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A brief review is given of the author’s personal impressions of the
development of aeroelasticity during the sixth to ninth decades of
flight. It is not intended to be all-inclusive, but rather a brief look
at the field as the author saw it, from his own personal viewpoint
as a worker in this area. It is limited to aircraft problems and does
not embrace the parallel and large field of aeroelastic problems in
helicopters.

The field of aeroelasticity encompasses the interaction of aero-
dynamic, elastic, and inertia forces acting on a flight vehicle. This
was evident in the early days of flight, even at low speeds, because
aircraft structures were relatively flexible. As aircraft speeds in-
creased and knowledge of aeroelasticity became more widespread,
aircraft structures were made stiffer and were better designed to
avoid these aeroelastic interaction problems. During World War 11,
with the advent of high speeds and slender-wing aircraft, a num-
ber of significant aeroelastic problems began to appear, ranging
from loss of aileron power and control reversal, to wing and control
surface flutter. The postwar period, with the emergence of high-
speed jet transports with swept wings and engine nacelles, led to
careful studies of the effects of aeroelasticity in the initial design
of these aircraft. The basic approach to aeroelastic effects became
centered around four general areas: 1) the development of effec-
tive analytic and numerical studies for flutter and aeroelasticity,2)
wind-tunnel testing of dynamically scaled wind tunnel models, 3)
ground vibration tests to check the natural frequencies and stiff-
ness properties of the actual aircraft, and 4) careful techniques
for flight testing the actual aircraft. By the mid-1950s, aeroelas-
ticity had become recognized as an important part of the aircraft
design process. An excellent historical review of developments
in aeroelasticity up to this period, may be found by Garrick and
Reed.! A seminal paper that marked the emergence of the field was
given by Collar® in 1946. Another notable review emphasizing the
British efforts in aeroelasticity up to this period was also given by
Collar?

By the time of the sixth decade of flight, it seemed aeroelastic-
ity had reasonably matured. Much wind-tunnelflutter model testing
and research had been conducted at NACA and other laboratories.
Analyses had been codified, certification procedures had been es-
tablished, and much experience had been gained in theoretical anal-
ysis, wind-tunnel testing, ground vibrations surveys, and cautious

flight testing. The analytical methods were usually centered around
two-, three-, or four-degree-of-freedomflutter analyses focused on
separate wing or tail components. These were generally organized
into efficient matrix formulations, and the computations were often
done by a dedicated computation group on mechanical desk com-
puters. With good insight into the significant vibration modes of
an aircraft, knowledge based on past experience, and wind-tunnel
flutter model testing of specific and general aircraft components,
one could obtain a good approximation to the aeroelastic behav-
ior of an aircraft. Several notable textbooks on aeroelasticity and
flutter were published about this time, among which were Scanlan
and Rosenbaum,* Fung,’ and Bisplinghoff et al.° The latter text-
book, particularly, summarized the state of the art at this time and
remained a classic reference for many years.

Yet, there were considerablechanges to come in the field. These
were basically associated with the introduction of the digital com-
puter in the mid-1950s, and the rapid increase in computational
power that this brought about. This has affected every aspect of
aeroelasticity down to the present day. One of the first notable
changes brought about by computers was the emergence of the fi-
nite element method for structural computation”~° Finite element
stiffness methods had been formulated earlier as a simple routine
way of describing structures, but only became practical with the
availability of large computers. Similarly, panel surface area meth-
odsfordescribingair forces became practical,'®!! therebyreplacing
the cruder two-dimensional strip theory methods that had been used
earlier. Computational fluid dynamics (CFD) emerged as a practical
technique for numerically solving the partial differential equations
of fluid flow in the compressible flow regimes.!>!* Larger aeroe-
lastic systems with many more degrees of freedom could be ana-
lyzed at the same time, rather than looking at selected components.'*
Entire flutter programs could be formulated and mechanized for op-
timization and tradeoff studies.!>!® Control systems characteristics
were formulated and incorporated conveniently into the aircraft’s
flutter and random gust response behavior.!”!8 Additionally, the
emergence of the digital computer and associated analog-to-digital
converters affected tremendously obtaining, storing, and processing
of experimental data for aeroelastic tests.!®-?* The field of aeroelas-
ticity was greatly transformedby the adventand growth of the digital
computer.
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A brief personalrecollectionby the author of some specific topics
in aeroelasticity that emerged during the sixth to ninth decades of
flight are described next. These are listed roughly in chronological
order as recalled by the author.

In the middle 1950s, the effects of aerodynamicheating on struc-
tures and aeroelasticity were broughtup in a paper by Bisplinghoff
on high-speedflight.?! These were furtherexplored, butit was found
that they could be treated by considering the loss of stiffness in
the structure due to thermal stresses and reduced material proper-
ties. Careful considerationof transientand steady-state temperature
distributions were involved, which could be obtained for arbitrary
structural configurations by finite element modeling for heating 2

Additional interesting insights into the mechanism of flutter ap-
pearedin the late 1950s. These centered around investigationsof the
simple typical section bending—torsion flutter case and showed that
flutter could occureven in the absence of damping forces because of
the coalescence of the bending and torsion natural frequencies 2>~

The flutter of skin panels at supersonic speeds became an inter-
esting topic of study in the early 1960s.2?7 It had a simple, easily
defined instability mechanism, and gave rise to traveling wave mo-
tions. Although not a critical flight problem, it allowed interesting
investigationsinto structural nonlinearity, limit cycles, chaotic mo-
tion, and anisotropic plate effects.?®?

Propeller whirl flutter was encountered in some actual flight in-
cidents with a turboprop aircraft and actually led to two crashes.
Subsequent analytic and experimental wind-tunnel model investi-
gations pointed to weakened engine mountings as the cause because
they allowed the coupling of the gyroscopic propeller forces with
enginenacelle and wing motionsinto a dangerous flutter situation.*

As mentioned earlier, the growth of computationalpower allowed
much better unsteady pressure distributions to be represented over
an oscillating wing surface, both chordwise and spanwise. An early
attempt for obtaining pressure distributions in supersonic flow was
the box method.3! A later method thatevolved in the late 1960s was
the doublet-lattice method, which could be used for harmonically
oscillating motions into the high subsonicrange.!® This proved very
popular because of its engineering simplicity. Other methods based
on using Green’s function also found favor (see Ref. 11) Later, with
expanded computing power, CFD solutions of the Euler equations
of fluid motion became possible, and even CFD solutions of the
viscous Navier—Stokes equations were attempted.'*-** Also, numer-
ical solutions of the potential flow equation over the entire aircraft
surface were developed, to attempt approximate solutions into the
nonlinear transonic range >*

By the early 1970s, the aeroelastic representation of a complete
aircraft could be represented by a finite element structural model
together with a set of aerodynamic surface panels over the entire
aircraft. Such a discrete model could be conveniently analyzed for
static aeroelastic response and behavior* For dynamic response
and flutter, however, the model would have to be reduced to a much
smaller number of significant vibration modes of interest.33-3 The
art and experience of the engineer would have to be involved here
to choose the appropriate modes for the analysis.

By the middle 1970s, the analysis of control systems had reached
arefined state. Control systems were generally cast into state-space
form involving systems of first-order differential equations rather
than second-order mass—spring—-damping systems. To mate with
control systems in the time domain, aircraft flutter analyses were
often reformulated from the frequency domain to the more versatile
time domain.?” This involved fitting the easier-to-obtain harmon-
ically oscillating airforces with Padé approximations for the time
domain and led to convenient transient response and root locus sta-
bility interpretations of flutter and control system interactions %
Also, the powerful root finding methods of state space with large
computers could be invoked. For response to random gusts, the ef-
fects of linear Gaussian quadratic and other types of controllers
could be integrated into the aircraft response *

With the increased use of turbofan engines, the flutter of large
compressor fan blades became of significant interest. Because of
the many closely spaced blades and the high mass density ratios of
the blades, these were often analyzed as single-degree-of-fredom

systems, in which the interblade phase angle between the motion of
the blades played a key role in the flutter behavior*! New analyses
in the early 1980s allowed for independent bending and torsional
motions of the blades and looked at the coupling of differentcircum-
ferential traveling wave modes in a rotating frame.*> An alternate
viewpointusing conventionalstanding wave modes in a fixed frame,
vibrating 90 deg out of phase with each other, produced similar
results ** Different aerodynamic theories were used to help explore
the variousregimes of flutterin axial compressors*' Also the effects
of mistuned blades on both the flutter and vibrational characteristics
was investigated *

In the late 1970s, composite structures made of graphite-epoxy
materials began to be considered because of their light weight and
high stiffness and strength characteristics. By arranging ply layups,
one could also obtain bending-torsion and extension-torsion cou-
plings. It was proposed that for sweptforward wings, favorable
bending-torsion structural coupling in the wings could offset the
statically unstable aeroelastic behavior of sweptforward wings.
This prompted much exploration of the static divergence and flut-
ter behavior of these composite tailored wings.*® Also, the experi-
mental X-29 was built. An interesting consequence of aircraft with
sweptforward wings was the possible onset of body freedom flut-
ter, involving coupling of the lowered wing bending modes with
the rigid-body pitch and translation modes of the aircraft.*’ Later
applications of composite materials focused on designing the wings
to achieve certain optimum shapes during the flight regimes.*®

The use of active structural elements such as piezoelectric mate-
rials began to appear in the middle 1980s.*® The concept of selec-
tively warping a wing to minimize its gust response and extend its
flutter boundary was shown in several wind-tunnel tests on small-
and medium-size models.** Also, the concept was examined for
controlling the torsional behavior of helicopter blades>® Another
application of active elements was to minimize the vibration and
noise of a panel by selectively activating groups of piezoelectric
elements over its surface.

Nonlinearitiesare inherentin much aeroelastic behavior, particu-
larly when steady oscillationsare observed.Linear theoryis usefulin
predicting the stability boundary and the growth of oscillations, but
does notpredict the final amplitudein cases where the flutter is mild.
Also, nonlinearitiescan play a dangerousrole in that disturbancesof
sufficient magnitude may excite a flutter condition, whereas smaller
disturbances do not. Some early examples of nonlinear effects on
flutter were examined in the frequency domain using describing
functions to model the effects of free play or Coulomb friction in a
control system.3!:32 Later investigationsincluded the effects of large
static wing deflections,® =% aerodynamic stall effects on flutter,’s->
and the earlier mentioned transonic flow regime.>* With the increase
of computing power, many of these nonlinear effects could now be
examined in the time domain, rather than in the frequencydomain as
formerly. The use of the time domain also can include the nonlinear
effects of chaos, which cannot be found from investigationsin the
frequency domain.>®

Much progresshas been made over the years in obtainingand pro-
cessing experimental test data. In the middle 1950s, most dynamic
data were taken with oscillographs, which had to be subsequently
read, and whose timing speeds had to be adjusted carefully to record
the frequencies of interest. With the advent of large digital comput-
ers and analog-to-digital converters, one could store and process
very large amounts of test data and redisplay that data for the de-
sired timescales. Furthermore, one could statistically and Fourier
analyze the data in real time, while the experiment was proceed-
ing. This made huge improvements possible in wind-tunnel testing,
ground vibrationtesting, and flight testing, particularlybecause dig-
ital computers became more powerful, faster, and smaller in size
every year. However, as in all experimental testing, experience and
art still played a large role in obtaining and interpreting the signifi-
cant test data present amidst the generally accompanying noise. In
connection with wind-tunnel testing, a major experimental facility
was built at NASA Langley Research Center in 1960, the Tran-
sonic Dynamics Tunnel (TDT), for the exclusive use of aeroelastic-
ity research. This 16 x 16 ft transonic tunnel proved very valuable
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Table 1 Approximate time line of research areas in aeroelasticity

Year Research area

1950 General introduction of digital computers
Effects of aerodynamic heating
Additional insights into mechanisms of flutter
Flutter of skin panels
1960 Finite element methods for structures
Propeller whirl flutter
Surface panel methods for air forces
1970 Complete aircraft representation by structural
elements and aerodynamic panels
CFD.
State-space representation of control systems
Structural nonlinearities (stiffening springs, dead zones, etc.)
1980 Digital data gathering techniques
Introduction of composites and aeroelastic tailoring
Flutter of compressor fan blades
Piezoelectric actuators and active control
1990 Nonlinearities and limit cycles (large geometric deflections,
stall flutter, transonic flow, etc.)

and supported much research and development of specific aircraft
over the years.!” An interesting 14-min film showing some aeroe-
lastic testing at the TDT and other flutter occurrences was made by
NASA in 19735°

This paper is a brief recollection of the author’s personal im-
pressions of aeroelasticity as he saw the field develop during the
sixth to ninth decades of flight. It is limited to aircraft problems. An
approximate time line summary of these research areas in aeroelas-
ticity is presentedin Table 1. Some of these later developmentswere
foreseen in an interesting paper by Garrick in 1976.5° A standard
textbook describing various aspects of aeroelasticity during these
years was written by Dowell et al.®! Some current problems and
trends in aeroelsticity at the start of the second century of flight can
be found in published articles of this and other aerospace journals.
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