may be
differentiated with res?ect to.time and integrated along the
chord to give the following results '

. — 7 — |
A (A2} _ "5 fm g2y 4 [m {9y % .
) A . Eq. (A..48)
+ @[Sy + 3L, 3 L'm,
+ ZFM.,- + oL A 5:—]
d [ 2(xE) wi ‘ P
ool - 7 2
3 (5T5) =™ 8 0y o fmg) 54
Eq. (A.49)

!’ - —
+:</<Lg){g)£¢g)c/dc¢ + GUM. +hM,-

+ X 5,
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. ! !
d ) cwt [ ~ '
S (259)- ™ o s gty + B 500 £ g1 4
2 5 B —
+ 34/1;4(5)-&(‘?).59 +‘e,€ Sy + L.Sr Eq. (A.50)
+x I,
where

Mp is the total mass of the tip tank

S.. is the static unbalance of the tip tank about the

T
elastic axis of the wing, positive nose up

is the mass moment of inertia of the tip tank about
the elastic axis of the wing.

The assuming of fundamental mode shapes to describe the
flutter motion is a Rayleigh-type approximation, and it can be
shown {(Ref. 31, p. 19) that the variation of the potential
‘energy with respect to the assumed modes may be written as .

>(PE)

— = ‘Eq. (A.51
Y- o q. (A.51)

since the rigid-body rolling mode cannot affect the internal
potential-energy level of the system, and

P, cwl "/ .2
gfrs) - wp mig) 4, (4 Iy Eq. (A.52)
¢
Q(PE) 2 f:ut__/ 2
S5 7 eke &) LYLYy 5q. (A.53)
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Because the potential energy is a function only of the elastic
deflection of the wing, it is convenient to choose the mode
shapes and thus the frequencies in equations (A.52) and (A.53)
as those of the bare wing without the tip tank. This assump-
tion implies that the uncoupled mode shapes are the same for
the wing with and without the tip tank. By eliminating the
necessity of estimating new mode shapes and frequencies for
each change in the parameters of the tip tank, theoretical
trends for variations in tip-tank parameters can be obtained
with a minimum of effort,

_ The equations of motion are derived by applying Lagrange's
equation,

d >(re) _ Ake) (PE) . A,
de {;g—‘_ ) EF T 7. Qe Eq. (A.54)

th mode and represents

where Qs is the generalized force of the i
all the forces not included in the potential-energy or kinetic-
th

generalized

coordinate at the wing tip station. Expressions for the gen-

energy functions, and &i is the magnitude of the i

eralized force, Qi’ are obtained from virtual-work considera-
tions  (Ref. 31, p. 56). The virtual work done on the wing as
it moves through the virtual displacements, $§8 , St and S« is

SW=/‘/L(J)[3£6(3)+‘S}'(3)] + M’(y)a(;((y)]‘,# Eq. (A.55)
! o 2

SW- [ 19034 56 + [14)4)dy 55 4 [t by Sz wa. (a5

SW= Qs 56 + Oz Sk + ¢ Sx Eq. (A.57)
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L is the 1ift on the wing per unit span, positive down

M is the moment about the elastic axis of the wing per

where

unit span, positive nose up.

These generalized forces, which, for a system with zero
damping, consist only of aerodynamic forces may be written as

Q5 = Gso B + th IT + Qo X Eq. (A.58)

QL = o ® + Qm.; + Qp X Eq. (A.59)
Q;«.‘ - Qa{&é + Qxh"i'- —+ Qo{o!.-; Eq. (A.60)
th

where Q. is the generalized force in the i~ mode per unit

.th

dlsplacement of the j mode. For the aerodynamic forces act-

ing on the wing and on the tip tank,

£
- [[;,(3) yidy + L, £ Eq. (A.61)
g_ _
Q%=/L@ﬂﬁ@@+L5f Eq. (A.62)
Qow = / 5)&9)543 4Ld £ Eq. (A.63)
2, /L,,(J)nf(j)gcl; I Eq. (A.64)
= / / Eq. (A.6
Q.,,,,-[ L $.G) I + L, @ (4.69)
Vo = fﬂl;(g)ﬁg){(g)d + L. Eq. (A.66)
Qup = fM"(J) ﬁz@)jt{; + M;, Eq. (A.67)
Q k= fM,,cy){(yH(y) dy + M,, Eq. (A.68)
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y;
Qd“"?fu@(j)’gfz(y) c’g +/T/I;T Eq. (4.69)

where explicit expressions for L, , T:K , I*_fih and M, are obtained
from Reference 7 (p. 7) for the wing and those for L, , T

].Vlh and M, from equations (B.26) and (B.27) for the Ttip tgnk,
T T

J— 47 2 (.ﬁ)t )
[o--2 w0 ria,)

% = P e 4+ Eq. (A.71)
e _ _Y_Yl__ Q_,Z-L, Lwt(M +L.M )
M, = = e 4 4 Eq. (A.72)
— _ m wzézcbwt(
M,,( =- M3+°M4) Eq. (A.73)
T 2 (.CU-L .

ho = ﬁ-v;w < Eq. {A.74)
- — 2 cwt Y
Zdr = o Vi e (n, - ¢ z;;*) Eq. (A.75°



— - cwt SV e
M"t-r :/V)V;a)ze. (V}r—f-(__'a'_)') Eq. {(&.77)

]

-— 2 Lwt 2 T va)
= —' 5 Bg. {A.TT
A4°“r /A>X/r w' e (hr-4'p;.'+ = 4 {8.77)

where

‘VT is the volume of the tip tank

T is the distance that the geometrical center of the
tip tank lies aft of the elastic axis of the wing

v is the free-stream velocity

1, is the volume moment of inertia in pitch of the tip
tank about its geometrical center.

To simplify the theory, the wing is assumed to be uniform
with constant chord (see Figure C.3). If the non-rigid bending
and torsion modes are taken as the fundamental bending and tor-

sion modes of a uniform cantilever beam (see Reference 3¢,
pp. 09, 66), then

34 ) Y,

I
/‘&(J) {e(y)dg = 0.338,932 Eq. (A.79)
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24 .
[ 4.6y dy < 0.269,a1 £° Eq. (A.80).

. [4 z

4.4°
2

[E{Jy);‘ﬁr :

Eq. (A.82) .

Using these results, the generalized aerodynamic forces become

3 Lt / . '
Qée-‘-cosze [-9_5(1’“[& fa 521)] Eq. (A.83).

) ozsaa |
09 —wmfeud/ l(l:“‘[z)"' 452‘2)/ Eq. (A.84)

ol
Qeuz = w'm 3e ¢ [ Y’ ){La +°L4)

‘ Eq. (A.85)
r ni
P (45? Z "Ibfe[z)]

2=
/u
+

220t ) o 2344; Eq. (A.86)
9},3 = Q_)zmj e /’—/: b!.z) + 46%)]
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O, = wmie "5,4':‘([.,+L'Lz)+ L (e )] co (a6
One = crmte™t [ 225 () vit,)
/‘*' %*1)(”" “ 2}"')] Eq. (A.88)
Qo= F mte [~ i (B4 i)
(4,, ) 2)]
Qun= wtm £ [ —“"3—3—8—*‘?-5/7")/% sir)
+ & 41&) 4 #)f Eq. (4.90)
ol 5 (4 )

A N

The equations of motion for simple harmonic motion of the

£ri

q. (A.89)

(A.91)
system can be derived by the application of Lagrange's equation
(Eqy. (A.54) with the following results,
- ¢ 2 &
5[ tmE v L, w0t D
— 2 z -4 Og;.
+ h[bzsﬁma1m§4muﬁﬁf+ﬁ ] Eq. (A.92)

] a
vz [Lotslts s g_ﬁ]; o
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8 [0'28414"°2m£2+ w* M L+ 21_!:1 ] _

— .\ mé h
ok [rea) B s arme . O] Eq. (A.93)

4 & [0.338,93 S, l +w’S, + C’E'},fi] O

B [; w"\S;‘,? 4+ w25 H + C?‘:jg]

. +E'[O.338J93 waiz ¥ +a.;z§r + ?;(:’] Eq. {(A.94)

.p-_&z’(wz-w:)fa(-’g- FRPRLIY S-S ?::] O

_ Introducing equations (A.83) through (A.91) into equations
(A.92) through (A.94), the equations of motion become, after
proper non-dimensionalization and simplification,

Koo & + Kop, (,LE + Ky (5;2—’%'—) =0 Eq. (A.95)

Ko & +f, (7;) + K (07,?[2') =0 Eq. (A.96)

Kuo (é_’)J’Koch_(Zg)*Ku (<) =0 Eq. (A.97) .
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where

mA ml 34 yEY
- Mr O.2.684,41 -
KBH = 0.284,4) + T /‘:-" — (Ln+LLz_)
PR o
A 4%
4 - )
{ —V;' (nr ‘: }
+ —t
A 4% 5 A
= M+ 02844l
K‘lg 0234}4l + Mﬂ /.z (L, "‘bLZ)
/ Vr
+/E a6%€

Kon = ?‘_[;“('Sﬂ‘ ZZ]";;{“ (1,4i1,)

M+ + L Vr
ML A 4P

+

H, . =03238,93 X, +5. ~ Q-./%’_ﬂ_% (L3+5'L4) .

+/7’ s (5 fe)
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Eq.

Eq.

Eq.

(A.98)

(A.99)

(A.100)

(A.101)

(A.102)

(A.103)



4 — :
dez?z—'xd_—!-s,.—,’.:z/a (M,—FLMZ)
¢« Vr [ nr . Eq. (A.lo4) .

*Faw (B Tk )

— d.238,93 .
Ky = 0338,93% + 5, - o (M, _+,_Me)
4 V= /—"1' A Eq. (A.10
v & wwlE Tk 1. (4.105)
2 . / .
Kew =2 (- 2)nl + =57 - z5 (M +iM)
IV [(nr z 1], 1 L Eq. (A.106) _
PR b k5 A& 48
where

_ S

Sy = -r:_gﬁ—— Eq. (A.107)_
a)® Eq. (A.108)

z_ = T’u___ . . _

It should be remembered that the problem has been formulated so
that the frequencies,co;l and W, , are those of the bare wing
without the tip tank. Structural damping can be introduced by
merely replacing the frequency ratio, Z , by (Ref. 31, p. 196)
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_ﬂ_h__; (-"(%i-)z(;_; ._'3,_.) for Knh Eq. (A.109)

o~ (&) (+ig)

for K Eq. (A.110)

For the cantilever condition, 5 = 0, and the eor=+ions of
motion degenerate to

Hih (ZE) + K, (x —E_—) =0 Eq. (A.111)
K, (',qE) + Kﬂ(af") = O Eq. (A.112)

A.3 Piston Theory

It has been shown in Reference 33 that the application of
Piston Theory (Ref. 34) to the flutter analysis of a typical
section results in great simplifications. The technique is
applied here to the stfaight tapered wing of this report.

Using the first bending and the first torsion modes, the
flutter determinant from Appendix A.l is

A B
=0 Eq. (A.113)
D E
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where

A= wli-(2)z]-1

and the aerodynamic terms are

T, (M k) =[ (2, + L2 )(i- 21)2?4413
T, (mk)= /(:.3 +ily)(1- 5)3334?

L k)= [(m wim)l= £) 7
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Eq.

Eq.

Eq.

Eq.

Eg.

Eq.

Eq.

(A.114).

(A.115).

(A.116),

(A.117)

(A.118)

(A.119)

(A.120)



. 4
I,(mk) = Z(»g M)~ £) p? dy
1f any one of the conditions,

ME>> Mk >> M2K > 1

Eq.

Eq.

(A.121)

(A.122)

holds, Piston Theory can be applied, and the aerodynamic terms
are greatly simplified. From Reference 33 (p. 6), the aerody-
namic coefficients for a symmetrical double-wedged airfoil at

zero angle of attack are

¢

[ +ily= 3o F Eq.
. ! '

Ly +ily = oz F o+ = [~ G + F(-2%)] Eq.
M, +e M, = IT'I_LE F6 +£G-2x.)] Ej.

M+ M, = I;ﬁ;;fe-rF(:-mu)]

L _ Eq.
+ 5L [-26 (1-2%) + (£ - 4=, +4x;)]
where
F =1+ 2 (qr)? Eq.
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X+
G = —(— M7 Eq. (A.128).

K, 1is the fraction of the chord that the
elastic axis of the wing is behind
the leading edge

T is the thickness ratio of the airfoil
For a flat plate, equations. (A.126) and (A.127) reduce to
F=1
G= 0
For the straight-wing planform of this report (Fig. 1.1},

b=k (1-2) Eq. (A.129)
so that

k =k, (i- = Eq. (A.130)

and the integrals of equations (A.118) through (A;121) can be
evaluated exactly,

I,(Mk,) = Eq. (A.131).

i
Mk,

! 2 - :
L) g o 2y [ vrtew] e a

R {Mb"):mo-é% [—6 +F(I-2'X.)] Eq. (A.l33.).
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!
~
=
&
N
H

,5_[6+F{: 27(,)]

Mle 80 [F/_' 4%, +4%)-26(i- 21)]

For a given set of wing parameters and a given Mach number,
all the elements of the flutter determinant (Eq. (A.113) are
known as simple functions of the parameters, 2 and L ‘There~
fore, the flutter determinant can be solved directly for its
eigenvalues Z Iand ko‘

(A.134).
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APPENDIX B

AERODYNAMIC FCRCES CN THE TIP TANK

Expressions for the lift and the moment on the tip tank
for'simple harmonic motion in supersonic flow can be obtained
by applying the results of Reference 35. 1In order to be con-
sistent with the notation of Reference 3%, a separate set of
symbols is defined for this appendix.

The basic assumptions of the analysis are:

(a) The medium is continuous.

(b) The flow is frictionless.
(¢) There is no heat transfer,
(d) There are no shock waves of finite strength.
(e) There are no body forces acting on the fluid.
(f) The undistrubed medium is homogeneous.
(g) The effect of wing interference on the tip tank is
neglected.
(h) § <<}
where
5 1is the body fineness ratio.
(1) %8S <<
where

kR is the reduced frequency, cuéfg)

@ is the frequency of the body motion
2c is the body length
U is the free-stream velocity

(3) (MS)ZlnsS <<

where _
M is the free-stream Mach number.
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k)  (kMS) £a§ <<\

With these assumptions, it is shown in Reference 35 (Eq.35)
that linearization of the equations of motion, which results in
the wave eqdation, in the neighborhood of the body for the gen-
eral transient case further reduces the equations of motion to

ézg =0 Eq. (B.1l)

where
P is the velocity potential _
z is the complex coordinate, x + iy (see Figure B.1l)
z is the complex conjugate to z.

.Equation (B.l) is Laplace's equation in the x-y plane, and
solutions are known since it governs the case of irrotational
incompressible steady flow. Solutions to the wave equation,
which is applicable at large distances from the body, are need-
ed for the determination of the drag only and need not concern
us here.

Since the unsteady supersonic flow at any instant of time
is approximated by an incompressible steady-state flow, ex-
pressions for the complex potential function can be obtained
by resorting to classical incompressible aerodynamic theory.
For the case at hand, i.e., a body of revolution in unacceler-
ated forward flight but with transverse motion, the flow can
be considered as made up of two parts, viz.,

(1) the radial flow due to the free stream, U, and the
change in radius along the s-axis,

(2) the transverse flow due to the motion of the body.
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FIGURE B.1 AXIS SYSTEM FOR TIP-TANK AERODYNAMIC THEORY
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The complex potential function for the radial flow can be
obtained by considering a point source of such strength that
the boundary conditions are satisfied on the surface of the
cylinder (see Figure B.2). The complex potential function at

a4

FIGURE B.2 RADIAL FLOW DUE TO A SOURCE

the point, zy, for a point source at the origin of the Zq-
vector is (Ref. 36, p. 212 £f and Ref. 37, p. 196 ff),

H

W = o n z, Eq. (B.2)
where
W is the complex potential function, § + i ¢
¢/ is the stream function
H is the volume of fluid spilled by the source in unit
time.
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The strength of the source, H, is determined by applying the
boundary condition,

H dR
W T ZzR T ds U Eq. (B.3)

where
v. is the radial velocity
R is the radius of the circular cross-section

at station, s.

Therefore,
H=8 11U Eq. (B.4)

where

S is the cross-sectional area of the body.

The prime denotes differentiation with respect to s. Hence,
S Y
= —-— n &,
w 2w Eq. (B.5)
since the velocity, U, is taken equal to one in Reference 35.

The complex potential function for the transverse flow due
to the motion of the body can be found explicitly in Reference
37 {p. 246),

D
RE £2(%)

= Eq. (B.6)

W= -

where

igz. (z5)is the substantial derivative ot z

&

Therefore, the solution to equation (B.l) for the case at
hand is

- S) S6) D,
W = 55 bz - 5 z Dt (25) Eq. (B.7)

which compares with equation 106 of Reference 35 except that it
is for transverse motion in unaccelerated flight.

WADC TR 5’4-113, Part II 104

R



\ SEEEER

Reference 35 derives an explicit expression for the lift
distribution associated with a more general complex potential
(Eq. 40 of Ref. 35),

os

-m
Ws,z,t) > Qolsit) dnz +hes,t) + 2. a, (48 = Eq. (B.8)

m=1
Here the term, b (s t), represents the solution which allows
the inclusion of the radiation condition (zero dlsturbance at
infinity), and for this analysis it need not be determined
since it does not contribute to the lift.

In terms of the above series, the lift distribution may be
written as (Eq. 92 of Ref. 35),

- |
Fst)=9 pg Mét) Eq. (B.9)

where

Fg is the lateral force per unit length of the body
'q is the dynamic pressure.

The circulation, fﬂ, is given by equation 99 of Reference 35,

[(s,t) = A7 a, G5, t) +Z_p’%[ij G, t) 5(53] Eq. (B.10)

1t should be noted that the 1lift distribution depends only on
the first term of the semi-infinite series of equation (B.8).

" It now remains for us to express the complex potential for
the case at hand, equation (B.7), in the form of equation (B.8).

From Figure B.1,

, £ 7 i‘z} Eq. (B.11)
so that

Ln 2, =bn (;__23) Eq. (B.12)
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i ]

—_—

Eq. (B.13)
2, Z -~ Zg

‘Expansion of equations (B.12) and (B.13) yields,

7
| 2 Z

bnz, = bnz - Z_s_ - —2-’-/—_:"'-)4- ..... Eq. (B.1k4)
/ 4 Z
+ = 7 * Eé" -+ e Eq. (B.15)

Comparison of equation (B.8) with equations (B.7), (B.l4), and
(B.15) shows that the coefficient of interest, a;, must be,

S%)' S@. D
zr Dt (25)

a' = - Eq. (B.16)

Inserting equations (B.16) and (B.10) into equation (B.9) and
performing the indicated operations give,

— 2 _ i
FG)= 23 [5(5)1% 23(5) ." _5(5) %9 (s)
A S B - 256) ik 56 Eq. (B.17)
- 3B 53‘(5)_7
Simple harmonic motion has been introduced by assuming
A
c

£
— (kt
F, =F e Eq. (B.19)

= = Eq. (B.18
=z g 23 q. )

In the above presentation, the dimensionless parameters defined
in Reference 35 have been used, i.e., all lengths are referred
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to the body length, and all velocities are referred to the free-
stream velocity. 1In dimensional form, equation (B.l17) becomes

E=2[§92§i@a&95z%¢ﬁ&Q7
3 Uz 9 J U %S) (B.20)

-20 2 5 Eg'( ,s'(s)z @ [

The motion of the body, z_, can be expressed in terms of
the assumed modes of vibration. For bending of, and torsion

about the elastic axis of the wing,

- ceawt
h=h+c Eq. (B.21)

cwtl
X = Z’Fa(c
(B.22)

where

h is the vertical displacement of the wing elastic
axis, positive down

oKL is the twist about the wing elastic axis, positive

nose up.

The mode shapes, fh and fc( , are normalized to be one at the
wing tip. The frequency of oscillation in equations (B.21) and
(B.22) is w, not k as above, because the equations have been
written in dimensional form. It should be noted that time, t,
in equations (B.21) and (B.22) is dimensional, whereas time, t,
in equations (B.18) and (B.19) is dimensionless. The motion of
the centroid of the body in the complex plane is

§é=—5[5443—%J§7

Eq. (B.23)
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The subscript, e.a., refers to the elastic axis of the wing.

The amplitude of the lift ig
c

L = 54/(—ﬁ§: ds
Eq. (B.24)

o

and the amplitude of the pitching moment about the center of the

/\7{2 b//E_; (.s—-c) c/S
e Eq. (B.25)

When equations (B.20) and (B.23) are substituted into equations

body is

(B.24) and (B.25), certain integrals appear which are easily
evaluated if one remembers that the body under consideration is
symmetrical about s = ¢ and that it is closed at both ends. The
final expressions for the amplitudes of the total oscillatory
lift and moment are

L - /o wh +/Ovm2(nr_‘?"" Eq. (B.26)
ﬁ:.q. = nTZ—H'/JUP,’-w;
+ //MZI, + e Ul wn, + 0 U2 Vr)&‘ Eq. (B.27)

where
is the air density

<
=

is the volume of the body

is the distance that the geometrical center of the

pa
Lar'

body lies aft of the elastic axis of the wing

1, is the volume moment of inertia in pitch of the body
about its geometrical center,
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The above results agree with those obtained by quasi-steady
momentum theory for incompressible flow (Ref. 38, pp. 60, 61),

as expected.
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SYMBOLS FOR APPENDIX B

a_ Coefficient in expansion of W, Eq. (B.8)

b, Coefficient in expansion of W, Eq. (B.8)

'c Half length of body

D/Dt Substantial derivative,

fh Uncoupled bending mode of wing

f . Uncoupled torsion mode of wing

Fg Lateral force per unit 1ength of body

Fg Amplitude of F_ in simple harmonic motion

h Vertical displacement of wing elastic axis, positive down
h Amplitude of wing bending mode at wing tip station

H Strength of source, i.e., the volume of fluid spilled

by the source in unit time

I Volume moment of inertia in pitch of the body about its
geometrical center

k Reduced frequency;

L Amplitude of oscillatory lift, positive down
M Free-stream Mach number
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SYMBOLS FOR APPENDIX B (Contd.)

M Amplitude of oscillatory pitching moment about center
of body, positive nose up

oy Distance the geometrical center of the tip tank lies aft
of the elastic axis qf the wing

q Dynamic pressure,

R Radius of body cross-section

s,x,y Coordinates defined in Figure B.1

S Cross-sectional area of body

t Time

U Free-stream velocity

V. Radial wvelocity

Vip Volume of the body

W Complex potential function, ¢ + i/

z Complex coordinate,

z Complex conjugate to z

zg Coordinate describing motion of centroid of area S

Eg Amplitude of Zg in simple harmonic motion
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SYMBCLS FOR APPENDIX B {Contd.)

Complex coordinate referred to center of area (See

“1
Figure B.1)
X Twist about wing elastic axis, positive nose up
X Amplitude of wing torsion mode at wing tip station
' Circulation
S Body fineness ratio, i.e., ratio of maximum cross-
sectional length to body length
L Air density
¢ Velocity potential
v Stream function
w Frequency of the body motion

subscript e.a, Elastic axis of the wing
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APPENDIX C

ARITHMETICAL EXAMPLES ILLUSTRATING USE CF THEORY

C.1 Bare Wing, Incompressible

Expressions for the elements of the three-dimensional
flutter determinant in incompressible flow are given on page 65
of Reference 26. Thus, for the combined bending-torsion case,
the flutter determinant is given by

A B
= 0 Eq. (C.1})
b E

The coefficients of the flutter determinant are the same as for
the bare wing in supersonic flow, as given by equations (A.30),
(A.31), (A.33) and (A.34), except that the aerodynamic. coeffi-
cients are the incompressible coefficients tabulated in Refer-

ence 26, and‘/k is the incompressible wing mass ratio,

(4]

M o b* Eq. (C.2)

The mass parameters are assumed to vary in the manner expressed
by equations (A.23) through (A.28).

The eigenvalues of the two-degree-of-freedom system were
chosen as Z and (—ZJ—)%—) 2. Since the wing is tapered, the aero-
dynamic coefficients are functions of spanwise location, so that
the aerodynamic integrals must be evaluated numer ically for
every value of ko. Reference points for the numerical integra-
tions were chosen as 0, 20, 40, 60 and 100% span. Simpson's
Rule was used between 20% and 100% span since it requires an
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odd number of stations, while the Trapezoidai Kule was used be-
tween 0% and 20% span. In evaluating the aerodynamic coeffi-
cients, Ly, L and M , for the specified spanwise stations,
it was found that interpolation between tabulated values of re-
duced frequency; k, could be avoided by using the basic ex-
pressions given on page 29 of Reference 26 and by discriminately
- choosing the values of k_ . Convenient tables of Theordorsen's
function can be found on page 342 of Reference 39.

For k, = 0.20, the aerodynamic integrals are

! 2
th (’._. g.) Fac/? = —O./S?_, 46 "‘0.943_,94":

Eq. (C.3)
{0 =2 3
Sl -1, +Q)J0- %) 0" dp =
— 6./39,56 + 0.438,36¢ Eq. (C.4)
to
i 3
Z[Mh Hih(—éa‘va}]f/— 2—7) ?30’?=
0.07956 + 0.313,14¢ Eq. (C.5)
o
4
[ B ra) -1 va) 1,62 10) 0 )i, -
2,105,337 —O.577/7 ¢ Eq. (C.6)
Using the parameters,
M =65
X = 0.114
a = -0.114
) Eq. (C.7
r5 = 0.237,40 )

gh=go(=ol
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the flutter determinant can be expanded, and the real and imagi-

nary parts can be set equal to zero, giving

4.05738(2) 2%~ ;3.4a75,00 ()" 2

. . Eq. (C.8)
- 3,930,93 7% + 15.468,65 =0
. 2 '
2.582,85(2 )z +0855842-3.17,20= O Ed. (C.9)
From the definition of Z,
V“F !
b, W b VE Eq. (C.10)

Therefore, the following table can be calculated for the real
solutions of equations (C.8) and (C.9).

w“ 2 1 Vg

Z (E("'H__j— FO Aca' a%(
4.,026,63 0.031,25 5 2.402
0.778,04 1.545,28 5 5.669

Repeating the steps for different values of k_ results in
the curves shown in Figure 3.7.

C.2 Bare Wing, Supersonic

The flutter determinant for the bare wing in supersonic -
e,
flow is given by equation (A.45). The parameters, Z and 442)
were again chosen as eigenvalues. The method of solution is the

same as for the bare wing in incompressible flow except that a
value of Mach number as well as frequency must be chosen. For
high values of frequency, the aerodynamic coefficients, Lis Lo,
L3, Lh? Ml, M2, M3, and Mu were obtained from Rgference 7 and
linear interpolation was used. For low values of frequency, it
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was found that linear or three-point interpolation between the
tabulated values of the reduced-frequency parameter, w  could
not be used to evaluate the aerodynamic coefficients with suffi-
cient accuracy because they are highly non-linear in the low-
w range. Also, it has been pointed out in Reference 40 that

a few errors exist in the tables of Reference 7 associated with
the smallest values of

Therefore, for low values of <o (’Z3£=1/2, approximately)
and for Mach numbers not tabulated in Reference 7 (M = 3 for the
bare wing, M = % for the wing with tip tank), resort was made to
the basic expressions for the aerodynamic coefficients given in
Reference 7 and to the method of Reference 41 for evaluating
the basic function, £ , (M, & ). It should be noted that the

method of Reference 41 allows the evaluation of the function,

¥7N , directly without the need of recursion formulae and that
the labor required for a given accuracy decreases with decreas-
ing w. More extensive tables of the aerodynamic coefficients
than those of Reference 7, particularly for the argument of Mach
number, are given in Reference 23. This reference became avail-
able after the computations for the prescribed Mach numbers were
well underway. The same method of integrating the aerodynamic

coefficients across the span as outlined above in Appendix C.1
was used.

For M = %9, W = 0.72835 and X, = 0.443, the aerodynamic

, o
integrals are

]
2 ; L >
L@ +its)- 2 )y %4y = 0.062,68 + 0.601,80: Eq. (C.11
I
. 3 |
j (1-3 “’L")("EZ}Z'JJZ = 4,159,559 -0.288,07 ¢ Eq. (C.12)
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: 3 3 .
L(Mr*‘Mz)('*ziz} 7°dy = 0.022,62 +0.047, 850 (o 13

I
) 4 z ‘
/o(/’@ M)~ 2) 'y - 037206 - 0021960 (C.14)

Noting that the wing mass ratio is now that for the supersonic
case,

//il = M 5%1 ‘ Eq. (C.15)

for the same parameters given in equation (C.7), expanding the
flutter determinant and setting the real and imaginary parts
equal to zero give

(:j:)zfz— 0-472’5’(%)22 - 0982,177

Eq. (C.16)
+0.939,43 = 0 @ (610)
wip ), Eq. (C.17)
Z — 0.180,06 (52) 7 - .007,85 =0 . (cC.

The real solutions of equations (C.16) and (C.17) are
2
<,
? ()
1.031,19 0.129,64

From the definitions of Z and EZL

£ -5.38, Y. - 5.300.

o] Ao W

Repeating the steps for different values of M and @ o re-
sults in the curves shown in Figure C.1 (h). The parameters
used for the remaining curves of Figure C.1 were chosen so that
the complete experimental range of the models tested was covered.,

WADC TR 5&«113, Part II 117

O



24 T 2b
5 f+2b s
M=2 ,\\@\Qi °
] ‘é.\‘%\‘b\ _ 23-‘! 9375 (2b )
20 £ £
: Q‘Q‘x\ N>l b,"“
N § e.0.@ 39.3 % CHORD
6 é\\é\ UNSTABLE p= 30
o N Q REGION
2
boWq § I mem, (:b- )
12 ~ R o
NN _ v -0.28
~ a.420
A
8 \\\\ c.g. @ 50% CHORD
NN
= =0
\\.\\ik\\_:_\{“& "%
NN ANy
4 J?m.\\\\\ NANRNANSS ANRN oy \\L\\\:\-E\:\E NAAN SRR R
.;_‘s.\s\‘;\\_xs\;\.‘;\m;\»&m&\\\.;\.\s& % SLARTARNRVINER SRR AN AN
STABLE
REGION
o] -
20
M=2
16 —
| //"./
ko / O N S s S S 3
12 ( 7
\‘ //
8 — <t -
\\‘ "'-..__\
] —
a4
0 — 1 I 7
3 N I 0 A
0
0 04 08 12 16 z.20 24 - .28 32 36
Wh
(&™)

'FIGURE C.1(a) FLUTTER COEFFICIENT AND REDUCED FREQUENCY VERSUS
FREQUENCY RATIO FOR BARE STRAIGHT-WING PLANFORM,
e.a, AT 39.3% CHORD, u = 30

WADC TR 5&-113, Part II 118

“ R |



24 '
2b =
M=2 [=2bg
.
7, 23 9375 (2b )
20 % % M>1 - ’
% é UNSTABLE Mo~ bo]"“
.é 7 REGION
tg % e.0 & 393 % CHORD
16 4t -
V Y/ b 2
12 %’, @\1, ‘\ ’“;mo (.b—o)
vy - %, ‘5&2, fa, " 025
bWy Q,?/(/ 42‘0_( ¢.9. @ 50 % CHORD
8 4"062'2’%04/‘ % gh‘ ga. 0
[+ 747 7
7/ e {4/4{://0_///‘;‘//1{« Yo Ae s e
IS, V777547749977 L L2777 s 22,
‘A (' 2ly,]
4 AWQ’%4%07A074“/A%020,Oiaﬂv/;i%%d
Z2r 2277
STABLE
REGION
o]
M:2
20 7
/
- l’
16 T :
3
J_ 1
ko ‘\ "
12 2 N .
\\\ \\
N =
e \\""*..
8 3 pale N ‘-‘—"""--..
~der] —
|10 [~ =
7 e e —
4
0
o 04 08 12 16 .20 24 28 32

FIGURE C.1(b) FLUTTER COEFFICIENT AND REDUCED FREQUENCY VERSUS
FREQUENCY RATIO FOR BARE STRAIGHT-WING PLANFORM,

WADC TR 54-1139 Part I1

e.a, AT 39.3% CHORD, s = 55

119




24
vez ~2be
° 937512b )
20 3 “m °
3 UNSTABLE T N
,4 % REGION 2 °
>
‘@ % .0.@ 39,3 % CHORD
16 g Y -
A2 pees
i KT
b % % memg ()
oalz VI-( ‘(/{// r? . 3025
04'/, <%’/, aAu
7 : 'V(,{,(/ (_/‘% c.q_.@_so% CHORD
8l 10 (-///‘_/é,(( -/(Zé; %
YL, 7
T 477, 4 2
97 VPYY 4'/4 4/(/%%#2;
e 7 ” P i n s / é’
4 % ////////////////r////////,///////,//////////ﬁf-/}z//;z_/,;;_/,_‘1
4 STABLE
REGION
0
20 (M"z
1}
16 -g- \\
N
£ 5\ 1 b
k A
02 N \.\‘\
\\\ I\~\-.
~ -.___\.‘ - -~ .___'\‘
. B e —~ S Mo ——
4 ]
4
0
0 .04 12 16 .20 .29 .28 32 .36
()
wa

FIGURE C.1(c) FLUTTER COEFFICIENT AND REDUCED FREQUENCY VERSUS
: FREQUENCY RATIO FOR BARE STRAIGHT-WING PLANFORM,
e.a. AT 39.3% CHORD, u = 65

WADC TR 54-113; Part IT

120

SRR |



24

20

20

FIGURE C.1(d) FLUTTER COEFFICIENT AND REDUCED FREQUENCY VERSUS
FREQUENCY RATIO FOR BARE STRAIGHT-WING PLANFORM,
e.a. AT 39.3% CHORD, u = 75

YRR |

"WADC TR 54-113, Part II

121

F2ba]
23:.! : 2.9375 (2b)
_h_l_:_-_l.__ "'I bol"‘— M=2
<
¢.0.60 44.3 % CHORD Y({(/
= ’ UNSTABLE
#Te R</( REGION
-3 .,
3¢ 9 ‘
b 2 4 ,
nmoly,) .,
-4 '\*‘/
r =0.25 ~‘./ 4
‘ 0_4% 50% CHORD % < QQ
e | 2P P 2
9,29,°0 Q(./_/ ; 1.4_44( .
—--(‘/‘-/-./__/ J__[ s
ﬁé%d& é oy yy. i ‘,:\J‘_/J'/‘/;%ééé
i R is =22 78 VI Y, 1 <t 7
'L'é-/—é:__é// )/ v /A
STABLE
REGION
M=2
s K
3 N \\
‘\
o N
N ~
'\\\ \\\
'-.___\ \
.“\“ ~— \"'-.____
—~— . "--.__‘_-‘.
X g T [
\\\_ ~—l_
.04 .08 12 16 2.20 .24 .28 32 .26
(@)
Wa



4
2 MLZ & |"2bo_'1
° .9375(2b, }
20 s ELl 7
o Q A 3 M>| —'l bol"_
7 [\ £ 3 —e
l\. é\ 44.3 % CHORD
. /\(\.6( b‘ éf‘ e.a.@ 44
=30
f [é\ It\ ]5 UNSTABLE
. N 2
bowa \,(& ‘t\ ] m=mg (-—5—)
12 < N 2 °
Y g =025
y \ N, . A2¢
A N \ c.g.@ 50% CHORD
8 166 AN % %" °
- L
S $‘\\_\
\M N ) ‘\\ '\'A'\:‘L\N;;
N &&&\\\\ NN B \\\\\' <
g.ux: ALLTALRISILATE ISR R ST TR U AR S AOOERNNN RN,
STABLE
REGION
0
Mz 2
20 g
4’/
/ .
16 £
! 8
i -
ko \ /
12 T
— ¥ \\
/ \‘Q"
. / \%\
\_\_ ""'-._______-_
\_______‘-‘- ~1
4 —
i—-—-—-—m—-—m-—-—--l——-ﬂ-—-—r—'—"— s - el —— S |+ — ey
3 —_——
00 04 08 12 % 220 24 - .28 32 36
()
Wa/ |

FIGURE C.l(e) FLUTTER COEFFICIENT AND REDUCED FREQUENCY VERSUS
FREQUENCY RATIO FOR BARE STRAIGHT-WING PLANFORM,

e.a. AT 44.3% CHORD, m = 30
WADC TR 54-113, Part II 120

GabiliDiim



24

) F2b
20 e ﬁ 23@%5%’)
g M> b
U
. 0 [ama] ][] coesssnomon
1 {1
/f}" : _2 F, = 40
f / 7 W
b 4 2
o | 3R || nemy(2)
S g ‘e
4 r = Q.25
E %/ Tyoc
¥ [ c.o.-@ %0 % CHORD
8 “.(/0 L ‘h‘ g’-¢=°
. o z’;%/
\/Q( ‘%féé&‘fé(_/
, o7) LAy
. Wl 22D 020,00 02190 V9 P R Ml a2 2271 s
4
Modpcaichery AN TR ks
STABLE
REGION
0
20 M2
16 !
\
+ N
° NN
| .& 5 \\ ~
7 3 \;\ \ -
~ \\\ \\\
8 e~ SRS
\ ""-.._- ..""'-..____
- ik S Tl
"“--.________— ™ --._____‘_.- i
4 I S A T
= =
0
0 04 08 12 6 %0 24 28 32 36
(o)
wﬂ

FIGURE C.1(f) FLUTTER COEFFICIENT AND REDUCED FREQUENCY VERSUS
FREQUENCY RATIO FOR BARE STRAIGHT-WING PLANFORM,
e.a. AT 44.3% CHORD, m = Lo
WADC TR 54-113, Part 1II 123



23;‘;@;&75(2%)
M=2 [ 1
20 6 UNSTABLE M>1 bk
REGION —_—
4 -
% e 0.8 44.3 % CHORD
16 5% =55
3 #
v ™ T 2
w &4 < . m=mg, (=)
,% </ ‘(/ . 2 bo
~<"</r \Q‘:ZQ/ : rq =025
9 42
F{[\Q{/ ’<(<< c.q.@;D 80 % CHORD
. ) o oo
. \‘/"/-./ 4// lr
0 _ssb. (“(‘:’:/...// ‘:.“J_( (L2l .
T 24 49,7995 X ..{((_/__,_l_“
léédaééééééﬁzg/////, D —
4 STABLE 4
REGION
(o]
20 . M=
\
16 :
5
L N A
K N
\\- \\
12 <~
~. \.-_-
\\\\ \\\
] =~
8 <3_ gy
."‘.““*-—...____._ — |
1 ==t
>
4 .
0O 04 (8]-] 12 16 .20 24 28 32 36
(@)
Wa

FIGURE C.1(g) FLUTTER COEFFICIENT AND REDUCED FREQUENCY VERSUS
FREQUENCY RATIO FOR BARE STRAIGHT-WING PLANFORM,

e.a. AT 44.3% CHORD,/A, = 55
WADC TR 54—113’ Part 11 124 ‘

;L



24 Ty
_ za‘mi’s(zb,) =2
20| wsr b e @
—— Q
@
e.q. @44.3 % CHORD ‘/@_
6 5 Y UNSTABLE
65 L
4 3</ ({&2 REGIO
beWal m- (b y </~(/ QQ,
| 7 <
2 rE =025 \(\/o%/( _
42¢ o 4.
c.9. @ 50% CHORD S A7,
h:g = "‘*&_//“/;-/ /// ,
® 74 LY
| 4ﬁ(4{42§€f§324//
~ ’/ i // // // -’-/-./
4
& LY Levicy Ao dg il
4 STABLE
REGION
Q
M=2
20
N
16 \\
1 3 N
— \\ \
ko M M
~ ~ .
12 <_ ‘ \\\
T e
\“'--. [ B
8 Q T - ""‘-.‘____‘-‘- "'-._______-
7 -—
4
00 O 08 12 16 w é20 24 28 32 36
)
Wgq

FIGURE C. l(h) FLUTTER COEFFICIENT AND REDUCED FREQUENCY VERSUS
FREQUENCY RATIO FOR BARE STRAIGHT-WING PLANFORM,
e.a. AT 44,3% CHORD, = 65

WADC TR 54-113,' Part II 125



24
F M:2 !
4
, 230 L9375 (2b,)
20 % 2 )
v UNSTABLE M>| '*'lbol'“
@ REGION | - —
-3
?// ‘@( e.0.@ 39.3 % CHORD
7 2
3] '% \%/ JTE .
|2’2/ ‘(;
\//' & b 2
/’ 2
12 ‘/‘Q/ %V msz(b“)
& “, |4, oz O
q)wa v</4// % % c.9.@ 50% CHORD
r ., ® [
22 2208 B
8 ‘ <L /_({/4/// /(0 -
'L,Q '//.5/;41////(7/// A -4«.(&3/‘44‘?
Vs i ks ik
. . A A ////////////// //////////Q/ L,
STABLE
REGION
0
\ M=2
20 \
\
\\
16 =
| i\- \
k RN )
0 h
12 \\\ \\
\\\ \\\
~ N
\.\\ ""-.,._._.‘
-.._._- S
8 [ —— - ‘-_“"--..
I . - “-._____“--.
|10 e
T sl
4
0
o] 04 .08 12 16 - .20 .24 .28 .32 36

()
FIGURE C,1(i) FLUTTER COEFFICIENT AND REDUCED FREQUENCY VERSUS
FREQUENCY RATIO FOR BARE STRAIGHT-WING PLANFORM,

e.a. AT 44.3% CHORD, u = 75

WADC TR 54—113, Part 1II 126

s,
¥



In all cases, not enough real solutions were qbtained for Mach
number % to define the curves in the range of interest, so that
M= % was used when information below M = %9 was considered

necessary. The curves of Figure C.l were then cross-plotted to
obtain those of Figure 3.1.

It should be noted that the problem has been formulated
completely on a dimensionless basis so that, in the computations,

there is no need for using a curve of velocity versus Mach num-
ber for the wind tunnel or for the atmosphere (see Figure 3.2).

C.3 Wing with Aileron

The coefficients of the determinant for combined bending-
torsion-aileron flutter are given by equatioms (A.30) through
(A.38). In this case it was decided that the maximum amount
of information for a given amount of effort could be obtained
by choosing the frequency ratios, Z and ({3%)2, as eigenvalues.
The values of the integrals multiplying the mass parameters are
given by equations (A.39) through (A.44). When the integration
extended over the entire wing, the integrals containing aero-
dynamic coefficients were evaluated numerically for each value'
of the Mach number, M, and the reduced-frequency parameter, EF’
as above for the bare wing. The integrals containing aerody-
namic coefficients but with the integration extending only over
the aileron were evaluated by assuming that @ could be taken
as a constant for a representative section of the wing. This
representative section varied for each integral and was found

by considering a weighted value of the integral. To illustrate,

ro ro
: 33 , 3 3
j(.f_s,—fw/_é)[l—,z_?)? cj? -_—f—\-"‘(Ls'f'{aZé)f /(/—2{.2) ? C}ZB Eq. (C18)
o5 o5 ,
The complex coefficient, (L5 + i L6)__, was evaluated for the
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value of « taken at station § , where %_ was located at the
centroid of the function,

/";,__2?)3,23 y Jd7
/ (- 2) > dy

This method would give exact results if the aerodynamic coeffi-

Eq. (C.19)

cients varied linearly over the interval of integration.

For M = %9, a; = 0.849,76 and Xy = 0.443,. the aerodynamic

integrals are,

. . Z
[(z,hzz)ﬁ—- L)%y = 0.061,65 + 0.511, 95 ¢ Eq. (C.20)
! 3
N (1)l £y = :
[(Lj Wl - %) p°dy =3.031,34 - 0.325,92; Eq. (C.21)

/(z VA )(——) :gzdgz 0.700,76 + 0.000,76 ¢ Eq. (C.22)
I _
L] 3 3
Z(M‘ (MN0-2)7°dy = 002201+ 003882 5q. (c.3)

[ Xa)
_ <t

M, +iM )1~ K) v’dy =0.257 90 - 0. 13 ‘
[( 4 M)~ Z)p 7 = 0.257 o3, 80 Eq. (C.24)
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!
. 4
j(M5+ cM - g) ydy = 0.522,20 + 0,000,64¢ Eq. (C.25)
0.5 7
_ ERS .
/(M"’L A/z)é__ Ef) ? cjz = 0.004, & + 0.017,27 ¢ Eq. (C.26)
o5 IR

/(A/j +.-LN4)(/—— _2’_2)45 dyp = 0.104,33 ~ 0.009,87¢
45

Eq. (C.27)
! 4
/[,\4_ 4+ /\4)(#-2'3)_515 = Q159,26 + 0.000,25¢
0.5 : Eq. (C.28)
Using the parameters,
wing plus alleron aileron
X, = O.lll# Xg = 0.0l1l2
a = - 0.114 c = 0.60
2_ 0.237,40 r 22 0.003,24 Eq. (C.29)
wh 2, p
()= o-10 |
gh = gokz 0 g/@ = 0

expanding the determinant and setting both the real and the
imaginary parts equal to zero give

2 2
a 3 < 2
—0.603,43 é;f) 2~ + 0.035,89 éj’;}z
Eq. (C.30)

0,052,802 7 ~00%66 2% 0318942 - 0.398,41= O
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DR AL

aws 8 2
0,049,186 (‘«f) 2% + 0.053,41 é]f) Z

—0.000,632%~ 0.454. 292 + 0.534,83 = O

Eq. (C.31)

Combining these two equations results in a quartic which can be
solved by Graeffe's root-squaring process (Ref. 42, p. 484).
Only the real positive solutions of equations (C.30) and.{C.31)
have any physical significance; they are

7 (ﬂak,)zf
(e P

1.159 1.772

From the definitions of Z and @, ,

112 = 3.332, Y = 3.095

o é,,ﬁ)ac.
By repeating this procedure for other values of M and ZE; s
it is possible to obtain the curves shown in Figure C.2. The-

curves of Figure 3.12 were obtained by cross-plotting those of
Figure C.2.

C.4 Wing with Tip Tank, Cantilever

The equations of motion for the cantilever wing with tip
tank are given by equations (A.111) and (A.112). For simplifi-
cation, the wing used for the theoretical calculations was
assumed to have constant chord and constant mass properties in
the formulation of the theory. The values for the chord and
the mass properties were taken as representative of the seventy-
percent-spanwise station of the actual planform (See Figure 1.1).
- The seventy-percent-spanwise station was chosen because experience
has shown this location to be best for aerodynamic purposes. The
tip-tank parameters were unchanged from the actual values so that

WADC TR 54-113, Part II 131

7



the ratio of the tip-tank mass to the total-wing mass was great-
er for the theoretical model than for the actual models. The
fact that the theoretical bare wing is lighter and, as a con-
sequence, would have higher vibratory frequencies, is partially
rectified by having a greater proportion of the mass near the
wing tip. The configuration of the theoretical model is given

in Figure C.3.

It was decided that the most useful information could be
obtained by leaving the static unbalance of the tip tank and the
first torsional frequency of the bare wing as unknowns in the
flutter equations. Thus, the parameters, QT and Z, were taken
as the two eigenvalues of the flutter determinant.

gﬁ 9%" : ol
7
55 J
Z
7
7
7
7
iy 74
7 2
5: .
7
IS
1; 6.5 |
7
Z
/]
v
22
/
r
—t 1.5 f—

FIGURE C.3 TIP-TANK MODEL FOR CALCULATIONS
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The parametetrs chosen for the analysis are

m

1

0.020,31 slugs/ft V. = 0.008,19 ft>

T =

& = 65 (@21) M; = 0.030,47 slugs

x_ = 0.114 I, = 0.000,46 ft.°

2 2
r = 0.237,40 IT = 0.001,77 slug-ft

2.
2nyT2 0.10 o1 - 0.11k
@, 5
Eq. (C.32)

With these parameters, the coefficients of the flutter deter-
minant become

K, = 2.170,72 = 0.025; 00Z - 0.004,91 (L, +(L,) Eq. (C.33)

K}m = 0.038,7Z + g;— 0.006,66(Ls+ L4)‘ 0.000, 70 i— s (C._Bu) |

— . ¢
de = 0,038,172 + 5 - 0,006,66 (", +:.Mz) + 0.000,70 L Eq. (C.35)
Ky = 1.641,99-0.18,70Z — 0.009,82(Ms+:Mq ) + ﬂ_—?l‘?— Eq. (C.36)
For M = %9- w = 0.34 and Xy = 0.443, the aerodynamic coefficients
are ’
L+ cl, = 092057+ 11.147,60¢ £q. (C.37)
Ly +il,=128.373,49-9.279,93 ¢ Eq. (C.38)
M M, =0406,87 +1.192, 134 Eq. (C.39)
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My +¢ M, =13.769,86 - 0.748,82. Eq. (C.40)

Expanding the determinant and setting the real and imaginary

parts equal to zero give

0.002,97 £% - 029712 Z + 0.780,125;

35,0 + 3.495,73 =0

Eq. (C.41)

0.063,15 Z — 0.538,555,_ — 0.734)82 = O Eq. (C.i2)

The real roots of equations (C.41) and 4C.42) are

7 S
14.268,94 0.312,28

Hence,

1 ve
- 11.534, = 3.050
I 53 b o 3.05

Choosing other values for M and & and repeating the steps
above result in the curves shown in Figure C.4. A small amount
. of structural damping was included in the analysis to obtain
the curves of Figure C.5. The curves of Figures C.4 and C.5
were then cross-plotted to obtain those of Figures 3.13 and 3.14,

respectively.
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C.5 Wing with Tip Tank, Free-to-Roll

The equations of motion for the straight wing with tip tank
are given by equations (A.95) through (A.97). Again, the wing
is assumed to have constant chord and constant mass properties
(see Figure C.3), and the quantities, §f and Z, were chosen as
eigenvalues. With the parameters of equation (C.32) and the
value of the mass moment of inertia of the roll support about
the roll axis,

I, = 0.001,50 slug-ft°

the coefficients of the flutter determinant become

Koo = 2.408,93-0.006,55(L, + il,) Eq. (C.43)

Kq, = 2205,13 - 0.005,59 (L, 4L'Lz) Eq. (C.44)

Kox =0.046,28 +3] - 0.007,96(L, +i Ly )~ 0.000,10 = Fa (C.45)

Kyp = 2.205,/13 - 0.005,59 (L, +L,) Eq. (C.46)
Kyp.= 210,72 - 6,025,002 — 0.004,91 (L, +: \.;) Eq. (C.47)
WADC TR 54-113, Part IT 138
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K, =003812 +3,-0.00666 (5% L) - 0.000,70 ©  Fa. (c.u8)

Eq. (C.49)

e

K 1o = 0-046,28 + S} ~0,007,96(M, +¢ Mz)’r 0.000,7
I(ad\ = o.ose.,'ia +35, - o.ooe,ee(m,+.; Ma)+ 0.000,70 %; Eq. (C.50)

2

Koo = 164199 - 0.18,702-0.009,82 (M, +<M,) + Eq. (C.51)

For M = 2, @ = 0.10 and X, = 0.443, the aerodynamic coefficients™
are found from Reference 7 (pp. 8 and 24) to be

Lo+l = Q92,11 +15,386,40 ¢ Eq. (C.52)
Ly+ely = 410,262 - 3.263,85¢ Eq. (C.53)
M, +< Mz = 0.085, 66 + 1749, 05¢ Eq. (C.54)
M, + LMy = 46,653 +3.039,95¢ Eq. (C.55)

Expanding the flutter determinant and separating the real and
imaginary parts give

0.639,64-0.148,31 2+ O.007, 142Z% + 0.431,7Z 57 Eq. (C.56)
, q. (C.5
~0.169,335,%~ 0.019,37% 5, + 0.025,0023; = O
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~ 046997 +.0,082,24Z -0.002992° - 0.079,88 5,

_ 2 —_ Eq. (C.5T)
+0.043 87 5, + 0.003,21 25, =0

This set of simultaneous equations is most easily solved graph-
ically (see Figure C.6). Additional accuracy can be obtained
by iteration, The solutions are

1 v,

Z S e h;tq*
5,300 -1.074 26.67 11.583
7.270 -0.405 26.67 9.890

19.46 0.479 26.67 6.045
23.75 2.191  26.67 5,472

Therefore, four points on the curves of

and %-versus
ET have been determined. By assuming different values of w
the process can be repeated until the curve for M = 2 has been
defined (see Figure C.7). As explained in Appendix C.2 above,
interpolation of the tables in Reference 7 is inaccurate, so the
aerodynamic coefficients should be tabulated by the method of
Reference 41 (or Reference 40 for low « ) for values of M and
& not found in Reference 7. The curves of Figure 3.15 were
obtained by cross-plotting those of Figure C.7.

C.6 Piston Theory

The coefficients of the two-degree-of-freedom flutter de-
terminant for the straight-wing planform of this report (Fig,
1.1) are given by equations (A.114)} through (A.117). The aero-
dynamic terms have been derived for the tapered planform with a
symmetrical double-wedged air foil section at zero angle of
attack in equations (A.131) through (A.134).

WADC TR 54-113, Part II 141



i

40 JP. 3
) R 2.885b ,
M1 &I5b
35| - l_’ __| 48 _1
INE) 2.3075b>1
N L 461586 — o
N
R Wing
R pe85
30 Me2l rd z.2s
§ 3 E | .0.@ S0% CHORD
8 e.u.?u.s % CHORD
g £ (%ﬂnﬂ-am
WING
8 R, E 9 970
25 ) E IN 21
1y R TIP TANK
é\ N My STABLE
f'U'f' g IS ‘é ;'7 « .20 REGION
b ' N - s
“a é& 3 E g Sre et
20 i LU
R
N Sle R
S
1
s £ 1L £
A (({\(\ (6'\\-\ 3 \}fx\
0 £ 4 f S’v \
AT f L&) 5 K R
o NS ‘97 S R
LA ST N
N kf? dyy o N\
PN A 3 X \ Y
) Wi P }s-"'y AN \\\
3 NSRS e \))9) \“\ A Moz
5 G : . ) _
y ) ' o panannas
;&’&‘K AN Yl k2
S cila,
Ll
0
-15 -10 -.50 0 .50 1) 15
Sy
FIGURE C.7(a) FLUTTER COEFFICIENT VERSUS TIP-TANK STATIC-UNBALANCE
PARAMETER FOR STRAIGHT-WING PLANFORM, FREE-TO-ROLL

142

WADC TR 54—113, Part -11



g

80 ,
5
3 -
' 3
1
] 2,885b
!
10 ,'I l M>1 1 .46|5b3
| ~ I ="
i l:_z:msbq. }
,l 4.65b —
1 ] ’ .JQ
Mr2 | 7
/ ! WING
] ‘ / n=6s
) I —+4—3 4 :
- / ', _g_ o 4pn 25
j J / ¢.0.0 50 % CHORD
I I e.u.ct_:) 44,3 % GHORD
7 / (G2) ™ 010
s
50 1 ! / / TIP_TaNK
] M ‘
. —L =1920
H— ’; i r”_\\ m.2
1 5.« Sy
-L / /I -:// ! \ ST m
k 40 / / / [ : % = 1523
/ / / ! ! / mb*2
! / | I ! N
[/ f
/ f—r— <
,/ ! ,./ 1 ;. \
30 :I / / -"I \\. AN
/’ // / ! I' N \\
) /, J / \\ ~
4 [” // :/I \\‘-,\ \‘-_'_‘—'— M=2
/ / -4
s/r o
! / / /
20 [\ "!’ ' //’ // /% 1
;Y ’ - — T
ki ) / "
. Y\é// S p /
|,' - - /
A i
/— T /
Q T~ /]
1] =52 4 ™~
o .
-5 ~10 =50 0 50 1.0 15
5.
T

REDUCED FREQUENCY VERSUS TIP-TANK STATIC-UNBALANCE

FIGURE C.7(b)
PARAMETER FOR STRAIGHT-WING PLANFORM, FREE-TO-ROLL

143

WADC TR 54-113 ,Part II



With the following parameters,

- i _ .
= 65 (4 ) Y = 1.4 (air)
x‘&= O.ll‘l-l' /Y = 0.06
r% = 0.237,40 M = 2.0 Eq. (C.58)
aly, Z_ - _
ZJT) = 0.25 x, = 0.443
& = By = o

the coefficients become

-

A = 3.514,69-0.878,6TZ - 0.058,84 0 Eq. (C.59)
B =0.331,59 - 0-075_.,65'-—{2— - 0.001497 £ Eq. (C.60)
k; ko
D = 0.33,,59 — 0.001,97 —;;— Eq. (C.61)
O
[ ¢
E = 02,10 - 0.712,102 - 0.002,87 17 = 0.014,56 7~ Fd. (C.62)

Expanding the determinant and setting the real and imaginary parts
equal to zero give

0.195;
- Q. M, 8l 4+ 0.546,957 + AT Eq. (C.63)
: 107 kg
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251798 £

2
0.625 TO2 — 3,126,449 F + —
g ’ 102 kZ Eq. (C.64)

(4.159,43

+ =
0% &,

+ 2.392,84 = O

The real, positive solutions to this set of equations are

z ¥
_ (o}
1.657 7.651
whence
% -5.9u
b,

kepeating the process for other parameters (Eq. C.58) re-

sults in the curves of Figure 3.6.
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APPENDIX D
DETATLED TABULATION.FOR DATA FOR MODELS TESTED

D;l General

In this appendix, a detailed tabulation of data is present-
ed for all the models tested, The number of significant figures
quoted is consistent with the experimental accuracy. See Refer-
ence 14 for a discussion of the testing techniques used to ob-
tain these data.’

The basic construction of balsa, aluminum and lead shown
in Figure D.1 is the same for all the models tested. The balsa
gives the desired aerodynamic shape. The airloads are trans-
mitted by the balsa to the aluminum spar, whose dimensions, 3
and H, can be varied to control the torsional rigidity and the
bending stiffness of the model, and whose chordwise location
determines the elastic-axis position. 75S8T aluminum alloy was
selected for the spar because it is light and strbng. Also, its
yield strength is close to its ultimate strength, and thus a
maximum linear range is available. The rectangular cross-
section allows for ease of computation during the design and
ease of fabrication in the shop. Two pairs of strain gages are
mounted on the spar for use in the vibration and flutter tests;
one pair along the elastic axis to pick up bending, and the
other at 45° to the elastic to pick up torsion. Lead weights,
fore and aft of the spar, are designed so as to give the de-
sired mass and inertial properties at each spanwise station.
The lead is slit before gluing so that its contribution to the
model's stiffness is negligible;

Because the thickness ratio of the wing is constant, all
dimensions are tapered linearly in thickness and in width.
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— 75ST ALUMINUM
SPAR

"B and H are measured
parollel to the root chord

FIGURE D.1 A TYPICAL SUPERSONIC FLUTTER MODEL

Therefore, the mass varies as the square of the chord, and the
stiffnesses vary as the fourth power of the chord,

b 12
m=m0 (E) Eq. (D.l)
o
b h '
El= (EI)O (.5 ) Eq. (D.2)
) o]
‘ b 4
GJ= (GJ), (’5 ) Eq. (D.3)
[®)
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Model nomenclature is explained by the following example:
SW-2a-1
SW - denotes swept-wing model.

2 - denotes that the cross-sectional dimensions of the
spar are the same as for model ‘SW-2.

a - denotes the first basic modification of model SW-2
(but no change in spar dimensions).

1 - denotes the first duplicate model of SW-2a.

D.2 Design Data

Tables D.1, D.2 and D.3 present design data for all the .
models tested. Therefore, any model can be duplicated by the use
of Tables D.1, D.2 and D.3 and the techniques discussed in Refer-
ences 14, 17, and 19 for designing lead weights to obtain the
desired mass and inertial characteristics (see Tables D.4, D.5
and D.6). The spar dimensions, B_ and H;, were measured in the
streamwise direction for all the planforms. The elastic moduli
of the balsa were obtained experimentally or were estimated
using the methods of Reference 43. Except where indicated in
- Tables D.4, D.5 and D.6, the grain of the wood was parallel to
the root chord for the straight wings, perpendicular to the
spanwise centerline of the wing for the swept planforms, and
parallel to the wing centerline for the delta models,

D.3 Mass and Stiffness Data

Tables D.4, D.5 .and D.6 give mass and stiffness data. The
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mass per unit length of the wing at the root chord, m,, Was
obtained by weighting the wing and using the relation,

I
M, =m5(1+2 +-2?) Eq. (D.4)

where _
M, is the total mass of the bare wing.

Equation (D.4) assumes that the mass varies as the square of

the wing chord. The wing stiffnesses at the root, (EI), and
(GJ) , and the location of the measured elastic axis were obtain-
ed by stdtic tests, assuming that the stiffnesses varied as the
fourth power of the wing chord. The location of the measured
elastic axis is that near the tip of the wing, and it varies
slightly along the span because of sweep and root effects.
Therefore, the locus of shear centérs, which is constant along
the span, was ‘assumed to correspond to and was calculated as the
locus of centroids of the bending stiffnesses. This latter
parameter is probably more significant than thé location of the
measured elastic axis for the flutter engineer. Calculations
were made to obtain the section center-of-gravity location and
the dimensionless moment of inertia in pitch, r ., which are
constant along the span. Spot tests showed that the experimen-
tal values of these parameters coincided with the calculated
values within the experimental accuracy.

In Table D.6, Models De-2b, De-3h and De-la were duplicates
of prev1ous models except that lead was added to lower the
second bending frequency without 51gn1f1cant1y changing the
first torsional frequency in an attempt to precipitate flutter.
The location of the lead depended on the mode shape for the
second bending frequency, and lead was placed at points of maxi-
mum amplitude for the'second-bending mode along the nodal line
for first torsion,  Therefore, the dimensionless radius of gy-
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ration in pitch, r, , and the chordiwse location of the center

of gravity are not quoted for these models.

D.4 Flutter Data

Tables D.7, D.8 and D.9 present flutter data for the
straight, swept and delta planforms, respectively. Enough data
are presented so that other flow parameters can be calculated.

For example,

v = Ma _ Eq. (D.5)
a =, YRT Eq. (D.6)
™, .
/&-—— ’_I]T/—-.D—E Eq. (D.?)
p=pRT Eq. (D.8)
RN v :
T =3 Eq. (D.9)
. 2
a 3 2 in ft %/
y = L. 3:059 x 10 8y °/2 see, Eq. (D.10)
P T + LIG r in slugs/ft q. *
T in °C absolute
where
v is the free-stream velocity
M is the free-stream Mach number
- a is the speed of sound
¥ is the ratio of specific heats
R is the gas constant
T is the absolute static temperature of the gas
p is pressure
WADC TR 54-113, Part II 150
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RN

T is the Reynolds number per unit length

Y is kinematic viscosity

The quantities, v, M and u , are tabulated in Tables D.7, D.8
and D.G; the value of the parameter, m,, can be found in Tables
D.4, D.5 and D.6; for dry air, '

Y = 1.4
2
ft
1718 ——=m—

sec F

‘R

i}

the wing semi-chord at the root, bo’ is 5/12 foot for all ;he
models tested. The Reynolds number was on the order of 7.5 x
106 per foot of reference length during the flutter tests (see
Reference 13, p. 51).

All lggitiméte flutter points were obtained by injecting
the model into a stable region and approaching flutter from a
high Mach number. The Mach number, velocity and wing mass ratio,
ke s decreased during the tests. Figure.D.2 shows a typical
time history of these parameters and also illustrates an inter-
esting case. The model fluttered during injection in a three-
degree-of-freedom flutter mode until a piece of the trailing
edge of the aileron, which was of lead, was lost (see Figure
D.5a). Loss of the trailing edge of the aileron changed the
aileron mass and inertial characteristics, and the model became
stable until it fluttered in a bending-torsion mode at a lower
Mach number when a piece of the leading edge of the wing was
lost. The model was again stable until it fluttered once more
at a lower frequency and at a lower Mach number in a bending-
torsion mode causing further damage. '
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INCREASING TIME

<~ INCREASING TIME

(a) Straight Wing with Free Aileron, Cantilever (Model ST-le)
FIGURE D.3 SOME HIGH-SPEED MOVIES AT SUPERSONIC FLUTTER
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(b) Stiaight Wing with Tip Tank, Free-to-Roll (First
Model ST-4c-3) i

FIGURE D.3 (Continued) SOME HIGH-SPEED MOVIES AT SUPERSONIC
‘ FLUTTER
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(¢) Stréight wing with Tip Tank, Free-to-Roll (Second Stage,
Model ST-4c-3)

FIGURE D.3 (Continued) SOME HIGH-SPEED MOVIES AT SUPERSONIC
FLUTTER
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(d) Straight Wing with Locked Aileron, Cantilever (Model ST-1f)

FIGURE D.3 (Continued) SOME HIGH-SPEED MOVIES AT SUPERSONIC
FLUTTER
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(e) Bare Swept Wing, Cantilever (Model SW-5, Injection Flutter)

FIGURE D.3 (Continued) SOME HIGH-SPEED MOVIES AT SUPERSONIC
FLUTTER

WADC TR 54-113,Part II 107




w;
=
-
©
§
®
=4
Wi
x
3]
z

INCREASING TIME_

(f) Swept Wing with Tip Tank, Cantilever (Model SW-6)

FIGURE D.3 (Continued)
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(g) Bare Delta Wing, Cantilever (Model De-lc)

FIGURE D.3 (Continued) SOME HIGH-SPEED MOVIES AT SUPERSONIC
FLUTTER
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Straight Wing with Tip Tank, Free-to-Roll (Second Stage)

FIGURE D.4 WING-TIP MOTION AT FLUTTER
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FIGURE D.4 (Continued) WING-TIP MOTION AT FLUTTER
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'High-speed movies were taken during most of the flutter
tests. Besides giving evidence of model damage, the high-speed
photography exhibited clearly the exact nature of the flutter
mode shapes. Figure D.3 shows some high-speed movies of typical
models at flutter. Timing lines could be obtained on the edge
of the film for a check on flutter frequency, independent of the
oscillograph records. On some of the sequences there is a
record of Mach number at the bottom of each frame, which was
recorded optically by a system of mirrors (see Reference 14).

Figure D.4, which was obtained from the high-speed movies,
presents quantitatively the time history of the motion of the
wing tip for some models at flutter. Measurements were taken
from the high-speed films with the aid of a microreader. 1In
general, the straight wings fluttered 'in bending-torsion; the
swept wings sometimes had a small amount of second bending in
the flutter mode, while it is difficult to say what modes were
involved in the flutter of the delta wings since all the motion
was near the tip, and very few cycles were required to damage
the models.

Flutter of the bare Straight'wings was generally very vio-
lent, rarely reaching a constant amplitude before destruction;
while the bare swept wings usually fluttered at constant ampli-
tude for a number of cycles before the models were badly dam-
aged. (The flutter of the bare swept wing which appears in
Figure D.3e was an injection flutter, which was generally very
violent, and, in this respect, is not typical of a legitimate
flutter for this planform). The delta wings which fluttered
were usually so weak that few cycles were required for damage .
Flutter of models with tip tanks was always véry violent.

-

A particular type of failure at flutter characterized each
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planform. Figure D.5 shows some typical models after flutter.
For the bare straight wings an outboard piece of the wing at the
leading edge was lost; for the bare swept wings an entire sec-
tion of the model just inboard of the wing tip gave way; while
for the delta wings a large section of the wing at the trailing
edge was destroyed. Wings with ailerons often lost a piece of
the aileron trailing edge at flutter, and those with tip tanks
were usually totally destroyed. After damage the models often
became stable, sometimes fluttering again at a lower Mach number
before retraction,

D.5 Tip-Tank Parameters

Tables D.10 and D.1ll give pertinent tip-tank parameters

for the straight and swept wings, respectively. The total mass
of the wing can be obtained by use of equation (D.4). Except
for the location of the center of gravity of the tip tank, the"
models were designed to have constant dimensionless properties
including the dimensionless tip-tank moment of inertia in pitch
. about the wing elastic axis., Some variation in this latter par-
ameter occurred, however, because the tip, tanks were designed
for a moment of inertia in pitch about an estimated elastic-
axis'position, for the models were not statically tested until
after the design stage. Later, after some research, it was de-
cided that the locus of shear centers was more significant than
‘the measured elastic-axis location. The center of gravity of
the tip tank was changed by locating lead weights according to
the design procedure outlined in Reference (19) and it was
checked experimentally along with the weight and the mass moment

of inertia in pitch. Therefore, the geometrical location of the
'_tip tank with respect to the wing was constant for each model,
even though the static unbalance of the tip tank varied. In
Table D,10 the parameter, S.., is tabulated for convenience in
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' i
using the theory.

For the free-to-roll models a 2 1/2-degree canted hinge was
used to aerodynamically stabilize the wing (see Figure D.6).
The models were mounted on a simulated fuselage which rolled
with the model. Geometric parameters for the fuselage were’
chosen so as to be typical of supersonic aircraft, and the roll
axis corresponded'to the. centerline of the fuselage. The value
of the mass moment of inertia in roll of the root support was
chosen so that its value corresponded to a fuselage radius of
gyration in roll typical of present-day aircraft. Its value
was also checked experimentally.

D.6 Aileron Parameters

Table D.12 gives pertinent aileron parameters for the models
tested. In all cases the ailerons had sealed gaps. Again, lead
weights were used to obtain the desired mass and inertial
characteristics. The aileron was attached to the wing by flex-
ures whose size determined the aileron frequency; no mechanism
was used to adjust the aileron frequency from outside the tunnel.
In the design of the 1ead'weighﬁs, allowance was made for the
weight of the flexures so that the dimensionless mass and in-
ertial parameters for the total wing and aileron remained con-
stant at all spanwise stations. Less accuracy is quoted for the
elevon parameters of the delta wing (Table ‘12.b) since the de-
sign was complicated by the constant chord of the elevon. For
the straight and swept wings, the chord and the thickness of the
ailerons tapered linearly to the tip so that the lead weights
had to be designed at only one spanwise station, fd} linear
taper to the tip insured the mass variation of equation (D.1}
and constant dimensionless parameters. For the delta wings with
elevons, the advantages of linear taper are lost, and the lead-
weight design must be made at more than one spanwise station.
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D.7 Vibration Data

Tables D.1l4, D.15 and D.16 present nodal lines and struc-
tural-damping coefficients for the models tested. Only elastic -
frequencies are presented; for the free-to-roll models, the
first natural frequency is a rigid-body rotation about the roll
axis. The nodal lines are approximate, and no attempt was made
to obtain mdde’shapes. The nodal lines were obtained optically
with salt while the wing was vibrating at a natural frequency.
Nodal areas as well as nodal lines appeared because of the limi-
tation in applied shaking force. All the frequencies quoted are
coupled, including those for the models with ailerons, since the
ailerons were not clamped with respect to the wings during the
shake tests. The first two uncoupled frequencies of all the
bare straight wings were calculated from the coupled frequenéieé
and the model parameters. Only the first two natural frequen-
cies were considered. The results show that the first un-
coupled frequency is about 1% higher than the first coupled fre-
quency and that the second uncoupled frequency is about 1 1/2%
lower than the second coupled frequency.

D.8 Influence Coefficients

Tables D.17 and D.18 and Figures D.7 and D.8 present in-
fluence-coefficient matrices with locations for some of the
models tested. The influence coefficients were measured with
linear variable differential transformers, and their accuracy
is estimated at ¥ 0.0005 inch/# or less.

D.9 XF-92A Airplane

Table D.19 gives some available experimental data for.the

XF-92A airplane (References 44-46), since this airplane was used
as a guide in designing the delta-wing models.
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TABLE D.1

DESIGN DATA FOR STRAIGHT WINGS

. Bare Wings
Model L B, H, ] Paa Epa Gpa

‘Y: pggord inches inches #/ind psi psi
5T-1 41.8 2,721 0.171 0.00k45* 8710% 22,300%
ST-1d 37.0 2.721 0.171 0.0052#% 9590 29,600
ST-1d-1 37.0 2.721 "0.171 0.0052% 9590* 29,600%
ST-2 42,0 0.664 0.251 . 0.0045* 8710% 22,300%
ST-3 42,0 0.257 0.300 0.00k5* 8710% 22,300%
ST-L 42,0 4,214 '0.160 0.0043 6380 16,800
ST-4-1 2.0 4,214 0.160 0.0043* 6380% 16,800+
ST-5 k2.0 3.141 0.175 0.0041 T 6750 21,800
8T-5-1 42.0 3.141 0.175 0.00k1%* 6750% 21,800%
ST-6 42,0 1.049 0.229 0.0048 9510 26,900
ST-7 42,0 0.618 0.252 . Q0,009 10,700 27,400
§T-7-1 42.0 0.618 0.252 0.0045* 8710+ 22,300%
8T-7-2 42,0 0.618 0.252 0.00h 5 8710% 22,300%
§T-7-3 42.0 0.618 0.252 0.0045% B71o% 22,300%
ST-8 42,0 0,422 0.266 0.0039 5650 25,200
ST-12 41.8 3.00%* 0.200%* 0.0045 6720 23,100

Wings with Tip Tanks
Model fiar Bospar Hospar Pra Ega Cpa
_%%: inches inches #/ind psi psi
ST-1a 42.0 2.721 0.171 0,00 5* 8710% 22,300%
ST~1le 37.0 2,721 0.171 0.0039 7800 17,400
§T-4a bz2.0 4214 0.160 0.0039* 7880 19,800
ST-4b 42,0 4,214 ©.160 0.0039% 7880 19,800
8T-4ec,-1] 42.0 4. 214 0.160 0.0045% 871o#% 22,300*
ST-4¢-2 42.0 .21 0.160 0.0045* 8710#% 22,300*
ST-4¢-3 42.0 4,21k 0.160 0.0045% B710% 22, 300%
Wings with Ailerons

Model f o By ar Hy Paa Epa Gpa

9£chord inch%s inchgzr #/in psi psi

—r —— —

ST-1b 41.8 2.721 0.171 0.00k5* 8710* 22,300%
gr-le 42.0 2.721 0.171 0.0032 11,800 20,400
ST-1f 42,0 2.721 0.171 0.0032 11,800 20,400

*Assumed Balsa Properties

**Bullt-up rectangular spar; 24ST Alloy, skin thickness at root = 0.G23"; Balsa Core;
all dimensions tapered linearly to tip
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TABLE D.2

DESIGN DATA FOR SWEPT WINGS

+Estimated balsa properties

Bare Wings

Model A B H Pu G

spar “gpar %gpar =EA 3 Eg? pgg

% chord inches inches /in B
SW-2a 35.2 1,355 0.253 0.0160** 988,500% % 162,500%%
SW-2a-1 35.2 1.355 0.253 0.016Q+* g88,500%% 162,500%*%
5W-2b 35.2 1.355 0.253 0.0040% BTOQ* 16,400%
SW-2b-1 35.2 1.355 0,253 0.0040* 5700* 16,400%
SW-2b-2 35.2 1.355 0.253 0.0040 5700 16,400
SW-3 . 41.9 0.783 0.292 0,0038 6200 20,000 °
SW-3-1 41.9 0.783 . 0.292 0.0052 8800 28,900
SW-3c 36.9 0.783 0.202 0.0055 9900 30,300
SW-3d 46.9 0.783 0,292 0.0053 9050 29,750
SW-4 . 41.8 c.661 0.246 0.0057 14,500 31,500
SW-5 41.7 0.410 0.306 0.0048 9300 24,000
sW-8 41.8 0.668 0.334 0.0060 12,400 34,900
SW-8-1 41.8 0.668 0.334 0.0060% 12,400% 34,900*

Wings with Tip Tanks
Model [ B H p Ey Gy -
o] o BA A BA -

spar spar spar 3

ﬁﬁpchord inches inches # /in psi psi
SW-3a 41.9 0.783 0".292 0.0056 10,600 32,000
SW-6 hi.9 1.118 0.334 0.0058 12,100 33,600
SW-7 41.8 0.8g6 0.334 0.0041 8,600 20,000
SW-7a 41.8 0.896 0,334 0.0065 15,300 39,400

Wings with Ailerons
Model £ B H P Epa G
o o BA BA

spar spar spar 3

% choxd inches inches #/in psi psi
SW-3b 1.9 0.783 0.292 0.0057 10,800

Note: E for wood measured for bending of the elastic axis

¢ for wood measured for twisting about the elastic axis

**Egtimated pine properties
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~“TABLE D.3

DESIGN DATA FOR DELTA WINGS

Bare Wings

Model [ Bo Ho PRA EBA GBA

hehord {nohes inches /10> psi psi

@#
De-1 50.0 5.00 0.0798 0.0048* 730,000* 25, 500%
De-la 50.0 5.00 0.0798 2.0048% 730,000% 25,500%
De-la-1 50.0 5.00 0.0798 0.0048¥ 730,000* 25,500%
De-la-2 50.0 5.00 0.0798 0.0048% 730,000% 25,500%
‘De-2 40.0 3.00 2.0500 0.0035 530,000* | 17,200%
De-2a-1 0.0 3.00° 0.0500 0.0030% 460,000* 1%,100*
De-2b 40.0 _ 3.00 0 .0500 0.0030% 460,000 * 14,100%
De-2¢ 4o.o 3.00 0.0500" 0.0030% 460,000 * 1%,100*
De-2d 40.0 3.00 0,0500 0.0030% 460,000 * 14,100
De-2d-1 40.0 3.00 0.0500 0.,0030% 460,000 * 14,100%
De-2d-2 40,0 3.00 0.0500 0.0030% 450,000 * 14,100+
De-3-1 40.0 2.40 0 .0500 0 .0045* 660,000 * 23,500%
De-3a 40.0 2.%0 0.0500 0.0046 700,000 * 23,600%
De-3b 40.0 2.40 . 0.06500 0.0032 490,000 * 15,500%
De-3c %0.0 2.40 0 .0500 0.0027 410,000 * 12,200*
De-3d 26.0 2.40 0 .0500 0.0030 460,000 * 14,100%
De-3e %0.0 2.40 0 ,0500 0.0027* 410,000 * 12, 200%
De-3f 40.0 2.40 0 .0500 0.0032% 480,000 * 15, 500%
De-3£-1 40.0 2.40 0 .0500 0.0032% 190,000 * 15,500%
De-3g 40.0 2.4%0 0 .0500 0 .0046% 700,000 * 23,600%
De-3h 49.0 2.430 0 .0500 ‘0. 0045% £90,000 * 23,500%
De-3i 40.0 2.40 0 .0500 0 .0045* 650,000 * 23,500%
De-3j ho.o 2.40 0 ,0500 0 .0027* 410,000 * 12,200+
De-4 -- -- - 0.0032 450,000 * 15,500%
De-ka -- -- -- 0 .0032% 460,000 * 15,500%
De-4b -- .- -- 0.0032% 450,000 * 15,500%
De-lc - -- - 0 .0032* 490,000 * 15,500*
De-4e-1 -- -- -- 0 .0032% 450,000 * 15,500%
De-5 -- -- -- 0 ,0026 2300 11,700
De~6 - -- _— 0 ,0026% 2300% 11,700+%
Wings with Elevons

Model T Bo Ho . Ppa EBA. GBA

% obord | inches inches #/in3 psi, psi
De-2e 40.0 3.00 0.0500 0.004% 670,000% 23,000%

*Estimated balsa properties
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TABLE D .4

MASS AND STIFFNESS DATA FOR STRAIGHT WINGS

P Bare Wings
Model {| m section 2 (EI) (eI} calc. Imeasured| Remarks
Min c.g. To boe (-)6 ?6 locus of| elastic
% chor ' x 1073 x 1075 | shear axis
« -in » ~in % chord % chot
ST-1  |0.00406 50.0 0.250 | 0.0119 0.0249 42,4 - [44.5 bare wing
ST-1d 10.00464 50.0 o.250 | o.olz2 0.0226 37.5 39.3 bare wing,
. spar forward
ST-1d-1}0. 00464 50.0 0.250 0.0112 . 0.0239 37.5 42.8 rebuilt ST—l_d
sT-2 |0.00378 |7 0.0 0.250 | 0.0095 0,0165 42.6 48.5 bare wing
TTST-3 [0.00447 50.0 0.250 | 0.0067 0.0103 2.9 48.1 bare wing
5T-4 |0.00387 50,0 0.250 | ©.0150 0.0290 424 16.5 bare wing
ST-4-1[0.00401 50.0 0.250 | 0.0159 0.0307 ba.4 iy 6 rebuilt ST-4
ST-5 |0.00457 50.0 | 0.25C | 0.0l47 0.0297 2,2 |43.7 bare wing
$T-5-110.00457 50.0 0.250 | 0.0146 0.0299 yo.2 46.2 rebuilt ST-5
§T-6 |0.00433 50.0 0.250 | 0.0109 0.0187 42.3 51.3 bare wing
¥ §T-7 |0.00427 50.0 0.250 | 0.0098 0.0l76 - 48,0 bare wing
S§T-7-1]0.00427 50.0 0.250 | 0.0090 0.0171 Yo .7 46.5 rebuilc ST-7
ST-7-2 [0.00427 50.0 0.250 | 0.0088 0.0153 Yyo.7 43.3 rebuilt ST-7-1
§T-7-3§0.00428 50.0 0.250 |©0.0049 0.0157 42,7 47.8 rebuilt ST-7-2
~ 8T-8 |o.00418 | 50.0 | 0.25C | 0.0079 0.0136 | 42.3 [47.5 bare wing
sT-12 |0.00229 50.0 0.250 | 0.0152 0.0289 42,0 -- low-density
bare wing
Wings -with Tip Tanks
calc. .
Model |m, segl.:é?n ra2 (EI)o (G.I)‘J s of Zi::\tuiﬁd Remarks
stugs/in |o croig H2e| 576 x 1078 | shear axis
t£-1n° # “in? lgenters 1 e ohord
. % chord
ST-1la [0.00413 50,0 0.250 | 0,0116 0.0232 42.5 42.8 bare wing same
. as ST-1
ST-1lc |0.00H47T 50.0 ¢.250 | 0.0l2a 0.,0227 37.4 3c.1 hare wing same
as 57-1d .
ST-4a [0.00406 0.0 0.250 1 0.0150 0.0280 o2 47.5 bare w&ng same
as ST-
ST-4b |0.00406 50.0 0.250 | 0.0150 0.0280 k2,2 47.5 bare w&ng same
. as ST-
ST-4c |0.00387 50.0 0.250 | 0.01l47 0.,0303 42.4 k9.5 bare w&ng same
: as ST-
ST-4c-1|0.00387 50.0 0.250 | 0.01%9 0.0364 ha.4 o4 rebuilt ST-4c
ST-4c-2|0.00387 50.0 0.250 | 0:0209 0,0352 42.4 39.9 rebuilt ST-4#e-1
ST-lc-3]0.00387 50.0 | ©.250 0.0l 0.0348 42.4 41.0 rebuilt 5T-be-2
BT Wings with Ailerons
’ : calc.
Model . Imo ) seztéon raa (E1), (86X, | 1oeue of mc:?zggig Remarks
slugs/in‘lg cioig A2e | 1076 x 106 shear axis
#-1n° s -in? | centers | o chord
% chord
sT-1b {o.oo%07 | s0.0Y | 0.250 | o0.0128 0.0191 | #2.8 7.0 same as ST-1
o but with aileron
ST-le [0.00388 50.0 0.250 |o.0128 0.,0220 h2.4 48.0 same as ST-1
) but with aileroen
ST-1f [0.00388 5G.0 0.250 | ¢.0l23 ©.021% L-N 41.7 same as ST-1
. but with aileron
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TABLE D.5
MASS AND STIFFNESS DATA FOR SWEPT WINGS
Bare Wings
3 h cale,
Model m - segt.:gc.m ae (E1), (61), locus of zfgzttnisd Remarks
slugs/in % chord H2e| 1070 x 10-2 | shear axis
o 2 2 centers | o chord
#»-in #* -in % chord | °
= e r——— —— ———————el
SW-2a 0.00468 50.0 304 0.0153 0.0328 459 542 made of pine, grain
perpendicular to the
t of wing
SW-2a-1 |0.0C468 50.0 .20 0.0154 0.0305 45.9 50.0 repaired SW-Za
SW-2b 0.00452 50.0 L375  |0.0148 0.0227 35.4 k1.2 balsa grain perpen-
dicular to center-
] line of wing
SW-2b-1 [0.00452 [ 50.0 |.375 [0.0Lky 0.0211 3.4 [ FL.2 repaired SW-2b
SW-7b-2 |0.00455 50.0 .375  {0.0133 0.0219 35.4 47.0 repaired SW-2b-1
SW-3 . 0.0040L 50.0 .375  [0.0135 C.0163 k2.0 k7.0 bare wing
SW-3-1 }0.00413 - 50.0 .375 |0.0133 0.019G k2.0 50.8 rebuilt SW-3
SW-3c¢ 0.00392 50.0 .375 0.0127 0.0173 37.0 47.5 same as SW-3 but
elastic axis for-
ward
SW-3d 0.00398 50.0 375 [0.01%0 0.0191 47.0 55.1 same as $W-3 but
elastic axis aft
SW-4 G.0ck06 50.0 .375  o.007H 0.0L24 h2.0 50.0 bare wing
SW-5 ¢.00391 50.¢ -375  }{0.0078 0.0095 b2.0 52.8 bare wing
Sw-8 C.00k41e 50.0 .37% [0.0173 0.0199 42.0 45,0 bare wing
SW-8-1 |[0.00412 50.0 375 |0.0173 ©.0199 k2.0 45.0 repaired SW-8 wing
" Wings with Tip Tanks
i calc, .
Model o, . sezt.:;?n rai (EI), (GJ)06 Lo of :f::t;izd Remarks
slugs/in e, 1004 H2e| 4 1070 x 1o~ 223::” axis
_ * -1n® * -10° | 9 chord % chord
SW-3a 0.00406 50.0 .375  |0.0130 ©.0180 ba.0 52.8 same as SW-3 but
i with tip tank
SW-6 0.00409° 50.0 375 Q.0274 C.0343 42.0 47.0 cantilever tip-
tank wing
SW-7 0.00391 50.0 .375  10.0221 0.02%5 k2.0 18.8 cantilever tip-
tank wing
SW-7a 0.00406 50.0 .375 {0.0213 0.0288 42.0 51.4 free to roll, tip-
tank wing
Wings with Ailerons
. cale.
Model . mor segi-:;c.m quu (EI)06 (GJ)°6 locus of :f::::nigd Remarks
slugs/in Yochord Heet « 107 x 107 gzs::rs axis
*-in2 *-in? % chord % chord
— ——
SW-3b 0.00426 50.0 .375 | 0.0140 0.0203 42.0 | 51.3 wing ‘with aileron |
WADC TR 54-1;].3, Part II 172

®

¥



1

TABLE D.6
MASS AND STIFFNESS DATA FOR DELTA WINGS
Bare Wings
Model - o section r 2 calc. Remariks
- c.g. o locus of
slugs/in % chord Hae shear centers
% chord
De-1 0.06C |- 0.00427 50.0 0.250 50.0 bare wing
De-la 0.040 0.00398 50.0 0.250 50.0 same as De-1 but
with T reduced
De-la-1 0.040 0.00409 50.0 ~Q.250 50.0 rebuilt De-1ia
De-la-2 | C.C40 ©.004%0% 50.0 0.250 50.0 rebuilt De-la-1
De-2 0,060 ‘0.00kE2 50.0 0.250 49.9 bare wing
De-za-1| 0.060 0.004 579 50.0 0.250 k5.9 bare wing
De-2b 0.060 0,00502 -- -- 4g9.9 same as De-2a-1 with
lead added
De-2c 0.050 0.00445 50.0 0.25%0 4g .7 same as De-2a-1 but
with T reduced
De-2d 0.040 0.00430 50.0 0.250 19.5 same as De-2a-1 but
. with T reduced
De-2d-1{ 0.040 0.00470 50.0 0.250 49.5 rebuilt De-2d
De-&d-2 | 0.040 0.00470 50.0 0.256 4g.5 rebuiit De-2d-1
De-3-1 0.060 0.0ck52 50.0 0.250 49.9 bare wing
De-3a 0.060 0.00455 45.0 0.250 4g.9 same as De-3-1 but
) with c. g. forward
De-3b 0.060 0.00559 55.0 0,280 45.9 same as De-3-1 but
. with c. g. aft
De-3c 0.060 0.00276 50.0 0,250 4.9 same as De-3-1 but
less dense
De-3d 0,060 0.00420 5C.0 0.250 bg.7 same as De-3-1 but
_ with spar forward
De-3e C¢.030 0.0023% 50.C 0.250 9.0 same as De-3c but
. ° - with T reduced
E
De-3f c.obo | o,00481 55.0 0.250 | . ‘49.6 same as De-3b but
with T reduced
De-3f-1{ 0.040 0.00448 35.0 C.250 4g.6 rebuilt De-3f
De-3g 0.050 0.00841 45,0 “0,250 49.9 same as De-3a but
with T reduced
De-3h 0.060 0.00499 - -- 49,9 same as De-3-1 but
‘ with lead added
De-3i 0.045 0.00430 50.0 0.250 ko .8 same as De-3-1 but
with T reduced
De-3j 0.040 0.00231 50.0 0.250 1g5.6 same as De-3¢ but
. with T reduced
De-4 0.060 0.00336 50.0 0.250 50.0 no spar
De-4a G.060 0.00381 -- -- 50.0 no spar, same as De-l
with lead added
De-4b 0.0R0 0.00321 50.0 0.250 50.0 ne spar, same as De-}
but with T reduced
De-te 0.040 0.00307" 50.0 0.250 50,0 no spaxr, same as De-b
) but with T reduced
De-lic-1 0.040 0,00302 50.0 0,250 50.0 rebuilt De-lc
D&-5 0.030 0.00438 50,0 o.300 50.0 no spar, balsa grdin
parallel to root
De-6 0.030 0.00583 60,0 0.300 50,0 same as De-5; 0.004 in.
brass shim in mid-
plane
Wings with Elevons
Model m, section ” 2 cale., c Remarks
c.g. [+ locus ©
T ,slugs/in %, chord -42¢ | ghear centers
. chord
De-2e 0.040 0.00413 50.0 0.250 g .7 aileron wing
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TABLE D.7
EXPERIMENTAL FLUTTER DATA FOR STRAIGHT WINGS
Batre Wings
<
Model Mp | e v kg A ve wul dihl ._DPE  Remarke
. cps ft/sec Eomf Eomcx cps u:al wul
|
5T-1 1.52| 85.7 | 1390 62.2(6.20] 3.7 | 153.0[0.308 |1.18 | legitimate flutter
§T-1d 1.59| 82.7 | 1480 70.9 | 6.84 | 4.02 | 140.5[0.299 [1.20 | legitimate flutter
5T-1d-1 1.52|.86.2 1400 53.216.20 | 3.77 2.0 10.329 |l.22 legitimate flutter
§T-2 * 1.71|110.0 | 1560 7T7.0|5.425.42 | 110.0 [ 9.345 |1.36 | injection flutter
ST-3 1.95] -- -— - -- -- 90.0 | 0.382 |1.51 destroyed during injection
ST-4 1.52{ 3.7 | 1420 55.6 | 5.79 | 3.25 | 167.0 | 0.349 [1.30 | legitimate flutter
ST-4-1 1.30] 98.4 | 1270 47,2 4.3 2.76 | 176.0]0.338 j1.35 | legitimate flutter
ST-5 1.44] 83.3 | 1370 64.9 | 6.28 1 3.45 | 151.7 | 0.332 |1.25 | legitimate flucter
ST-5=-1 1.k7| 89.5 1360 54.815.30 | 3.44 151.0 | ¢.351 {1.30 legitimate flutter
ST-6. 1.72] 78.3 1530 76.2 | 746 4,15 0.9 | 0.363 |1.28 legitimate flutter
ST-7 1.91] -- -- -- -- -- 128.3 | 0.368 {1.26 | destroyed by starting shock
ST-7-1% 1.88] 76.9 1620 81.7 | 8.05 | 5.48 113.0 | 0.3%6 |1.31 injection flutter
sr.7-2%] 1.92J108.¢ 1630 83.9 | 5.76 } 5.61 111.0 [ 0.386 |1.35 injection Flutter
ST-7-3 L.y4| Bl.5 1650 724 }7.73 1 5.12 123.010.359 |1.34 legitimate flutter
- 8T-8 1.50| -- -- -- -- -- 108.0]10.410 |1.40 | destroyed during injection
ST-12 1.45]1120.8 | 1360 27.4 L4.30 [ 2.28 | 228.0]0.315 |1.19 | legitimate flutter
Wings with Tip Tanks
- m T
Model Hf oy v He Ve Ve oo » mﬂ 2 gT Remarks
cps ft/sec L Eomul ay mul wal s ema
T
cps f
i RConw
[ “Ogpan
ey - ——
sT-1a* | 1.80| 21.4 | 1630 | 75.6 | 25.1{s.07t | 15320 | 0.308|1.281] 0.4 cantilever; in-
] Jection flutter
sT-1e | 1.83] 18.2 | 1600 | 89.5 | 33.8 [4.531 | 13820]0.319[1.25'| o0.0506 cantilever; in-
. jection flutter
ST-ba 1.43| 26.3 | 1380 | 53.2 f19.8 | 2.931 | 17710 0,323 |1.19Y| -0.511 cantilever; legiti-
. mate flutter
sT-ub* | 1.83) 2.5 | 1590 | 79.1}20.7]3.83% | 177 0|0 323 1.192 |  1.05 cantilever; in-
: Jeetion flutter
ST-he 1.47] -- 1390 | s2.6f-- |3.031|17sto]o.3u3t|1.36] -0.517 free-to-roll; against]
- roll stop during
1.2 1.2 flutter
§T-8c-1] 1.33| 33.9 | 1200 59.5 | 4.5 2.821 1'}’52.0 0.343 [1.36 -0,517 free-to-roll; .
legitimate flutter;
1 1,2 1,91 1.2 flutter r;ode shape
deao £ 4 4 - changed from pri-
5T-4c-2| 1.32] 30.0 | 1260 | 57.5}156.0 2.751 1751.0 0.3u31 1.36 0.517 m“&y torsion to
Lhao 1 - primarily bending
ST-%c-3 1.32] 32.7 1280 56.8 |15.0 | 2.79 17550 0.365711.3% 0.517 and roll at lower
Mach number
Wings with Allerons
Model ME g ve g ve Vf . ﬁ mhg :E . ]
cps ft/sec 5% | B2, oy &, o, oy emarks
1 o 1 1 1
ps
ST-1b* 1.80|=200.0 | 1620 84.013.09 |3.19 | 19%.0|0.253 |-- 0.691% aileron free; in-
jection flutter
ST-le 1.72] 87.9 | 1550 66.9 16.74 Jb4.20 {141 .0710.373 |1.35 1.u93 aileron free; legi-
. timate flutter; three
degrees of freedom
in flutcter mode
ST-1f 1.65| 87.5 | 1s00 |ea.7|6.55 F3.80 Juv.2|0.335 |1.30 | @3 aileron locked;
legitimate Flutter
* Injection flutter
1 Based on cantilever frequencies of bare wing (see Table .14 for further Vibration Data}
2 Data for ST-4c used since these are rebullt wings
3 Coupled aileron frequency
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TABLE D.7a
EXPERIMENTAL FLUTTER DATA FOR STRAIGHT WINGS (Cont.)
Bare Wings
v v
Model . - . £ &EE&B:«Z&)
0.75 £ 0.757 % Qg ViMetos
ST-1 g.92 5.55 0.268
ST-1d 10.94 65.43 0.258
ST-1d-1 9.92 6.03 0.228
ST-2% 8.67 8.67 c.215
ST-4 9.26 5.20 0.271
ST-4-1 7.89 4,42 0.251
ST-% 10.05 R.52 0.261
ST-5-1 9.28 5.50 0.245
ST-6 11.94 6.64 0.281
ST-T7-1* 12.88 8.77 0.241
ST-7-2% g.22 8.98 0,243
ST-7-3 12.37 8.19 0.250
ST-12 6.88 3.65 0.256
Wings with Tip Tanks
ST-la* 46.6 6.51(1) -
ST-lc* 54,1 7.09(1) -
ST-ka 31.7 u.69(1) -
ST-Ub* 33.1 5 .uoll) --
ST-ke -- n.g5 (1) -
ST-lec-1 23.2 y.51 (1) -
ST-lc-2 25.6 i, yo(1) -
ST-lc-3 24,0 i.u6(1) --
Wings with Ailerons
ST-1b#* 4.94 5.10 -
ST-1le 10.8 65.72 -
ST-1f 10.5 65.22 0.264
* Inijection Flutter
WADC TR 54-113, Part 1I 175




oL

TABLE D.8

EXPERIMENTAL FLUTTER DATA FQOR SWEPT WINGS

. Bare Wings
Model Mg wg Ve g Vg ve . mﬁ L""112 Remarks
cps ft/sec b W IRT o P2 @ a
) oy 1 @y o
cps

SW-2a I.SEé -- -- 97-63{ -~ -- 225 0.166 | 0.654% | no flutter

1.
SW-2a-1} 1.79-| -- -- 74-50| -- -- 217 0.162 | 0.608 §no Flutter

- 1,32 .

SW-2b 1.75; - -- BB-56| -- . -- 140 0.224% 0,743 | no flutter

1.3 .
SW-2b-1 1‘73}: -- -- 82-54 ) -- -- 137 0.228 | 0.796 | no flutter

1.3
SW~2b~-2 1.48é - -- 76-53| -~ -- 140 0.222 {0.793 | no flutter

1.2
SW~-3 _1.41 111 1340 51.9] 4.61] 3.88 132 0.254 10.902 | legitimate flutter
SW-3-1+] 1.26 | 100 | 1240 53.1] 4.74 ] 3.24 146 0.23% 10.822 | retraction flutter
SW-3e 1.48 | 110 | 1390 63,414,831 3.93 | 135 0.255 }0.844 I"legitimate flutter
SW-3d 1.25 | 116 1230 50.5] 4.05| 2.43 | 137 0.258 | 0.927 | legitimate flutter
SW-4 # 1.85 |50.4| 1620 8¢.316.8515.11 | 121 0.225 | 0.807 ] injection flutter
SW-5% 1.87 | 77.8] 1630 78.2] 8.00] 5.51 113 0.247 |0.870 {injection flutter
SW-8 liGEé -- -- 76-53 | -- -- 150 0.252 |0.853 |no flutter, firsc test

.2 :

sW-8* 1,62 | 116 | 1470 58.9 | 4.84 ] 3.74 | 150 0.252 [0,853 |rerun SW-8 at lower u;
injection flutter

SW-8-1 | 1.42 | 120 | 1330 o, 5] 4.231 3.48 | 148 0.255 | 0.856 | legitimate flutter

Wings with Tip Tanks

Model Me We Vg He Vg Ve W h E Remarks
eps | ft/sec Boog | B2y | T2 | T “a
1 cps 1 !

sW-3a% | 1.92 [35.5] 1650 | 87.6| 17.8| 4.35} | 145} | 0.2601]q.828Y| cantilever;injection flutter

SW-6 1.30 |3t.2} 1260 | 4s.0)15.8 2,551 189! | 0.2771|0.7901 cantilever;legitimate
lutter
SW-7 145 | 30.0| 1350 | 48.6] 17.2] 3.201| 161} | 0.315| 0:845Y| cantilever;legitimate
flutter
sw-7a ] 1.92 {a4.4]| 1630 | 79.8] 25.5] 3.641| 171! | 0.205!0.871)] free-to-roll;legitimate
flutter

Wings with Ailerons

Model M W v " v v Oy oy w
£ f £ £ £ £ 1 2
cps ft/sec Bom_‘f F—oma mal m—a“ u? % [Remarks
1 cps 1 1 1

SW-3b [ L.47 | 114 | 1370 | 53.6]| 4.59] 3.55 | 147.6] 0.237 {0.885 |1.002 |aileron frequency |

. taken same as first
torsion; legitimate
flutter; very little
laileron motion in
flutter mode

*# Injection flutter

+ Retraction flutter
1 Based on cantilever frequencies of bare wing {see Table D.15 for further vibration data)
2 Coupled aileron frequency
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Model
By, 75%¢ bo.75 “’al Qs J(/‘M)m
SW-3 8.38 7.05 0.179
SW-3-1+ 8.62 5.89 0.193
SW-3c¢ 8.78 7.14 0.204
SW-3d 7.36 6.24 0.177
SW-4=x 12.45 9.29 0.227
SW-6* 14,54 10.02 0.205
SW-8#» 8.80 6.80 0.227
SW-8-1 7.69 6.33 0.196
_ Wings with Tip Tanks
SW-3a* 32.4 7.91 -
SW-6 28.0 L4.64 -
SW-7 31.3 5.82 --
SW-Ta 46 .4 6.62 --
Wings with Ailerons
SW-3b 8.3&_ 6.45 0.204
* Injection Flutter
+ Retraction Flutter
WADC TR 54-113 , Parr II 177
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EXPERIMENTAL FLUTTER DATA FOR SWEPT WINGS (Cont.)

Bare Wings




TABLE D.9
EXPERIMENTAL FLUTTER DATA FOR DELTA WINGS
Bare Wings
Model M @g ve K Vg v u“h1 mhg
ps | Ce/see e Rl RO Bl El R
1 1 1
cps
De-1 1.72-] =« - fE-721 - - 361 0,346} -- ne flutter
1.32
NDe-la+ | 1.26 305 1220 409.911.53] L.49 ]1.313 0.307 [ 0.821 | retraction flutter
Eat. Est. | Est.
De-la-1f 1.5g | 355 | 1400 72,0l 1.55] 1.71 | 313 0.345 | 0.891 | injecrion flutter
De-1la-2" 1.2 260 1630 f0.2 2.39 2.10 297 0,315} 0.875 | injection flutter
De-2 1.'.’u?- -- - 907 -~ -- 320 o419 | 1.10 ne flutter
1.41
De-2a-~-1 1.80% -- -- gf-5r | -- -- 310 0,471 ]| 1.39 | no flutter
1.2
De-2b 1.85-| -- - §8-54 | -- -- 337 0.475|1.25 | no flutter
1.27
Ne-2¢ 1.92; -- - g8-49 | -- -- 283 0.477]1.27 | no flutter
1,26
De-2d 1.34 138 1290 48,71 3.57| 2.19 225 0.3%0]1.22 legitimate flutter
De-2d-1 1.626 -- - 8A-£8 | -~ -- 240 0.46311.23 | no flutter
1.2 ’
De-2d-2| 1.30 | 150 | 1260 0.4 | 2.53 | 2.04 | 236 0445 1.22 | same as De-2d-1 but at lower
k3 legitimate flutter
De-3-1 1.825—3 -- .- 93-35 | -~ -- 318 0.712| 1.87 | no flutter
1.2
De-3a 1i86- -- -- 93-27 | -- -- 320 o459 1.24 | oo flutter
37 )
De-3b 1.87-| -- -- 98-61 | -- -- 362 0.486] 1.29 | no flutter
1.3
De-3c I.Bi- - - gs-40 | -- -- 357 0.448]1.24 | no flutter
1.43
De-3d 1 .7%- -- -- B4-68 | -- -- 302 0.384) 1.06 | no flutter
1.61
De-3e* | 1.80 | 167 | 1350 y7.213.68 | 2.92 | 208 0.385] 1.15 | injection flutter *
Da-3f 1.80 | 132 | 1890 8ok lb.60] 2,80 | 210 0.407 | 1.21 | legitimate flutter
De-3£-1% 1.90 172 1520 86.513.60] 2.60 238 0.399 | 1.08 injection flutter
De-3g 1.90 | -- - -- -- -- 286 0.475 | 1.22 | model destroyed by start-
. . ing shock
De-3h liﬁ’ié - -- L02-55 | -- -- 333 0.411 1 1.15 | no Elutter
=l .
De-31 1.92 | -~ -- - - - 280 0.421 | 1.19 | model destroyed by start-
ing shock
De-3j* | 1.92 | 343 | 1520 45,0 1.80 ] 2.45 | 253 0.415 | 1.1¢ | injection flutter
De-4 1 .8‘4% -- -- 60-4k | -~ -- 310 0.506 | 1.25 | no flutter
1.3 .
De-4a 1igoé -- -- gh-ik | -- -- 314 0.458 | 1.23 | no flutter
.2
De-4b 1.00 | -- -- -- -~ -- 275 9.484 | 1.20 | model destroyed by start-
: ing shock
Te-4c 1.67 285 1510 =21 2.6 2.5 231 0.437|1.18 legitimate flutter
De-Yc-1]| L.45 200 1350 24258 221 233 o455 | 1.22 legitimall:e flutter
De-5 * 1.89 153 1550 8252.2}13.73] 3.23 133 0.247 | ¢.718 | injection flutter
De-f * Loz | 784 | 1520 |113.5]7.94 | 4.83 | 120 0.355 | 0.868 | injection flutter
Vings with Elevons
Madel M @ v u . r
f cgs fi fsee £ bv—i v‘i -Dc"l i (fh-—-e— = Remarks |
o £ o a; | eps u’ul mal mul .
De-2e * | 1.92 273 1620 8l.1fe2.27)2.77 223 0.695 | 1.12 1.421 aileron buzz
. throughout run
#Injection flutter
+Retraction flutter
{1) Coupled aileron frequency
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TABLE D.%a

EXPERIMENTAL FLUTTER DATA FOR DELTA WINGS (Cont.)

Bare Wings

Wings with Elevons

Bo75 £ | Pors o | 9 Wit/ 0.75

De-lat 6.12 5.96 --

De-la-1" 6.20 6.8l --

De-la-2" 9.56 8.40 .-

De-2d 14.28 8.76 0.132
De-2d-2 10.12 8.16 0.141
De-3e " 14,56 11.68 0.131
De-3f 18.40 11.56 0.172
pe-3£-1% | 1440 | 10.b0 0.211
De-3j" 7.20 9.80 0.164
De-lc 10.24 10.00 0.147
De=-4c-1 10.32 8.84 10.133
De-5" 14.92 12.92 0.160
De-6" 31,76 19.32 0.132

%

De-2e " 9.08 11.08 -
* Injection Flutter
+ Retraction Flutter
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| TABLE D.10
TIP-TANK PARAMETERS FOR STRAIGHT WINGS
Model m_ My (c.g.)p (rae ) galc. . Ei*
slugs/in| ¥ % wing .8 sﬁgzﬁ“g“
tip chord centers ST
(‘Ic_g,.)T % chord tm;”)(E)T
i —— * span
Mp(bp)”
ST-1a 0.00413 | 1.40] 56.0 0.155 42.5 0.401
ST-1c 0.00447 | 1.40] 39.1 0.149 |- 37.% 0.0506
ST-4a 0.00406 | 1.40| 25.0 0.133 42,2 -0.511
ST-4b 0.00406 | 1.40| 77.5 0.0977 4o.2 1.05
ST-4c** 10,00387 | 1.40[ 25.0 0.131 42 .4 -0.517
ST-4¢c-1%*%]0.00387 | 1.40| 25.0 0.131 h2.4 -0.517
ST-4c-2%%10,00387 | 1.40| 25.0 0.131 42,4 -0.517
ST-4c-3%%10.00387 /| 1.40| 25.0 0.131 42.4 -0.517

*about calc.
**free-to-roll, I

S

locus of shear centers
= 0.00150 slug-ft~

Geometrical shape - body of revolutlon obtained

from sector of circle

Tip tank symmetrically located at wing. tip chord

Fineness ratio = Q.

length tip tank _

wing tip chord

12
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TABLE D.11

TIP-TANK PARAMETERS FOR SWEPT WINGS

m, | My (c.g.)f (r i g) calc.locus Sr
HM q . *&'T | of shear
odel |slugs/in EG % wing (1 ) centers S

tip chord{ *"c g. T % chord (EIE)

MT(bT) .70 span
SW-3a [0.00406 | 1.40 25.0 0.116 42.0 -0.51
sW-6 |0.o0409 | 1.39 25.0 0.128 h2.0 -0.51
sWw-7 10.00391 | 1.45 25.0 0.125 42.0 -0.53
SW-7a |0.00406 | 1.40| 25.0 0.119 | 42.0 -0.51

*free-to-roll, Ig = O.OOlBO-slug-ft2

Geometrical shape - body of revolution obtained
from sector of circle
Tip tank symmetrically located at wing tip chord
Fineness ratio = 0.10

length tip tank _ 3

wing tip chord ~

WADC TR 54-113, Part II 181
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TABLE D.12

AILERON PARAMETERS FOR STRAIGHT AND SWEPT WINGS

Model Half-span aileron (outboard)
ST-1b ) Aileron hinge line 80.0% of wing
chord (no aero-
1 dynamic balance)
ST-1e Ratio of aileron mass per unit 0.100
span to total wing mass per unit
span
ST-1f Aileron center of gravity in per 30.0%
cent of aileron chord
SW-3b Aileron radius of gyration about 45.0%
~ aileron hinge line in per cent
of aileron chord
TABLE D.13
ELEVON PARAMETERS FCR DELTA WINGS
Model Full-span elevon, constant chord,
no aerodynamic balance
Elevon hinge line ' perpendicular to
root, 14.0% of
wing root chord
Ratio of average elevon mass
per unit span to average total 0.10
De-2e wing mass per unit span
Elevon center of gravity in per o
cent of elevon chord 33%
Elevon radius of gyration about o
elevon hinge line in per cent of 45»4
elevon chord
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TABLE D.14
EXPERIMENTAL VIBRATION DATA '_FOR STRAIGHT  WINGS
MODEL ST—1I ST—1\d ST—Id—I
FIRST
NATURAL
FREQUENGY
w= 471 W= 42.0 Ww=46.7
9:,006 9=,008 g=.031
SECOND
NATURAL
FREQUENCY
w=153 w= {40.5 w= 42
9=.007 g=.007 g= 015
THIRD
NATURAL
IFREQUENCY
w= 18] w= 168 w=173
9=,007 9=.007 =013
FOURTH
NATURAL
FREQUENCY
w= 300
g9:=.019
B2 NULL AREAS w =¢ps.
WADC TR 54-113  Part II 183




TABLE D.14 (CONT)
EXPERIMENTAL VIBRATION DATA FOR STRAIGHT WINGS
MODEL ST—2 ST—3 ST—4
FIRST
NATURAL
FREQUENGCY
w= 38.00 W= 34.38 W=57.6
9:.015 d=.018 g =.0ll
SECOND
NATURAL
FREQUENCY
W= 110 ws= 90.0 ws=i67
g=.012 g=.010 g =.008.
THIRD '
NATURAL .
IFREQUENCY
w= 150 W= 136 w =217
d= .00 g=0I9 g = 008
NO NODAL LINES
AVAILABLE
FOURTH
NATURAL
FREQUENGY -
W= 235 w= 204
g=.012 g =.008
B3 NULL AREAS | W = ¢ps.
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TABLE D.14 (CONT)
EXPERIMENTAL VIBRATION DATA FOR STRAIGHT WINGS
MODEL ST—4—1 ST—5 ST—5—1
FIRST
N ATURAL
|FrReQUENGY
w=59,5 w=503 w=53.0
d=.0I8 g=.,012 g =010
SEGOND
NATURAL '
|FRE QUENCY
w=176 w=151.7 w= |5l
d=.0l3 g =,009 g=,008
THIRD
NATURAL
IFREQUENCY
ws= 237 w= 189 w =193
d=.02l g=.01 g9 = 008
FOURTH
NATURAL
FFREQUENQH
w=302 w296
d=.,013 9=.009
NULL AREAS W = cps.
WADC TR 5’4-113’ Part 11 185
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TABLE D.14 (CONT) _
"EXPERIMENTAL VIBRATION DATA FOR STRAIGHT WINGS
MODEL ST—6 ST—7 ST—7—1
FIRST
NATURAL
FREQUENCGY
w=51,2 W= 472 ws 39,
9= .027 g=.044 9:=.036
SECOND
NATURAL
FREQUENCY
w=140.9 w=128.3 ws N3
a=.01 4:.014 g =.017
THIRD
- NATURAL )
MFREQUENGY
w =181 W= 162 w= 148
9=.015 g=.019 9:.014
FOURTH
NATURAL
FREQUE NCY
ws= 300 w =270 w=220
g4=.017 9=.014 9 =017
NULL AREAS W =cps.
WADC TR 54-113, Part II 186

S—




TABLE D.14 (CONT.)
EXPERIMENTAL VIBRATION DATA FOR STRAIGHT WINGS
MODEL ST—7—2 ST—7—3 ST—8
FIRST |
NATURAL |
FREQUENCY
w= 44.0 w= 442
g =.056 g=,018
SECOND
NATURAL
FREQUENCY
w= il ws=123 w= 108
g=.016 g = 016 = ,0IS
THIRD
NATURAL
[FREQUENCY|
w=15%50 W= 165 = |51.3
Q=.0i7 g-=-_022 9=_p0l2
FOURTH
NATURAL
FREQUENCY,
W= 265 w= 2491
d:= 026 g=.0I7
NULL AREAS w = Cps.
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TABLE D.14 (CONT)
EXPERIMENTAL VIBRATION DATA FOR STRAIGHT WINGS
- ST—la ST—Ila
MODEL ST—i2 CANTILEVER CANTILEVER
FIRST '
NATURAL
FREQUENCY
W= 7.8 W= 47| w=143
9=.024 9 =.006 'g9=.009
SECOND
NATURAL :
FREQUENGY
w= 228 w= 153 w=31.0
9= .014 g =.007 g :=.017
THIRD
NATURAL
FREQUENCY
wsz 272 w = 18] W= 25
9= 022 9 2,007 d=.007
NO NODAL LINES
AVAILABLE
FOURTH
NATURAL
Hrneouencv
w= 2 35
g =.004
B NULL AREAS W = cps.
WADC TR 54-113 Part II 188
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TABLE D.i4 (CONT)
EXPERIMENTAL VIBRATION DATA FOR STRAIGHT WINGS
ST—Ile ST—Ilc¢ ST—4a
MODEL CANTILEVER CANTILEVER CANTILEVER
FIRST
NATURAL
FREQUENCY
w= 44,0 W= I3.82- ws= 57l
9= Ql2 g=.0l2 9= 017
SECOND
NATURAL
FREQUENCY
- Ww=138 w=28.04 w=177
g=.015 g =014 g =,007
THIRD
NATURAL
IFREQUENCY
ws=\72 w= 106.8 w=2zil
d=.010 g=.0l2 g = 009
NO NODAL LINES
AVAILABLE
FOURTH
NATURAL
REQUENCY :
w=265 w=196
g= ,009 9 =.007
B2 NULL AREAS W= Cps.
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TABLE D.14 (CONT)
EXPERIMENTAL VIBRATION DATA FOR STRAIGHT WINGS
MODEL ST—4q ST—4b ST—4b
CANTILEVER CANTILEVER CANTILEVER
FIRST
NATURAL
TREQUENCY
w= 16.23 w= 57 W= 14.41
g=.006 g: 017 g=,012
SECOND
NATURAL :
FREQUENCY
. w= 35.6 w= 177 w= 45,7
9= ,0086 9 =.007 g=.014
THIRD '
- NATURAL '
heweucv
w=137.2 W= 21| w= 138
9= .006 g = .009 g9:=.0l0
FOURTH
LNAFURAL
FREQUENCY
w=244
g= .006
B NULL AREAS w =cps.
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TABLE D.14 {CONT)
EXPERIMENTAL VIBRATION DATA FOR STRAIGHT WINGS
MODEL ST—4c¢ ST—4c ST—4c¢c
CANTILEVER CANTILEVER | FREE_TO ROLL
FIRST
NATURAL
-FREQUENCY
w= 60.00 w:= 16.46 w= 100
g =.007 g= .013 g =,006
SECOND
NATURAL
FREQUENCY
=175 w=39.49 Ww=176
g=.008 g=.014 g =.0085
THIRD
NATURAL
IFREQUENCY
w= 238 w=144 ws 254
gz .0I5 g =026 9 =.008
FOURTH
NATURAL
F REQUENGCY
B NULL AREAS w =Ccps.
WADC TR 54-113,Part 11 191
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TABLE D.i4 (CONT.)
EXPERIMENTAL VIBRATION DATA FOR STRAIGHT WINGS
MODEL ST—4c¢ ST—4c—I| ST—4¢c—1|
FREE TO ROLL | FREE TO ROLL | FREE TO ROLL
FIRST
NATURAL
IFREQUENCY .
w= 358 w= 10! w=36.45
g=.009 9 =.010 g :=.012
SECOND |
NATURAL _
FREQUENCY
w= 54.5 w=176 w=55.6
g:.008 g =.010 g =01
THIRD |
NATURAL
|FREQUENCY
w= 170 w= 264 w=178
g =.005 9 =.008 g =.005
FOURTH
NATURAL
FREQUENCY]
W= 242 W= 250
g =.005 g=.008
NULL AREAS W = cps.
WADC TR 54-113 Part II 192
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TABLE D.14 (CONT)
EXPERIMENTAL VIBRATION DATA FOR STRAIGHT WINGS
MODEL ' ST—4c—2 ST—4c¢c—2. ST—4c¢c—3
FREE 70 ROLL| FREE TO ROLLI CANTILEVER
FIRST
NATURAL
FREQUENGY
w=99.0 w=34.8 W =638
d= 010 g=,018 g =.026
SECOND
NATURAL
FREQUENCY -
‘w=174 w= 553 w= 175 )
g=.008 . =015 g =,010
THIRD
NATURAL _
IFREQUENCY
we 262 w= 72 w= 235
8=.007 g = .008 9=,013
FOURTH
NATURAL
REQUENCY B
w= 246 w=333
g =.006 | g=,014
B33 NULL AREAS W =cps.
WADC TR 54-113_.’, Part II 193'
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TABLE D.14 (CONT)
EXPERIMENTAL VIBRATION DATA FOR STRAIGHT WINGS
MODEL ST—4c—3 ST—4c—3 ST—4¢—3
CANTILEVER |FREE TO ROLL|FREE TO ROLL
FIRST
NATURAL
{FREQUENCY
w=20.45 w = 100.0 w = 36.5
9= ,003 9=2.,014 9 =012
SEGOND
NATURAL
|[FREQUENCY -
= 35,88 w=I1TS w=58.3 |
g=.014 g =.006 g9=.010
THIRD
NATURAL
FREQUENCY
w= 144 w=253 w=I175.
‘g=.026 g =.009 g =.008
FOURTH
NATURAL
FREQUENCY
w = 247 W= 24;f
9=,014 9=-—
B2 NULL AREAS w=¢ps.
WADC TR 24-113, Part II 104




TABLE D.14 (CONT)
EXPERIMENTAL VIBRATION DATA FOR STRAIGHT WINGS

ST—1Ib ST—le ' ST—If
AILERON AILERON AILERON LOCKED

WING UNCLAMPED WING UNGLAMPED

FIRST
NATURAL
FREQUENCY

w= 49.07 w=52.6
d=.010 g9=,029
AILERON MODE

SECOND
NATURAL
FREQUENCY

MODEL

w=134 w =14l w=147.2
g =,009 g=.007 g =+,013
THIRD
NATURAL
FREQUENCY
w= 194 w =190 =192
9=.008 g=,008 g=,014

AILERON MODE
NO NODAL LINES AVAILABLE

FOURTH
NATURAL
[FREQUENGY ,

ws= 210
gs — —
B2 NULL AREAS w = cps.
WADC TR 54-113, Part II 195




TABLE D.15

EXPERIMENTAL VIBRATION DATA FOR SWEPT WINGS

MODEL SW —2a SW—2a—I Sw—=2b
FIRST
NATURAL : ‘,
FREQUENCY
w= 375 W= 352 w= 3.4
g=,015 g=.,016 g=.013
SECOND
NATURAL
FREQUENCY
w=140.,2 w=132 w=104 (EST.)
g:=,004 g =.012 z ——=
THIRD
NATURAL
IFREQUENCY
W= 225 w=217 wz=140 (EST.)
92,005 g=.0l4 g= -———
B2 NULL AREAS W = cps.
WADC TR 54-113,Part II 196
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TABLE D.!5 (CONT)

EXPERIMENTAL VIBRATION DATA FOR SWEPT WINGS

FREQUENCY

MODEL SW—3—I SW—3¢ SW—3d
FIRST
NATURAL

SECOND
NATURAL
IFREQUENCY
w =120 w= 127
g =.014 =.013
THIRD
NATURAL
IFREQUENCY
w=146 w=137
gs,013 9 =.009
FOURTH
NATURAL
ﬂFREQUENCY
w= 24l w =255
g =.0|7 g =.0|7
FIFTH -
l NATURAL
FREQUENCY w= 283 w=283
g=.011 g=,009
NULL AREAS @ =cps.
WADC TR 5&—113, Part 11 197




TABLE D.I5 (CONT)
EXPERIMENTAL VIBRATION DATA FOR SWEPT WINGS
MODEL SW—2b—1I SW-2b-2 SW—3
FIRST | EEERRS
NATURAL
FREQUENCY .
W= 31.2 W= 31,2 W =335
g9=,007 9 =.015 =.020
SECOND R
NATURAL
FREQUENCY
w =109 S W= W =119
9=,006 g=--- g-=.013
THIRD
| NATURAL
[FREQUENCY
| w= 137 W= 140 w=132,
g=.005 9=--- 9=.0I5
FOURTH
NATURAL
FREQUENCY
w=2i4 w =26l
g =.004 g =.014
B3 NULL AREAS w = cps.
WADC TR 54'113,Part I 198
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TABLE D.I5 (CONT)
EXPERIMENTAL VIBRATION DATA FOR SWEPT WINGS
MODEL SW—4 . SW-—5 SwW—8
FIRST R~
NATURAL
IFREQUENCY
we=27.2
g9 =.024
SECOND
NATURAL
FREQUENCY ‘
w=97.6 w = 100,0 ' w=128
g9 =.022 g=,018 g:=.024
THIRD
NATURAL
FREQUENCY :
W= 121 w=113 w =150
g =,031 9=.022 ' ' d4=.011
FOURTH
NATURAL ) .
[FREQUENCY :
=23l w= 237
g=.020 g =.03I
FIFTH
NATURAL . _
FREQUENCY
w= 307
g =,024
B NULL AREAS ' W =cps.
WADC TR 54-113, Part 1I 159
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WADC TR 54-113, Part II

TABLE D.I5 (CONT)
EXPERIMENTAL VIBRATION DATA FOR SWEPT WINGS
SW—8-| SW-3a SW-3a
CANTILEVER CANTILEVER
FIRST
NATURAL
FREQUENCY
w= 3718
g = .05
SECOND
NATURAL
[FREQUENCY
w=125 w= 120 w=3088
9=.028 g=.,012 g9=.010
THIRD
NATURAL
IFREQUENCY)|
W= 146 w=145 w=85.7
g9=,014 g =010 g=.013
FOURTH S
NATURAL
[FREQUENCY N .
w=24| w= 237 w = 200
9:=,034 g=.0I8 g9=.007
FIFTH
NATURAL
HFREQUENCY
w=297 w= 295
9 =.0i6 g =.010
B WNULL AREAS w = cps.
200
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TABLE D.15 {CONT)
EXPERIMENTAL VIBRATIONDATA FOR SWEPT WINGS
MODEL SW—6 SW—6 SW—7
CANTILEVER CANTILEVER CANTILEVER
FIRST X
NATURAL
FREQUENCY
' w=52.4 w=15.79
g=.027 g=.021
sgpoNo
NATURAL -
IFREQUENCY '
w=42.|
g =904,'7
THIRD
NATURAL
|FREQUENCY
w=189 w=15.2
g =.009 g=.014
FOURTH
‘NATURAL
[FREQUENCY
FIFTH
NATURAL
[FREQUENCY
B NULL AREAS w = cps.
WADC TR 54-113,part II 201



TABLE D.I5(CONT.)
EXPERIMENTAL VIBRATION DATA FOR SWEPT WINGS
MODEL SW—-7 SW—7a SW—7a
CANTILEVER CANTILEVER CANTILEVER
FIRST
NATURAL
FREQUENCY
SECOND
NATURAL R
[FREQUENCY/{ 05
w=36.4
9:.026
THIRD
NATURAL
FREQUENCY
w= 171 _
gd=.00 g4=.015
FOURTH
NATURAL
LFREQUENCY
Ww=233 w=233 w=228
g=.0l8 . 9=.029 g =.00%
B NULL AREAS W = cps.
WADC TR 54-113, Part II 202.
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TABLE D.15 (CONT.)
EXPERIMENTAL VIBRATION DATA FOR SWEPT WINGS
MODEL SW-7a SW—Ta SW—3b
J FREE TOROLL FREE TO ROVLL AILLRON
WING UNCLAMPED
FIRST | “wommvmm pe——
NATURAL R
IFREQUENCY
wsz73.70 w=29.75 w =350
g=.0l 9=.0ll g=.,02I
SECOND
NATURAL
{FREQUENCY
w= 175 w=53.3 w=130.6
g=0006 g=-0“ g= 10|4
AILERON
FREQUENCY
THIRD
NATURAL
FREQUENCY
wz= 23l w=125 w=147.6
d=,007 g=.013 =,0l5
FOURTH
NATURAL
FREQUENCY
ws236 ws 280
g =1009 g =t0|5
NULL AREAS w=cps.
WADC TR 54-113’ Part II 203
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WADC TR 54-113, part 11

'a—_

TABLE D.i6
EXPERIMENTAL VIBRATION DATA FOR DELTA WINGS
MODEL De —| De —la De-la—I
FIRST N ::o:o’o’o‘ Q<
NATURAL K
FREQUENCY :
w=125 w=962 w=108
g =017 g=.0I6 g=.0l8
 SECOND EETKIRITX ’
NATURAL ‘
FREQUENCY <
= 36| w= 257 w= 279
g=,02I d=.016 g9=,024
THIRD
NATURAL
FREQUENCY
w= 3|3
g=.,018
FOURTH
NATURAL
FREQUENCY
w= 508
d=0I6
BB nNuLL AREAS w =cps.
204




TABLE D.16 (CONT.)
EXPERIMENTAL VIBRATION DATA FOR DELTA WINGS
MODEL De—la -2 De—2 De—2a—1I
FIRST
NATURAL
FREQUENCY|
W= 146.
9=.032
SECOND
NATURAL
FREGUENCY
w= 260 w=320 w=310
9:.034 9= - - 9:.03
THIRD oo '
NATURAL X
IFREQUENCY]
ws= 297 w=35l w= 430
g=.019 9=-- 9= ,05
' FOURTH =
NATURAL
FREQUENCY '
w= 487 w=580 w=640
g=.027 g= — — g= .05
NULL AREAS W= cps.
WADC TR 54-113,Part 1I 205
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TABLE D.16 (CONT.)
EXPERIMENTAL VIBRATION DATA FOR DELTA WINGS
: MODEL De—2b De —2c¢ De— 2d
FIRST
NATURAL
[FREQUENCY]
w=135 w=76.5
g=.033 g= 041
SECOND | ' ‘
NATURAL
- |[FREQUENCY
| w=337 w= 283 w= 225
g=.038 g=.030 g=.023
THIRD
NATURAL
{FREQUENCY
w= 421 w= 360 w= 275
g= .02 g =035 g=.04l
FOURTH
NATURAL
FREQUENCY
B NuLL AREAS W = cps.
WADC TR 54-113, Part II 206
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TABLE D.16 {(CONT)
EXPERIMENTAL VIBRATION DATA FOR DELTA WINGS
MODEL De—2d -\ De—2d-2 De— 3-I
, Py s
FIRST R
NATURAL *
FREQUENCY
W=l w=105 w=142
g=.025 g=.024 g=.04
SECOND KRR .
NATURAL N
FREQUENCY
w= 240 w=236 w= 38 (EST)
d=.026 g=.024 gz — —
THIRD
NATURAL
FREQUENCY
w= 296 w=287 w= 370
g= .03 g=.04 d=.049
FOURTH
NATURAL
FREQUENCY
g=.02
B2 NULL AREAS W= cps.

WADC TR 5}4—113’P3rt 11
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TABLE D.16 (CONT.)
EXPERIMENTAL VIBRATION DATA FOR DELTA WINGS
MODEL De — 3a De— 3b De—3¢
FIRST kot
NATURAL
FREQUENCY)]
‘ W= 147 w=176 w= 160
g=.02 g=.044 | g'=.014
SECOND
NATURAL
FREQUENCY
w=320 ws362 w=357
g9=.016 g:.027 g9:.014
THIRD
NATURAL .
FREQUENCY
w= 396 w=466 W= 443
g=.030 9-.03 a-.02l
FOURTH
NATURAL
FREQUENCY
w= 520 w = 640 w= 760
9= .03 g-.04 d=.02
B nNuLL ArEAS W = ¢eps.
WADC TR 511-113, Part II 208




TABLE D.16 (CONT.)
EXPERIMENTAL VIBRATION DATA FOR DELTA WINGS
MODEL De— 3d De— 3e De —3f
FIRST :
NATURAL
FREQUENCY
w=1l6 w=80 w=85.5
g=.025 g=.049 g=.,022
SECOND 1
NATURAL
FREQUENCY
- ws 302 (Q= 208 w=210
g=.024 g=.023 g=.018
THIRD '
NATURAL |
FREQUENCY } |
w=320 w=240 w= 254
g=.04 g=.010 9= 033
FOURTH IR
NATURAL ‘
FREQUENCY
w=500 w= 380 w=378
g=.02 g=.022 g=.,02
NULL AREAS W =cps.
WADC TR 54-113 part 11 209

|E¥'<:




+ A A L

TABLE D.t6 (CONT)
EXPERIMENTAL VIBRATION DATA FOR DELTA WINGS
MODEL | De—3f—| De—3gq De-3h
FIRST
NATURAL
FREQUENCY
' w:=95 W= 137 w=137
9=026 d4=.039 g =.049
SECOND .
NATURAL
FREQUENCY
w=238 w =286 ws 3_33
9=.037 g=.012 d= .04
THIRD
'NATURAL
FREQUENCY
w =348 W= 348
g9=.022 g9=.03 9=.03
FOURTH R
| NATURAL 580
FREQUENCY
W = 440
9= .024
NULL AREAS a = Ccps.
WADC TR 54-113, part II 210
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TABLE D.16 (CONT.)
EXPERIMENTAL VIBRATION DATA FOR DELTA WINGS
MODEL De—3i De—3j . De—4
FIRST
NATURAL
FREQUENCY
' w="8 w=105 w=157
g= .035 g= 09 9:=.018

SECOND
NATURAL "

FREQUENCY |
w= 280 w=253 w = 310
g=.023 g=.02l 9= .024 '

THIRD
NATURAL

FREQUENCY
w= 333 ws= 300
9=.03l ) g= .04

FOURTH
NATURAL
FREQUENCY
w= 467
9=.03
B23 NuLL AREAS W = ¢ps.
WADG TR 54-113) part I1 211
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TABLE D.16 (CONT)
EXPERIMENTAL VIBRATION DATA FOR DELTA WINGS
MODEL De —4a ‘pe—4b De—-4c¢
FIRST R 50,0
NATURAL
FREQUENCY!
\ w=144 W= 133 W= 101
9=,036 g- .036 g=—w
- SECOND :
NATURAL |
FREQUENCY ,
w= 314 ws= 275 w= 23
g=,032 g =.100 gs——
THIRD
NATURAL
FREQUENCY
Ww= 385 w=330 w=272
4-.026 9-.034 9: — —
FOURTH
NATURAL
FREQUENCY
B2 wuLL areas . w=cps.
WADC TR 54-113, part II 212
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| TABLE D.I6 (CONT)
EXPERIMENTAL VIBRATION DATA FOR DELTA WINGS
MODEL De—~4¢—| De—-5 De—6
FIRST
NATURAL
FREQUENCY '
w= 106 W= 46.4 w= 458
g=.025 - g9=.0T71 g= .05
SECOND
NATURAL
FREQUENCY
w=135 wsl2
9=.03 g=.,059 g9=.09
THIRD
NATURAL
FREQUENCY
w=129
g =.09
FOURTH
NATURAL -
FREQUENCY
w= 437 w= 266
- §=.,028 g:=.07
NULL ABEAS | @ = ¢Cps.
WADC TR 54-113, Part II 213
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TABLE D.16 (CONT) |
EXPERIMENTAL VIIBRATI‘ON DATA FOR DELTA WINGS
| MODEL | De-—2e De—2e
AILERON {CONT)
WING UNCLAMPED
FIRST '
NATURAL
FREQUENCY
W= |55 w= 400
9:.020 g-.02
SECOND
NATURAL
FREQUENCY
w=223
9=.024
THIRD
NATURAL
FREQUENCY
w =250 (EST})
AILERON MODE
FOURTH
NATURAL
FREQUENCY
w= 37
9=.028
B3 NuLL AREAS w = cps.
WADC TR 54-113, part T1. 214
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FIGURE D.,7 LOCATION OF INFLUENCE-COEFFICIENT POINTS FOR STRAIGHT-
WING MODELS
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