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PREFACE

In jine with its objectives ol advancing the frontiers ~f scientific
knowledge closely related to the operational mission of tue United
States Navy, and of dis<eriinating these advances to decigners of our
Nation's weapon syster- -. "he Office of Naval Research welcomes this
opportunity to join with the Aerospace Industries Associati¢m in the
sponsorship of this verytimely symposium onthe Structiral Dynamics
of High Speed I'light,

That the symposium succeeded . disseminating new and needed
technical information in this challenging and complex field was amply
attested Ly the definitely favorable comments of many of the two hun-
dred and thirty-five scientists and engivicers who attended. Some
forty-five organizations were represented by these participants,
namely: Army - two; Navy - fifteen; Air Force - twelve; NASA -
twenty-six, the Federal Aviation Agency - two; the Na.tlonal Science
Foundation - one; Universities ~ seven; Kesearch Institutes - six;and
some thirty five Industrial Concerns - onc hundred and sixty-four.

In order to facilitate discussion, all of the sessions of the sym-
posium were classified ccnfidential, but only five of the thirty formal
papers were so classified. Accordingly, the Proceedings are issued
in two volumes, Volume 1 containing the twenty-five unclassified
papers and Volume 2 containing tl:e five classified talks.

In conclusion, the personnel of the Structural Mechanics Branch
of this Office wish to commerd the efforis of those members of the
Aerospace Industries Association’s Panel on Dynamics and Aeroelas-
ticity Research whose technical and organizational excellence contri-
buted so effectively to the success of this symposium.

JOHN M. CROWLEY

Structural Mechanics Branch
Office of Naval Research
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FOREWORD

The rapidly expanding aerospace vehicle flight regime has created
many new and unique design requirements. In the field of structural
dynamics the industry has encountered an increasing number of prob-
lems which have required new research to develop satisfactory meth-
ods of solution. Although considerable progress has been made in the
past few years in advancing the state of the art in structural dynamics,
there has been a need for a more adequate dissemination of this infor-
mation to permit a wider and more immediate application of the new
techniques and to serve as a guide and stimulant for additional
research,

Recognizing this need, the ARTC Dynamics and Aeroelasticity
Research Panel of the Aerospace Industries Association conceived and
planned a symposium on Structural Dynamics of High Speed Flight.
The symposium was held on 24-26 April 1961 at the auditerium of the
Institute of the Aerospace Sciences in Los Angeles, California, and
was sponsored jointly by the Aerospace Industries Association and the
Office of Naval Research. These proceedings, in two volumes, contain
the papers presented at the symposium.

On behalf of the Dynamics and Aeroelasticity Research Panel, 1
would like to expr. ss my thanks to the many people who so ably con-
tributed to the success of the symposium: to Captain Harold E. Ruble,
Deputy and Assistant Chief of Naval Research, for a most inspiring
welcoming address; to Mr. Johin M. Crowley and Mr. Ben J. Cagle of
the Office of Naval Research and Mr. H, Dana Moran of the Aerospace
Industries Association for their invaluable aid in attending to the many
details of arranging the symposium; to Mr. Irving Rudin of the Office
of Naval Research for the all-important job of publishing these pro-
ceedings; to the speakers and co-authcrs for supplying the basic ingre-
dient of the symposium; and finally, to the six session chairmen,

Mr., Walter J. Mykytow of WADD, Professor John W. Miles of UCLA,
Dr. Millard V, Barton of STL, Mr. I. Edward Garrick of NASA,

Dr. Harold Liebowitz of ONR, and Dr. Charles T. Morrow of Aero-
space Corp. for supplying a unifying thread which gave added signifi-
cance to the papers, »nd for interjecting a bit of humor which made the
symposium enjoyable as well as informative,

Eugene F. Baird

Chairman

ARTC Panel 58-A

Dynamics & Aeroelasticity Research
Aerospace Industries Association
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WELCOME

Captain H. E. Ruble, USN
Deputy and Assistant Chief
Office of Naval Research

Mr. Baird, Distinguished Guests and Participants in this
Symposiurn:

On behalf of the Aerospace Industries Association and the Office
of Naval Research, I wish to welcome you to this Symposium. I
cxtend to you, also, the best wishes of Admiral Ccates, Chief of Naval
Research, who deeply regrets that sudden demands of business in
Washington have prevented his appearance here this morning.

I would like each of you to know that it is a pleasure for the
Department of the Navy to cooperate with the Aerospace Industries
Association in arranging for the conduct of the excellent program
planned for this meeting. Indeed, the joining of research and tech-
nology as symbolized by this Symposium may be said to mirror the
goal of all progressive research and engineering activities, which is
to effectively integrate these two allies for progress. The dynamics
problems scheduled for presentation and critical discussion here
appear to be timely and of particular technical significance to the
defense needs of the Nation in this period of rapid technological
development.

The Navy's needs in the area of structural mechanics are quite
compretensive and varied, since we are concerned with vehicles
operaring deep beneath the sea, on the surface of the ocean and in the
air above. In the case of the Polaris missile, we have a weapon that
must function in all three environments.

In the regime of high speed flight particularly, severe situations
have 2risen which require urgent solution. Recognizing this, the
Office of Naval Research and the Bureau of Naval Weapons have plan-
ned and coordinated a structures research program which reflects
the future needs of both the Navy and the prime aircraft and missile
companies engaged in missile structural design, Out of this program
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Ruble

has come the present broad Navy support of research tasks which are
certain to lead to the development of more effective and reliable
military structures.

Testing apparatus and experimental techniques, previously un-
available, have been developed as part of a high temperature program
to determine physical properties of materials of interest at ternpera-
tures up to 4000°F. This engineering data is necessary in order to
analyze in a rational manner the thermal stresses and deformations
encountered by missile and aircraft structures in supersonic and
hypersonic flight,

Similitude requirements for the experimental study of aerother-
moelastic phenomena associated with flight at hypersonic speeds have
been devised as a result of research sponsored under this program.
Studies have also been made of the type and minimum sizes of facili-
ties for studying aeroelasticity phenomena in the presence of aero-
dynamic heating.

In the area of research coordination, the present DOD centralizing
activity for Shock, Vibration and Associated Environments was origi-
nally established by the Office of Naval Research specifically for
Naval needs in Shock and Vibration, With the encouragement of the
other services and the endorsement of the Office of the Director of
Defense Research and Engineering, the function of this activity has
grown to serve, we believe effectively, the entire National defense
community.

Augmenting our research efforts in the more usual areas of
structural mechanics and dynamics, the Office of Naval Research has
recently instituted a program of study in viscoelasticity as related to
the design of solid propellants in rocket motors. As solid propellant
grains, chemically potent but mechanically weak, continue to grow in
size, we are becoming increasingly concerned about their reliability.
We must gain a better understanding of what it is that causes cracks
to form and dimensional instabilities to occur at various times during
the grain life including the combustion phase. Both the static and
dynamic aspects of this problem are important.

The purpose of this research is to provide engineers with basic
and design information on the viscoelastic structural response of
high-energy solid propellant materials under realistically simulated
service conditions.

Most of the papers to be presented by industry at this symposium
are based on research sponsored by various government agencies,
particularly the Air Force and the Navy. Previous structural dynam-
ics research so conducted has been intelligently executed and shows
encouraging results. Nevertheless, the need for additional knowledge
in this area continues to be pressing. It is hoped that Government and
Industry will continue to cooperate effectively toward this goal of
enhancing our military capability.
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Initiative must be partnered with aggressiveness to achieve any
really solid advances in military technology. This is particularly true
in the area of structural dynamics; we are dealing with new forces and
new environments where we cannot even be surc of the parameters.
The close association and partnership of government and industry is
the only way we can be sure of generating steady significant progress.

I am glad to have had this opportunity to say a few words to this

distinguished assembly, and I am sure that this symposium is a har-
binger of greater things to come.
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NEW DYNAMIC SYSTEM CONCEPTS
AND THEIR APPLICATION TO
AEROELASTTC SYSTEM APPROXIMATIONS

Melvin B. Zisfein* & Frank J. Frueh¥¥
Astromechanics Research Division
Giannini Controls Corporation
Buffalo, New York

We present here some results of a study which is directed
at a better understanding of flutter and its relation to the sub and
supercritical dynamic behavior of an aeroelastic system. All of this
work was sponsored by the Air Force Office of Scientific Research and
monitored by Mr. Howard Wolko of that organization. This work has
recently been summarized and published in Air Force Office of Scien-
tific Research Technical Report 60-182. 1In addition, both the
authors and the Air Force are happy to thank the AIA 58-A Dynamics
and Aerocelasticity Panel through which practical examples were
obtained for the comparisons which we will show. 1In this paper we
will not attempt to condense the detail of AFOSR TR 60-182. Rather,
we hope to explain our motivations and conclusions and to elaborate
on the important points. For detail we refer the listemer to the
AFOSR Technical Report.

The project upon which we report grew out of an attempt to
explain some apparent contradictions between the conventional flutter
damping solution (sometimes known as the AMC type solution because it
is classically exemplified in AMC Technical Report 4798) and the true
dynamic response of the aeroelastic system. As our work progressed,
and these apparent contradictions were explained, a new logical
approach to the dynamics of aeroelastic systems began to evolve.

This approach was first formulated qualitatively and later employed
quantitatively to develop some new and useful approximations which
relate flutter to true system dynamic response. In the opinions of
the authors, this new dynamics logic is the principal contribution
of the study to date. It makes extensive qualitative and quantita-
tive use of the roots coalescence property noticed by many authors
and should be differentiated here from the very valuable recent con-
tributions of authors such as Pines and Laidlaw. We have not sought

*Division Manager
**Senior Staff Scientist
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means of accurate approximate flutter prediction, nor have we employed
roots coalescence thinking to examine flutter trends as such. Rather,
our unique contribution has been in the relating of flutter and
flutter-type calculations to the true sub and super-critical system
dynamic response, sometimes referred to as true system damping.

Before we show the algebraic and numerical results of our
studies, let us introduce some new concepts. In our first slide we
show the loci of the roots of a typical, \"AMC" flutter solution. We
show these roots in the upper portion of the slide plotted as struc-
tural damping required for neutral stability versus air speed and in
the lower portion of the slide as corresponding values of coupled
frequency versus air speed. If these binary roots represented simple
bending torsion flutter, branch A might be the bending branch and
branch B might be the torsion branch. 1If the roots represented a two-
mode approximation to panel flutter, branch A would be the lower fre-
quency panel mode and branch B the high frequency panel mode. Now,
let us define a curve which in this binary case is a closed curve
which travels in the V-w plane from one zero-airspeed natural fre-
quency to the other zero-airspeed natural frequency, and which does
this by approximating as closely as it can in simple fashion the
lower air speed valves of the roots loci. We superimpose this curve
on our roots loci in the next slide, Let us call this the Base Curve
and call any points along it values of w and V, rather than values of
@ and V. We will see later that this base curve may be found as a
very good approximation to the roots loci if we let dampi:gz be at all
times very low.

Now what about points along the roots loci when damping is
not very low. We see from the slide that there is an intermediate
region and then a region where damping becomes very high and the
roots loci become asymptotic to a line. Let us, in the next slide,
add this line and call it the High Damping Asymptote.

Note that we are speaking here about a conventional or AM
type of flutter solution which deals with values of velocity and fre-
quency corresponding to neutral stability or simple harmonic motion
and with values of the structural damping which would be required in
the system to bring about this condition. Instead of requiring
structural damping we could require viscous damping. We would find
that our roots loci fell along essentially the same base curve but
departed from this base curve at a different place and followed a
different high damping asymptote. We could also think in terms of
still different roots locf, namely, the roots loci of so-called true
system damping. This true system damping 15, at any air speed, the
rate at which a disturbed mode wouid subside or decay. 1In our
studies we certainly considered this kind of motion, however, we _ 3
avoided the nomenclature confusion which almost always results by
referring to its amplification magnitude not as amount of true system
damping but rather as the Decay Coefficient. We will henceforth
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describe subsiding or increasing motions by their decay coefficients
which are nothing more than the coefficients of their exponential
envelopes. Hence, in the next slide we show decay roots for the same
binary system that we have discussed previously, Note that the en-
velope of motion in any mode is given by values of e?®', Note that
for the same system, these roots will, in the V-g plane, also tend to
follow essentially the same base curve but that they tend to depart
from this base curve at a different point and thenceforth to follow
a different asymptote which we have named the High Decay Asymptote.
It is interesting and comforting to note that this high decay asymp-
tote will always intersect a base curve at the point where its slope
is infinite, a point which we have termed the Nose of the base curve.
We say comforting because this fact ensures that regardless of double
valued damping roots, neither of the two decay roots will be double
valued at any velocity; a fact which corresponds with all known ex-
periment. We should emphasize another important point at this time,
namely, that all of our algebra and our subsequent numerical computa-
tions (and these have been considérable) shows us that there is no
reason to expect the flutter point to lie at the intersection of any
of these asymptotes with the base curve, especially the intersection
of the high decay asymptote with the nose of the base curve. 1In
other words there is no reason to expect the flutter point to fall
at the coalescence point and this fact in no way diminishes any of
the useful properties of this coalescence point of view. In the next
slide we superimpose the two velocity-damping and velocity-decay
curves that we have shown and we see that despite the fact that in
the V-w plane they tend to follow the same base curve and depart
neatly along asymptotes, in the V-g or V-y planes, they do mnot, in
general, correspond to each other nor should they be expected to
correspond to each other except in some special cases.

Now that we have described these new basic concepts to you
we can demonstrate how they have been and how they can be employed
‘to Better understand dynamic response and relate dynamic response to
the flutter solution. Let us consider our first two binary systems,
a pitch-plunge wing and a two-mode simply-supported infinite panel.
These systems are pictured in the sketches on the auxiliary slide
which we now show. This slide also contains some of the necessary
algebraz and we really should apologize for the clutter. The charac-
teristic equation of each of our binary systems is given directly
below the sketch of the system. We derived these equations using a
conventional Lagrangean approach with aerodynamic inputs of first
order piston theory. The notation is that of our AFOSR TR 60-182
which also lists all of our assumptions. The characteristic equation
is phrased in terms of system natural frequencies, coupled frequen-
cies, system parameters such as ry and Xy, velocity, V, and values
of the structural damping gg, and viscous damping ;s. Each mode is
free to vibrate as eSt where s = yw + iw and where y is the decay co-
efficient. We solved these characteristic equations in conventional
fashion for the cases that we have just discussed, Case A being a
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conventional flutter solution, Case B being a required viscous damp-
ing flutter solution, Case C being a true system damping solution or
as we call it decay solution for the system if we assume that it has
no structural or viscous damping, and Case D being a decay solution
for the system if we admit the presence of its actual structural
damping. For all of these cases, velocity is related to frequency
for very low damping by the relations shown at the bottom of the
chart, hence these relations are the equations of the applicable base
curves. Now let us examine some of the solutions for Cases A, B, G,
and D. The solution for flutter damping, g,, in Case A for both the
pitch-plunge wing and simply-supported panel turns out to be a co-
efficient times frequency to the first power times some function of
frequency which we call Fj(w) or Gj(w) all divided by a different
function of frequency which we call F2(w) or Go{(w). Note the simi-
larity of the wing and panel solutions. The Case B solution for ;R,
the required viscous damping, is quite similar in form to Case A ex-
cept for the denominator frequency polynomial which we call F3(w) or
G3(w). The Case C solution for y,, decay rate without material damp-
ing, has still the same frequency polynomials in the numerator but
now frequency times a still different frequency polynomial F,(w) or
G, (@) in the denominator. The Case D solution for y, decay rate
with structural damping is similar to Case C except that the numera-
tor has an additive frequency polynomial which turns out to be the
denominator frequency polynomial of Case A, The important thing
about Case D is that it reduces to a very useful relation shown as
the right-hand equation in the Case D blocks, namely, that for either
binary wing or panel, y, the true system decay rate equals y, (that
is, the decay rate in the absence of any structural or viscous damp-
ing) times the quantity one minus gg (the structural damping actually
present) divided by gy (the AMC flutter solution). Note also that
from these .solutions we can get the equation of the high structural
damping asymptote by setting Fy(w) or Gp(w), the denominator of the
ggp polynomial equal to zero and then solving for w. We can get the
equation for the high viscous damping asymptote by setting the SR
expression’'s denominator polynomials F3(w) or G3z(w) equal to zero
and solving for frequency. We can similarly obtain the high decay
asymptote from either Case C or Case D by setting their denominator
polynomials Fs(w) or G,(w) equal to zero and again solving for w.

We must apologize here for our hasty treatment of this topic
and explain that it is thoroughly documented in our previous report,

AFOSR Technical Note 59-969, which introduces these concepts and
presents a number of numerical examples.

Having defined our basic concepts and presented simple binary
solutions we can now illustrate their use in more complex solu-
tions. Let us turn our attention to some ternary systems. In
our study, three ternary systems were chosen -- a uniform simply-
supported panel, a uniform cantilever wing capable of bending in two
modes and twisting in one, and a uniform cantilever wing capable of
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both bending and torsion in one mode each and containing a control
surface which is free to twist with respect to the wing. By employ-
ing our basic concepts and assuming an algebraic similarity of form
between the binary solution on the auxiliary slide and our desired
ternary solution, we were able to calculate ternary system approxi-
mations which agreed quite well with exact solutioms. Algebraic com-
plexity prevents us from going through the details of this work here,
but the work has been carefully documented in AFOSR Technical Report
60-182. We should particularly emphasize that our derivations of the
denominators of these approximations were made possible only by a
knowledge of the base curve equation and the properties that should
be expected of the base curve. We illustrate this use of 'base curve
reasoning' here with a description of how we approximated the ternary
decay, 7,, solution for the three mode panel. From our study of
binaries (shown in the auxiliary slide) we noted the relation between
modal coalescence and the flutter point. From extensive previous ex-
perience with aircraft flutter it seemed proper to expect only one
coalescence in the vicinity of a flutter point for any reasonable
number of degrees of freedom. 1In view of this 'physical" similarity
it was at least worthy of investigation to ascertain whether or not
the solution of the ternary system was not similar in essential alge-
braic form to the corresponding binary solution. First, the form of
Yor DY analogy to the binary solution in the auxiliary slide, is
postulated to be equation A in the next slide, where Hy(w) and Hy(m)
are frequency polynomials to be determined.

The identity of Hy(w) and Hy(w) can be established by the
use of some clues obtainahle from the auxiliary slide. The study of
the binary systems showed that the expressions for gp and y, have
the common numerator Gj(w). We observe that the ternary gr and Ve
are also required to be zero at the same velocity and frequency.
Then, by analogy, the numerator polynomial Hy(w) was assumed to be
Hy(w), the numerator of the terrary g, solution which we were able
to find analytically. As for H,(w), we noted in our binary work that
Yo was caused to become infinitée at a frequency where its denominator
frequency polynomial Ga(w) became zero. This fact, as I explained a
short while ago, determined the frequency of the high decay asymptote.
We further found that this high decay asymptote intersected our base
curve at its nose, i.e. the frequency of its maximum velocity point.
This then means that an expression for the inverse slope of the base
curve dVo/dm (obtained by differentiating the base curve equation)
should become zero at this same frequency. Performing this differen-
tiation for the binary system yielded the information that the fre-
quency polynomial in dV,4d» which caused this to happen was our same
Gy (w). Using this clue to formulate a ternary approximation we
contrived a frequency polynomial H,(w), which we found by differentia-
tion (for dV,/dw) of the ternary system base curve equation. The
differentiated expression is shown here as Equation B. The frequency
polynomial we want is the frequency polynomial in this differentiated
expression which causes it to become zero at the right place. We
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show this polynomial as equation C. We therefore put this new fre-
quency polynomial H,(w) into the denominator of our postulated approx-
imation for ternary y, in place of Hbe) to get our completed approxi-
mation, equation D,

This derivation, in itself, did not establish the validity
of equation D. 1In fact, recalling some of the intuitive leaps in-
volved, extensive numerical comparison of equation D with an "exact'
numerical solution of the characteristic equation was required to
establish such validity. These numerical comparisons were made and
they are presented in the next slide. Here our approximate solutions
for the y, roots are the lines and the "exact' solutions are the
points. You will note that the correlation between our approximation
and the 'exact'" values is rather remarkable. These numerical compari-
sons also give strong support to the validity of our 'basic concepts',

We also show here a comparison between another one of our
approximations and some ''exact'" calculations which we obtained numeri-
cally directly from the characteristic equation. These are shown
in the next slide for the three-degree-of -freedom wing case. Note
in the V-u» plane our approximations to the first bending, torsion,
and second bending decay roots. Note further in the velocity-decay
plane that correspondence between our approximations and the exact
solutions are almost as good to a point considerably beyond the
flutter point. Note further that the flutter point does not in this
case fall at the point of coalescence of the coupling modes. 1In the
next slide we have similar comparisons for the same wing for approxi-
mate and exact solutions for the total decay rate, y, for two values
of the structural damping coefficient, gg, namely, .05 and .1l. Here
the correspondence between approximate and exact solutions is similar-
ly good.

We should point out here that all the work which I have
described so far was characterized by the need for knowing in advance
the system's characteristic equation and also the values of the many
system parameters which are used in the characteristic equation.
Moreover, all of this work is characterized by rather cumbersome
algebra. However, having all of these cases available enabled us to
make comparisons between these solutions and find expressions of
rather startling generality. One expression in particular permits
considerably easier and far more general application of our concepts
than we had anticipated up to this point. 1I'll derive this relation-
ship here for the binary panel case since the algebra is by far
easier than for any other case. We'll need to refer to our auxiliary
slide for some of the basic equations. In our next slide we start
with equation A, our equation for the binary panel base curve., Dif-
ferentiating this equation with respect to frequency ylelds equation
B. The next steps depend on Tecognizing that this right hand side
of the base curve equation contains many elements in common with the
frequency polynomial Go(w), our denominator of the flutter solution
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in Case A of the auxiliary slide. We must also recognize that the
numerator of the right hand side of the differentiated base curve
equaticn, equation B, is equal to the denominator of our approximate
solution for y, in Case C. Now manipulating the base curve equation
so that we can substitute directly the expression for Gj(w) leads to
equation C. Compare the remaining terms on the right hand side of
equation C to the numerator of equatjion B. The frequency polynomials
differ only by an additive Zm(a/%ﬂl)z, which turns out to be always
very small compared to the other terms. Combining equations Band C
and solving for G, (w) ylelds equation D. From our previous deriva-
tions, we note that the ratio of y, to g, 1is given by equation E.
Therefore, substituting Gyp(w) from equation D and 2uG,(w) from equa-
tion B leads to the final form, equation F.

At this point, it should be stated that equation F may be
general for all aeroelastic systems, insofar as we have been able
to derive it from the basic equations of all of the systems we con-
sidered. These include the two binary systems, the binary panel,
and the binary pitch-plunge wing and also the three ternary systems,
the three degree of freedom panel, the pitch-plunge-plunge wing and
the pitch-plunge-aileron wing. The big step forward here is that
equation F finally allows us to ignore the system characteristic
equation and also most system parameters in relating the flutter solu-
tion gg to dynamic response y. A numerical flutter solution, giving
values of V, gr, and w, is all that is needed for input to equation F.

Two examples are shown here to demonstrate the validity of
equation F. In the next slide a three-degree-of-freedom cantilever
wing is treated. Points of exact numerical solutiors obtaiied on an
IBM 704 by dealing directly with the characteristic equation are
shown as the symbols. The approximated values of y, obtained from a
standard AMC type flutter analysis of the system being considered and .
then processed through equation F of the previous slide are shown as
the lines. The correlation between the exact points and our corres-
ponding apprexdimate lines is seen to be very good.

In the next slide, a three-degree-of-freedom uniform wing
with control surface is treated.. Transforming the flutter data thru
equation F yields approximate solutions for the dynamic response,
7or 88 shown by the lines. Exact numerical solutions obtained on an —
IBM 704 are shown as the points or symbols. Correlation between
approximate and exact solutions again is quite good,.

All of the previous derivations were performed for systems
in high supersonic flow. 1In order to approximate a counterpart of
equation F for incompressible flow, we performed a brief study in
which we repeated some of our previous work substituting the Wagner
indicial 1ift equation for our previous piston theory. We derived a
relation between y, and gg which is almost identical to the relation
which we have shown to you in equation F for high supersonic flow,
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This approximation 1s shown in the next slide. It is interesting to
note that this is identically the relationship which we arrived at

for low subsonic speeds by more or less ad hoc reasoning in AFOSR

TR 60-182. We show two examples here to demonstrate the validity of
this equation. 1In the next slide, an approximation to the dynamic
response, 7, of the vertical tail of the B-58 Hustler bomber is com-
pared to values of ¥ measured in flight and DAEAC solutions, all
supplied to us through the AIA by Mr. Mahaffey of Convair, Fort Worth.
Input data to the approximation were calculated flutter data, also
furnished by Convair, Fort Worth. It is seen that the correlation is
quite good. We emphasize that such correlation was obtained from the
Convair flutter solution which, without correct interpretation, would
imply that flutter is approached thru the second mode. Correct inter-
pretation by our method and actual flight test poth confirm that the
flutter is, in fact, approached thru the first mode.

The next slide shows comparisons made using Lockheed 13
degree-of -freedom analytical data. These calculations were furnished
to us through the AIA by Mr. J. Ford Johnston, of Lockheed, Burbank.
Comparisons are shown here for the first two modes only, as data
have been furnished by Lockheed for only these modes. In these com-
parisons, the solid curves are the approximations made by combining
Lockheed furnished flutter data with the equations derived in this
study. The corresponding points represent Lockheed digital dynamic
response calculations. As in the previous cases, correlations be-
tween the direct calculations and our approximations are very good.

We presented additional practical examples in AFOSR Techni-
cal Report 60-182, but time does not pérmit showing these. Moreover,
the report contains numerous derivations, supporting details and con-
clusions which we have not time to present here.

In summary, we have presented here a resume of the concep-
tion and early development of certain logical concepts germane to
dynamic systems. We have introduced the "Base Curve", "High Damping
Asymptotes', and "High Decay Asymptote' and we have shown how these
particular concepts may be combined with existing dynamics technology
to derive new aeroelastic system approximations. To demonstrate their
validity we have compared these approximations to rather tedious
numerical solutions and, where available, to experiment. Our future
efforts will consist of generalization of these techniques plus
exploration for additional approximate solutions which may be of
further value.
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PITCH-PLUNGE WING
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DYNAMIC RESPONSE SOLUTION
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ELEMENTARY STATIC AERODYNAMICS ADDS SIGNIFICANCE
AND SCOPE IN FLUTTER ANALYSES

Norman H. Zimmerman

McDonnell Aircraft Corporation
St. Louis, Missouri

Abstract

The feasibility of using simple approximate serodynamics

of the form Cp, = Cp_ a in flutter studies is investigated with a two-
fold purpose in ming; (1) clear concise understanding of the basic
flutter mechanism and (2) its practical application in flutter

It is shown that the 1ift cowponent in phase with « is

capable of inducing large phase angles between it and the plunging
motion, resulting in severe end sudden energy transfer from the
ambient air to the airfoil. On the other hand, the quadrature 1lift
component induces only slight phase angles with correspondingly

. modest energy ex~hange between ambient air and airfoil. Mechanics of
this phasing is shown as airspeed is increased.

Equations for calculating flutter speed parameter and

frequency are of simple closed form involving only three configura-

tion parameters, A.C.-E.A. distance, E.A.-C.G. distance, and fre-

quency ratio. A typical design chart from which the flutter speed

parameter and flutter frequency can be read directly is shown. These

equations and charts are equally applicable in the subsonic, tran-

sonic and supersonic regions. Straightforward relations are pre- 5
sented for determining sensitive configurations where slight uncer-

tainties can result in <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>