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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

‘; - RESEARCH MEMORANDUM

A SURVEY AND EVALUATION OF FLUTTER
RESEARCH AND ENGINEERING

By NACA Sabcommittee on Vibration and Flutter

PRS- i At - g

SUMMARY

T

A survey and evaluation of flutter research and flutter engineering
is presented, with particular emphasis placed on the design of primary
fixed surfaces and primary controls. Analyses are made of recent flutter
occurrences to delineate past and future problems, and detailed appraisals
are given of the status of the various engineering branches involved in
the analytical and experimental prediction of flutter.

Bt ]
L 4

~he report was prepared by a panel of the National Advisory Committee
for Aeronautics, Subcommittee on Vibration and Flutter, and has been
approved by the entire subcommittee membership. Its purpose is to assay
current knowledge in regard to flutter engineering, and to highlight those
facets of the subjczct which will require concentrated research attention
if future engineering requirements of the aircraft industry are to be met.

T R T T
[

It is pointed out that past design techniques for the prediction and
prevention of flutter, rhile generally successful, have been inadequace
in a sufficient number of cases to cause concern. It is anticipated that
an increase in both the number and variety of flutter problems will be
encountered with future aircraft and missiles. 1In order to effect suc-
cessful engineering solutions to these problems, a background of research
will be required, and suggestions are advanced in the report for research
studies to cope with the anticipated trouble areas.

|

INTRODUCTION

At the December 1 - 2, 1955, meeting of the NACA Subcommittee on
Vibration and Flutter, it was considered desirable to make a survey and
evaluation of flutter research and engineering. The underlying reason
for this was based on discussions, which sumarized, amount to the fol-
g lowing statement:
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For the design of military and commercial airborne vehicles of

the present and the near future (1.e., 5 to

10 years from now), it

1s mandatory to predict the flutter characteristics to a high degree
of accuracy in order to insure safety and satisfy demands for higher

performance. Notwithstanding the excellent
ducted by the NACA and other organizations,
experience accupulated by the industry over

research on flutter con-
and the considerable
the past years, concern

over whether the required design accuracy will be achieved in the

design-office is based on a marked increase

in the number and type

of flutter incidents which have occurred during the last 10 years,
and which have resulted in either loss of the vehicle oOr in severe
damage. Corrective action for flutter difficulties has resulted in
appreciable expense, in marked delay in getting the vehicle into
service operation, and in decreasing performance and increasing

maintenance on some airborne vehicles.

For airborne vehicles of the near future, flutter problems are
definitely expected toO become more severe due tO increased speeds,
aerodynamic heating, and new configurations. This increase 1in sever-
ity comes at a time when every effort is being bent towards reducing

development time snd cost.

This survey was prepared by members of the NACA Subcommittee on
Vibration and Flutter, and has been approved by the entire subcommittee

membership. It 1is hoped that the report will be

of value in an assesSsS-

ment of the current status of flutter engineering, and in arriving at a
sound future program of research to f£ill the gaps in our required engi-

neering knowledge.

Flutter is conventionally defined as &a self-excited oscillation
resulting from a combination of inertia, elastic, oscillatory aerodynamic,
damping and temperature forces. Tn combination these forces can result
in unstable motion (i.e., flutter) which leads to mild or extremely severe

structural failures.

This survey is primarily concerned with the

flutter problems assSoO-

ciated with primary fixed surfaces and primary controls. Many other
significant flutter problems are not considered in the scCOp€ of this
survey, such as those pertaining tc heat exchangers for aircraft nuclear

power plants, speed brakes, pitot tubes, turbine
copter rotor blades, variable leading edges, var

blades, propellers, neli-
jable inlet rampsS, external

masts, refueling drogues, tow targets, armament doors, hydrodynamic planing

surfaces, parasite aircraft, and panel flutuer.

As a basis for the further discussion, 1t i

s of interest to examine

the speed-altitude-temperature regimes that are of concern at the present
and in the near future. Figure 1 presents a Mach number-altitude plot

of these regimes which are divided into the foll
catagories:
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Regime I - Transonic speed airborne vehicles. Subsonic incom-
pressible flow, subsonic compressible flow. and trans-
onic flow are prevalent. Temperature effects are neg-
ligible.

Regime II - Low supersonic speed airborne vehicles. Flows of
Regime I and in addition supersonic flow are prevalent.
Temperature effects are either negligible or of minor
importance.

Regime III - High supersonic speed airborne vehicles. Flows of
Regimes I and II are prevalent. Temperature effects
are of considerable concern.

Regime IV - Hypersonic speed airborne vehicles. Flows of Regimes I
and II and, in addition, hypersonic flow are prevalent.
Temperature effects are of major concern.

Naturally, the regimes shown in figure 1 do not apply exactly for a par-
ticular airborne vehicle - rather they are order of magnitude envelopes
wherein certain types of oscillatory aerodynamic and temperature phenomena
are prevalent which are of interest from the flutter viewpoint. The
explanatory notes in figure 1 also indicate the maximum temperature which
would be encountered in each regime. Of prime significance is the fact
that industry is (or will be in the very near future) building airborne
vehicles to operate in all of the regimes shown in figure 1; flutter
engineering is unfortunately considerably behind this development pace,

as will be seen later in the report.

The following section of the report conteins a historical survey
and analysis of actual flutter incidents which have been experienced with
military aircraft during the period from 1947 to the present. This pro-
vides background for the subsequent sections, which deal with the design-
office and research state-of-the-art of flutter prediction engineering,
both from the theoretical and experimental standmoints. An overall sum-
marization concludes the report. Throughout the discussion, an attempt
is made to clarify the areas which require research if future engineering

requirements are to be met.
SURVEY OF RECENT FLUITER OCCURRENCES

Table I presents a summary of flutter incidents which have occurred
on U.S.A.F. and Navy aircraft in the period between 1947 to the first part
of 1956. The incidents are broken down under each year. The U.S.A.F.
incidents include both airplanes and missiles; the Navy incidents are for
airplanes only. No civilian or commercial aircraft were considered in

compiling the tabie.
CONFIDENTIAL
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Thirteen flutter incidents occurred during 1947 to 1951. Of these,
approximately 10 were of the control-surface, spring-tab, and trim-tab
variety whose characteristics were quickly understood and for which rem-
edies were readily available on the basis of state-of-the-art know-how
(irreversibility and revised mass balance). This of course does not
imply that accurate flutter serodynamic derivatives were available to
give theoretical prediction results of high accuracy, such as are required
for adequate design safety.

Except for one case of tip-tank flutter, which was a special flutter
investigation, no cases of bending-torsion flutter occurred, since the
strength required for structural purposes was sufficient to result in
adequate flutter margins of safety. In this 1947 to 1952 era, the aver-
age bending-torsion flutter margin of safety was probably of “he order
of 30 percent or higher.

Two ltems deserve special attention. These are the tip tank and the
stabilizer torsion-mass unbalanced elevator flutter cases. These inci-
dents in retrospect could conceivably be interpreted as the first experi-
mental evidence of serious flutter problems to come, and the greater
actual importance of flutter in controlling the design of aircraft.

The next era considered is the period from 1952 to early 1956. Of
41 incidents, 13 are cases of trim-tab, spring-tab, and control-surface
flutter (partially balanced and mass unbalanced control surfaces included).
Most of the trim-tab flutter cases occurred because of loss of the actu-
ating system stiffness, which should be preventable by adequate design.
The nine cases of spring-tab and control-surface flutter are approximately
equal to the number which occurred in the 1947 to 1951 era. Thus, this
problem area is still not under control, and more accurate and dependable
theoretical procedures, experimental data, and design criteria are needed,
especially in view of a proposed trend towards mass unbalanced control
surfaces and higher speed aircraft having smaller thickness ratios.

Additional examination of the latter time period reveals that six
cases of external store fluster (including pylon suspended engines) have
occurred, compared to one in the previous time period. The extreme
importance of the external store problem from a flutter viewpoint is
clearly evident.

The transonic speed regime has caused the occurrence of control-
surface and tab buzz, and combined control-surface flutter buzz. Twenty-
one cases are tabulated for the 1952 to 1956 period. The only known cures
or preventive means are hydraulic dampers, the North American splitter
configuration, or very high stiffnesses in the actuating system. Since
these buzz cases total more than half of the flutter incidents in the
latter time period, it is obvious that additional information leading
to a basic understanding of the phenomenon and its avoidance by efficient
means is mandatory.

CONFIDENTIAL
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The all-movable control swrface was early suspected as a possible
source of flutter difficulties. This early suspicion is substantiated
by the four cases which occurred in 1953 and 1955. It is expected that
the all-movable surface will continue to be a very serious, first-
magnitude flutter problem area for years to come. Much information is
considered necessary and essential to indicate design criteria and to
insure its prevention at an early design stage.

One known case of T-tail flutter occurred in 1952. This type of
configuration may be considered somewhat similar to the external store ]
problem in that frequencies are relatively low and critical frequency
ratios are possible. Like the external store problem, the T-tail, there-
fore, is expected to be a serious flutter problem and its service occur-
rence on aircraft may definitely increase.

It is estimeted that current flutter velocity margins are in many
cases of the order of 15 percent, the minimum acceptable. The fluiter
cases described indicate that design difficulties may be encountered in
obtaining the desired safety margins for T-tails, all-movable stabilizers,
and external stores.

It is difficult to review the various flutter cases fairly and
objectively and decide which could, or should have been predicted on the
basis of the state of the art. However, in most cases it should be real-
ized that flutter studies of reasonable extent were made before the air-
plane flew. Thus, state-of-the-art design criteria and theoretical cai-
culations, regardless of the precise reasons, may be deemed inadequate.

Nine flutter cases can be attributed to malfunctions. For about
six cases the theory is definitely inadequate to permit proper engineering
treatment. No reliable theory or basic understanding was available to
make realistic guesses for the 21 cases involving buzz. In 21 cases the
possibility of the incidents could have been predicted if accurate flutter
derivatives were available, and if the flutter engineers had the foresight
to investigate the pertinent modes despite the lack of occurrence of the
particular type of flutter up to that time. In evaluating the above state-
ments, the old story of betteir hindsight must be considered. However, it
is foresight for which flutter engineers are paid.

Concerning the future, some new design configurations which may pre-
sent additional flutter problems are:

1. Floating fuel tanks
2. Tip controls

3. Rotatable or extendable control surfaces

CONFIDENT IAL
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In addition, there exists the definite possibility that future flutter
cases may not involve the simpler fundamental modes of vibration which
seem to define most of the cases in the present survey. Higher-order
modes (possibly resulting from the effect of temperature on aerocelastic
characteristics) may occur in the high Mach number and high dynamic pres-
sure reglmes, even though adequate safety for fundamental modes has been
provided. This contention is borne out in part by results of NACA rocket
flutter tests of delta wings and chordwise flutter model tests. The pos-
sibility of flutter in higher modes obviously will make the task of the
flutter engineer much more difficult and will significantly increase the
area for which accurate knowledge is necessary.

FLUITER DYNAMICS

In order to cope adequately with flutter design problems, it is
obvicusly necessary that the engineer have an understanding of the phys-
ical mechanisms underlying flutter phenomena. The complexity of flutter
engineering arises from the fact that at least three of the classical
fields of mechanics must be simultaneously kept in mind when dealing .
with any flutter circumstance - structures, dynamics, and aerodynamics
are inseparably intertwined.

In the development of flutter as a rational branch of aeronautical
engineering, it was only natural that classical vibration theory be used
as the starting point. 1In all essential respects, a complete understanding
had been reached regarding the vibrational behavior of undamped elastic
systems, executing small vibrations, and acted upon by externally applied
forces of known magnitudes. This body of knowledge extended to both con-
tinuous systems (such as an aircraft structure), and to systems composed
of interconnected springs and discrete masses. The Lagrangian approach
and the work of Rayleigh-Ritz also provided the important clue as to how
a continuous system could be replaced by its simpler equivalent of con-
nected springs and discrete masses, that is, by a finite number of natural
modes with suitable elastic and inertial coupling.

Finally, classical theory had extended all of the knowledge regarding
undamped systems to cover the case of vibrating structures containing a
small amount of internal viscous damping.

It was soon found, however, that an understanding of flutter mecha-
nisms required a considerable extension of these important classical con-
cepts. To begin with, the external (aerodynamic) forces acting on a
flutter configuration are not known in advance; rather, they are a result
of the vibrations themselves. It is for this reason that flutter oscil- -
lations are of the "spontaneous" variety; a small disturbance of the
system under steady conditions causes air forces to act which perpetuate

CONFIDENTIAL

i




¥

T NP DO T T 77 A G S BV R

T o PP T

TR g A s

ST

iava

Rl

NACA RM 56I12 CONFIDENTIAL T

the disturbed motion. A new branch of dynamic theory, taking into account
the particular character of flutter air forces, thus had to be developed.

In addition, it became clear that the classical concept of internal,
viscous damping was not sultable for describing practical aircraft struc-
tures. Rather, a new kind of demping - so-called "structural" damping -
had to be devised in order to bring theory and observation into approxi-
mate agreement. Of purely empirical character, the structural damping
concept essentially entalls internal damping which is amplitude-sensitive,
but frequency-insensitive. Once again, new theoretical developments were
required to permit an understanding of the system behavior with this new
type of internal energy dissipation. It is also safe to say that a more
rational description of the nature of structural damping is a require-
ment for future research. ’

o ——

While progress along these new lines of study has been countinuous,
it is generally correct to say that the rate of progress has been slow,
particularly when compared with the steady increase in the complexity
of practical aircraft configurations. Generalities regarding flutter
behavior are notable only for their absence, and even the experienced
flutter practitioner will admit to frustration in attempting to under-
stand many practical phenomena on physical grounds. Even greater diffi-
culties arise when attempting to synthesize an optimum, flutter-free
structure, as compared with the simpler problem of analyzing the flutter
mechanisms inherent in a configuration fixed in advance.

Much further research is therefore needed along the lines of under-
standing the fundamental plysical character of the flutter problem. Cer-
tain flutter cases are of the so-called "violeni" variety, that is, small
speed increases cause a well-damped system to engage suddenly in violent
vibrations of catastrophic amplitude. Other flutter cases are "mild" -
even at the critical flutter speed, the oscillations are nonviolent and
appear to be of self-limiting amplitude. Our knowledge of the reasons
underlying these two types of behavior is as yet incomplete, despite the
great practical importance of being able to avoid "violent" flutter
designs.

Nonlinearity effects in flutter are known to affect significantly
the system performance around the critical speed, yet here again only a
start has been made toward achieving a real understanding of the pertinent
mec:anisms. A similar remark holds true regarding the effects of high
temperature on flutter behavior.

It is clear that immediate need exists for the formulation of flutter
principles which permit the designer to understand the engineering nature
of flutter, and which provide basic design principles for flutter avoid- 1
ance in modern, complicated configurations. These goals will be reached
only through additional research on the broad subject of flutter dynamics,

CONFIDENTIAL
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much as was accomplished earlier by classical vibration theory for simpler
types of vibrating systems.

ANALYTICAL PREDICTICN OF FLUTTER

For the design-office prediction of airplane flutter, a knowledge
is required of the mass, stiffness, oscillatory aerodynamic, damping,
and thermal characteristics of the airframe. 1In view of the fact that
flutter analysis entails so comprehensive a coverage of engineering
information, interrelating a number of the classical engineering branches,
it is hardly surprising that considerable difficulties are encountered
in arriving at accurate engineering results for complicated systems.

While a variety of techniqu:s are used by flutter groups within the
industry, the conventional procedure for the flutter analysis of a new
airplane can be divided into the following main tasks:

Calculation of the natural frequencies and natural vibration
mode shapes which are pertinent to the anticipated flutter motions
of the airplane.- In order to calculate these modes accurately, the
mass, stiffness, and damping and the transient and steady temperature
effects on these parameters must be understood.

Calculation of the oscillatory aerodynamic forces.- This step
enta’’s the computation of the air forces which are active during
the flutter motions and represents essentially a problem in unsteady

aerodynamics.

Calculation of the flutter velocities for various flight con-
ditions.- With the mechanical and aerodynamic performance of the
structure understood, the flutter equations of motion can now be
formulated and solved for the critical velocities.

Calculation of the aircraft response to a forced vibration,
should such information be desired for purposes of flutter flight
testing or to provide more extensive analysis of ground vibration
data.

The following remarks are in order regarding each of these steps in
rational flutter analysis.
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Calculation of Natural Frequencies and f
Natural Vibration Mode Shapes

The first step which the flutter analyst usually takes in a theo-
retical flutter computation is to calculate those natural frequencies
and corresponding vibratior. mode shapes for the structure (in still air)
which will probably appear in the flutter motion. This preliminary cal-
culation makes use of basic information on the mechanical characteristics
of the structure - data pertaining to it; elastic characteristics, to
the distribution of masses supported by the structure, and the mass of
the structure itself.

The calculation of these modes is an essential preliminary to the
actual flutter velocity computation when a Rayleigh type flutter analysis
is employed. In the Rayleigh type analysis, the flutter motion of the
airframe is represented by a combination of motions of certein natural
modes, chosen at the discretion of the analyst.

It should be noted that techniques of flutter analysis other than
the Rayleigh type are now becoming somewhat more popular, thus not
requiring that natural modes be employed as degrees of freedom in the
flutter calculation. A significant practical importance nounetheless
attaches itself to natural mode studies. Specifically, through the medium
of the ground vibration test of the prototype aircraft, it is possible to
compare the calculated mode frequencies and shapes with those observed
during the vibration test. This affords an important and direct check
of the degree to which the mechanical properties of the structure have
been adequately accounted for in the theoretical calculations. Regard-
less of the extent to which natural modes are used directly in the deter-
mination of critical flight velocities, therefore, it is expected that
natural mode calculations and ground vibration tests will continue to be
a standard tool of the flutter engineering group.

For more or less conventional aircraft of low and medium performance i
ranges, with moderate to high-aspect-ratio wings and without the compli-
cation of large, sprung masses attached to the structure, reasonable suc-
cess can be achieved in calculating the lower modes of the system. Thus, 3
for example, based only on mass-distribution estimates and stiffness cal-
culations made on the basis of engineering drawings of the structure, the
fundamental and next highest bending and torsion modes for primary sur-
faces can usually be predicted with good accuracy, although it is common
experience that the mode shape accuracy will not be as acceptable as the
natural frequency calculations. This reasonably acceptable state of the x
art holds even where fuselage flexibility is of importancc, and where

i

rigid body motions are coupled with elastic motions. 3

With the current trend toward unconventional aircraft, the state-of-
the-art in regard to natural mode calculations has unfortunately deteri-
orated substantially. In the case of smaller, high-speed aircraft, the

CONFIDENTIAL
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use of wings of very low aspect ratio and of complex internal structure
has greatly reduced the design-office effectiveness of natural mode cal-
culations. 1In the case of large, high-performance aircraft, which are
relatively flexible and generally characterized by a variety of external
stores and elastically suspended masses, the needs of the flutter analyst
have extended beyond the lower modes and into the higher vibrational modes.
Here also, the calculation techniques have not maintained thr. required
high order of engineering accuracy.

It should also be mentioned that to date there are no theoretical
methods available for estimations of the structural dampings associated
with the various vibration modes; these are generally obtained experi-
mentally during the ground vibration test.

The reasons for the increasing difficulties associated with natural
mode calculations are not difficult to ascertain. The current methods of
structural analysis, specifically in regard to stiffness estimations,
are inadequate when a complicated structure must be dealt with. Stated
differently, current techniques require an idealization of the structure
into principal structural components, a procedure which is not entirely
consistent with the actual behavior of the system. Typical sources of
difficulty are in the consideration of shear deformation in estimating
bending stiffness, in the neglect of differential bending of structural
elements in establishing torsional stiffness, and in the inadequate con-
sideration of reductions in bending stiffness due to skin buckling. The
appearance of the thermal problem, with the strong effect of transient
temperatures on structural stiffness, is substantially magnifying the
difficulty of the flutter analyst. The problems of external stores and
sprung masses are also becoming more severe; such questions as the deter-
mination of the effective masses of liquid fuel, heavy retractable com-
ponents, etc., cannot be adequately handled at present.

It is clear, then, that considerable effort is warranted in research
to improve current methods for calculating natural frequencies and natural
vibration mode shapes. Valuable information could be obtained from a
systematic study of a group of aircraft representative of the fighter and
heavy bomber categories. Calculations of the mode shapes by the best
available methods, compared with accurate ground vibration observations
of the prototype aircraft, would probably disclose suitable avenues for
refinement of the analytical design techniques. It must be appreciated,
however, that such studies are both expensive and time consuming; cer-
tainly nothing of this order of magnitude is rresently incorporated in
resesrch in this country. While each company attempts to profit from
its design experiences with each new aircraft model, the urgency of engi-
neering design schedules precludes a systematic study of the type visu-
alized here.
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The problems inherent in natural mode calculations for complex air-
craft have led to the suggestion of alternative approaches to obtain the
required design information. Thus, dynamically scaled models have been
suggested for use in the determination of vibration modes during the
design phase when the prototype is not available. S:ince the construction
of a dynamically scaled model of practical simplicity entails a thorough
understanding of the structural problems of the prototype, it can be seen
that substantial advantage is not gained by going in this direction.

To refine knowledge of the stiffness characteristics of the airframe,
it has also been proposed that measurements be made on the full-scale pro-
totype. This has the obvious disadvantage of having to await the avail-
ability of the prototype aircraft, and further poses significant technical
complications. In order to obtain stiffness meusurements of the necessary
accuracy for certain important portions of the st-ucture, such as the root
regions of wing surfaces, it is found that loads must be applied which
exceed the design limit loads.

In summary, therefore, it can be said that the present stage of the
art is not entirely satisfactory in regard to natural mode calculations
for present and future aircraft. The importance of such information for
the flutter engineer is sufficient to cause considerable concern, and an
aggressive and expanded research effort in this area seems warranted.

Calculation of Oscillatory Air Forces

The proper determination of oscillatory aerodynamic forces in flutter
analysis is vital, as without these forces we are dealing with conservative
or structurally damped mechanical systems. Examination of the mathematical
equilibrium condition which defines flutter, or of the function giving the
aerodynamic work per cycle of osci<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>