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THE PREDICTION OF STRUCTURAL RESPONSE TO BUFFET FLOW:
A STATE-OF-THE-ART REVIEW .

-

Perry W. Hanson
NASA Langley Research Center
Hampton, Virginia 23665, U.S.A.

SUMMARY

A brief review of certain aspects of the dynamic system being discussed
is presented, and important structural and aerodynamic quantities of the sys-
tem are discussed. A theoretical model is presented which relates these
quantities to each other. These quantities are then each, in turn, con-
sidered in terms of the state of the art of determining the quantities and
in terms of areas where further research is needed. The similarity laws
and scaling relationships applicable to determining buffet structural
response are then discussed, and areas where simplification is required or
may be permissible are mentioned. Finally, the various types of model tests
pertinent to predicting response of the aircraft structure to buffet flow
are discussed.

INTRODUCTION

The dynamic system involved in the excitation and response of an airplane to buffet flow is quite
complex and although buffet phenomena have received much attention from investigators, the state of the
art to definitively predict analytically or experimentally the complete structural response and handling
characteristics as the buffet boundary is penetrated leaves much to be desired. (Reference 1 presents a
reasonably complete bibliography and summarizes briefly information available on buffet loads on airplanes
to about 1959. From the mid-fifties to the mid-sixties much buffet loads research, particularly in the
United States, was oriented toward missiles and space launch vehicles configurations. Reference 2 1ists
many reports pertinent to this work.)

One of the characteristics of this area of research or study is a lack of generally accepted defini-
tions of terms, expressions, and phenomena. There can be, therefore, a sort of “communication gap" among
investigators in this field unless care is taken to define the expressions and concepts of the phenomena
being discussed. Therefore, a brief review of certain aspects of the "dynamic system” being discussed here
will first be presented. The important structural and aerodynamic quantities of the system will then be
discussed. A theoretical model will be presented which relates these quantities to each other, and then
they will each in turn be considered in terms of the state of the art of determining the quantities, and
in terms of areas where further research is needed. The similarity laws and scaling relationships appli-
cable to determining buffet structural response will then be presented and areas where simplification is
required or may be permissible will be mentioned. Finally, the various types of model tests pertinent to
predicting response of the aircraft structure to buffet flow will be discussed.

PERSPECTIVE OF THE DYNAMIC SYSTEM

The "dynamic system" consists of two parts - a flexible aircraft structure, and an unsteady aerodynamic
force field that acts on, or interacts with, the aircraft structure to produce undesired motions, either in
terms of dynamic structural deformations, "rigid body" movements, or a combination of both. The unsteady
aerodynamic force field may exist without the presence of the aircraft (i.e., atmospheric turbulence) or
may be the result of the presence of the aircraft. The latter is the case to be discussed here. These
unsteady (generally random) aerodynamic forces are caused by flow separation from the aircraft surface,
either due to high incidence or due to shock-boundary-layer interactions; or by turbulent wakes from
upstream surfaces or protuberances. The flow that produces these unsteady aerodynamic forces is termed

"buffet flow." .

The aircraft response to buffet flow (buffeting) may be categorized as local (i.e., panel vibration),
structural (whole surface deformations-wing, fuselage, tail surfaces), and "rigid body" (decreased perform-
ance, wing drop, wing rocking, "nose slice," "porpoising”). The discussions here will mainly be concerned
with structural response to unsteady flow fields that are the result of the presence of the aircraft; that
is, response of the aircraft to atmospheric (or tunnel) turbulence is minimal compared to the response to
buffet flow. This is not to say that local response is not important. Local panel response is believed
to have caused the dectruction of the first unmanned Mercury-Atlas lauach vehicle; and on airplanes, panel
response can be a source of noise discomfort and skin fatigue. ;

Two areas of buffet fiow or buffeting are of interest - the "buffet onset" flight conditions, and the
level of intensity of structural loads and rigid body motions as the penetration into the buffet region (in
terms of increasing angle of aftack or Mach number) continues. In this discussion, attention will be con-
fined primarily to the response of the structure as the buff=t boundary is penetrated.
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STRUCTURAL AND AERODYNAMIC QUANTITIES OF THE DYMAMIC SYSTEM

) Certain fundamental quantities of the dynamic system have to be determined or considered to predict
aircraft buffet loads from either theoretical/empirical methods or from scaled model tests. It may be
instructive therefore to consider briefly a theoretical model that relates structural response to the
random aerodynamic forces of buffeting flow.

Theoretical Model Depicting Important Aerodynamic and Structural Quantities

For illustrative purposes consider a wing {or other surface) flying at constant altitude with constant
velocity under flight conditions that are producing buffet flow. The only aerodynamic forces considered
present in addition to the random component are damping forces proportional to the velocity of the bending
vibrations of the wing. Little loss of generality results from neglecting the aerodynamic inert>a and
“spring" forces, since such forces usually are small compared with their structural counterparts. Under
these corditions a set of differential equations which govern the bending vibration characteristics of the
system may be written

Mn'z'n(t) + ann(t) + mnznnzn(t) = g$ j: c (e.t)h(e) de (n=1,2,3,. 2 (1)
where
£ nondimensional spanwise coordinate
Zn(t) deflection of a point (say the tip) in nth bending mode
t time
Cn qeneralized damping coefficient in nth bending mode, including aerodynamic and
structural components
Mn generalized mass in nth bending mode
© natural circular frequency in nth bending mode

The right-hand side of Equation (1) is the generalized random aerodynamic load expressed in coefficient

form. The function ¢; (£,t) is the random section Tift coefficient ang S, q, and hp(g) are, respectively,
reference aroa, free-s%ream dynamic pressure, and mode shape of the nt" bending mode referred to unity at
the tip. Using the method of generalized harmonic analysis which was first applied to the analysis of
bu:{eting many years ago (Ref. 3), Equation (1) can be solved approximately for the mean square tip
deflection

= Tuw
.V(t)2 = QZSZZ ——2—-‘—-9—— cL,n(“’n) (2)
e 4Mn Wy (C/ccr)n
where <?E—) generalized damping coefficient, fraction of critical damping for the nth mode
cr/n
CL n(mn) power spectrum of effective random aerodynamic 1ift coefficient for the nth mode
’

) reference area

1t has been assumed that the system has small damping and reasonably well separated natural frequencies so
that all contributions to the total response are small except in the neighborhood of resonant frequencies.
Thus, moda) coupling is considered negligible so that the total response can be considered a linear super-
position of single-degree-of-freedom responses.

In buffeting studies on elastic structures, usually the acceleration or bending moment at some point
on the structure is desired rather than the deflection of the structure. By using Equation (2) and a set

of coefficients which relate the acceleration in the nth bending mode at a point to the tip amplitude in
that mode an expression for the acceleration may be obtained

@ k .

a2()); = $ta? Z};"? —L Gtk (3)
= +
o ("'c_r Cc_r)n

where a(qb)T total root-mean-square acceleration at a particular location

bw
k, reduced frequency for ntM natural vibration mode, ky = T
where b reference length, mean wing chord

v free-stream velocity
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(CE' + CE') sum of aerodynamic and structural damping in n vibration mode, fraction of
n

cr cr critical damping

CL n(kn) power spectrum of effertive random aerodynamic 1ift coefficient expressed as a

.Y
function of reduced frequency, cL.n(kn) 5 cL.n(“n)

Thus, the acceleration is aependent on the aerodynamic excitation force in the form of the power spec-
trum of effective random aerodynamic 1ift coefficients, the aerodynamic and structural damping, the general-
1zed mass and reduced frequency of each vibration mode of significance. The manner in which these quan-
tities are usually determined will now be discussed.

Unsteady Aerodynamic Excitation Forces

Although there has been some apparent success in calculating the buffet onset conditions for relatively
large aspect ratio wings at moderate angles of attack (Ref. 4, for instance), the situation is quite differ-
ent for the prediction of buffet load intensities in fully developed buffet flow, particularly for fighter
aircraft wings with large sweep angles and small aspect ratio operating at high angles of attack and/or
high Mach numbers. The problem is primarily the lack of an appropriate aerodynamic theory for calculating
the random aerodynamic excitation forces, CL n(kn)' in the theoretical model just discussed. For .his reason

investigators have generally turned to wind-tunnel tests for the unsteady pressure distributions needed to
provide the buffet aerodynamic excitation forces for the dynamic analysis. The information required to fully
describe the random aerodynamic forces are the magnitude and frequency spectrum of the unsteady pressures,
their locations and effective area of coverage on the surface, and a pattern of spatial correlation which
can be represented by cross-correlation or cross-spectra functions. Although there have been numerous
investigations dealing with turbulent boundary layers, separated flow, and shock-boundary-layer interaction
(Refs. 5, 6, and 7, for example), the studies have generally been oriented toward measurement of intensities
of pressure fluctuations beneath attached turbulent boundary layers at supersonic speeds with very limited
analysis of power spectra and spatial correlation data applicable to the separated flow found on a maneuver-
ing high-performance fighter wing. Most such studies in the past have dealt with the flow over space launch
vehicles and missiles. Some of the more immediately applicable studies are reported in References 8, 9, 10,
and 11. One of the more detailed recent studies of aircraft buffet flow during transonic maneuvers is dis-
cussed in Reference 9. Comparisons are given in Reference 9 of root-mean-square pressure coefficients,
ALPrms (root-mean-square fluctuating pressure divided by free-stream dynamic pressure), measured on a “rigid"

wind-tunnel model and those measured on the full-scale airplane wing at two corresponding locations.
Examples of these comparisons are shown in Figure 1. The model pressures were generally somewhat higher
than the full-scale pressures. A sample comparison of model and full-scale pressure spectral shape taken
from Reference 9 is shown in Figure 2. It was concluded that the model and airplane spectral shapes agreed
reasonably well for most of the test conditions. The disparities were apparently greatest at the lower end
of the spectrum. Some other conclusions of this study pertinent to the unsteady aerodynamic excitation
forces are: (1) at high angles of attack the flow over the wing was quite ccmplex, being infiuenced strongly
by vortices from the leading edge, "snag,” and wing tip; (2) disturbances seemed to emanate from multipie
sources simultaneously and propagate in a complex manner; (3) the fluctuating pressure spectra frequently
exhibited peaks at frequencies believed to be associated with the vortices; and (4) maximum fluctuating
pressure coefficients were generally of the order of Acprms = 0.2

Digressing for a moment to the wind-tunnel model/full-scale rms pressure coefficient comparisons, one
may speculate on several reasons for the differences. There is, of course, always the nagging doubt about
Reynolds number effects, tunnel turbulence, and wall effects. Then, there is the difference in the manner
in which the variation of unsteady pressure with angle of attack is achieved. (The mean angle of attack in
the tunnel is essentially steady, whereas in flight, particularly at the higher speeds, the angle of attack
is continuously changing.) A more fundamental question is whether the unsteady aerodynamic excitation forces
on a rigid (nonmoving) wing are the same as those on an identical but flexible (responding) wing. That is,
does the tendency of the flexible wing to move with the driving force tend to reduce those forces relative

to the forces acting on a nonmoving surface? Some definitie experiments are needed to answer this question.

J. G. Jones, in Reference 12, discussed in some detail the interpretation of fluctuating pressures associ-
ated with separated flow measured on nonmoving and respondir.g wings for evaluation of the unsteady aerody-
namic excitation forces, and in Reference 13, L. E. Ericsson presents a semiempirica) analysis that uses
static experimental data as an input to a‘tempt to explain some of the dynamic effects of shock-induced flow
separation,

Aerodynamic and Structural Damping

Another factor needed to predict quantitatively the response of the structure to buffet flow is the
total system damping which can be broken down into two components - aerodynamic and structural, neither of
which can be readily determined explicitly at buffet flight conditions. The aerodynamic damping is itself
a function of flight condition (density and velocity), mean angle of attack, and oscillation frequency
(Ref. 14). A simplified relationship between these parameters and the aerodynamic damping ratio

[%
Cé- developed in Reference 14 for & wing oscillating in the fundamental bending mode is
cr

L

C, . TV F, cos &J:) b(y)[h](_y)]2 dy 4
- oy W (4)
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whers o free-stream density
v free-stream velocity
a mean angle of attack about which oscillation occurs
) first natural frequency
"e equivalent mass
b(y) Tocal chord
h](y) first bending mode shape
L wing span
Fe effective value of aerodynamic damping coefficient

It has been common practice in scaling buffet loads from one flight condition to another to assume that,
other factors being equal, the aerodynamic damping ratio is proportional to {pV) and sufficiently greater
than the structural damping so that the structural damping is negligible (Refs. 15 and 16, for example).
Under these assumptions it may be seen from Equation (3) that for a particular mode the root-mean-square
acceleration response is proportional to the square root of the dynamic pressure. If, on the other hand,
it is assumed that the only significant damping is structural, then the rms response is directly proportional
to the dynamic pressure. The true case, of course, is Somewhere between these two extremes. The relative
magnitudes of aerodynamic and structural uamping are subject to some contradiction in the literature. There
is some experimental evidence that at least for long slender bodies, such as launch vehicles, the rms buffet
response is inversely proportional to the square root of total damping as indicated in Equation (3). For
example, Figure 3 is based on results from Reference 17 where the total damping of a launch vehicle aero-
elastic buffet model was varied electromagnetically under wind-on conditions. The relative changes in rms
buffet bending moment, a,/a, with relative changes of total damping

1/2

4+ -

CCY' cCl‘ CCT

a CEL

for the first bending mode of one configuration and the first three bending modes of a second configuration
are shown to follow reasonably well the curve defined by

.2
c— ¢,
a . H
Cer  Cer

Figure 4 from Reference 15 showing the variation of rms wing root bending moment with ?7nsity at constant
Mach number (measured on an F-86A fighter) indicates the response to be proportional to (») 2 5o that the
damping must be primarily aerodynamic in nature. Figure 5 from Reference 16 which compares rms bending
moments measured on geometrically identical model wings made from aluminum and from magnesium with calculated
values scaled from bending moments measured on a geometrically identical but much stiffer wing made from
steel. The experiment was designed so that some of the many parameters which are of importance in buffeting
such as Mach number, Reynolds number, and reduced frequency were held essentially constant so that other
factors, such as effects of damping on scaling relationships, could be evaluated. The data are presented for
three different scaling relationships used !o scale the data from the steel model: in Figure 5(a) both aero-
dyannic damping (calculated after Ref. 14) and structural damping (measured under no-wind conditions) were
used in the scaling relationship; in Figure 5{b) aerodynamic damping only was used; and in Figure 5(c) only
structural damping was used. It was concluded that the prediction based on aerodynamic damping only, which
apparently contained compensating inaccuracies, provided values of buffeting loads which were closer " the
measured values than those predicted by the more complete analysis including both structural and aerodynamic
damping. There is other evidence (Refs. 18, 19, and 20, for example) to suggest that wing damping of solid
metal wind-tunnel models is predominantly structural. It is apparent that the character of system damping

in buffet flow needs further study.

Attention will now be turned to some of the more common means of determining damping. Analytical methods
of determining aerodynamic damping are almost exclusively confined to empirical means based on measurements
or based on asrodynamic theories applicable to attached subsonic or supersonic flow that bears 1ittle rela-
tion to flow experienced beyond the buffet boundary. Structural damping is usually measured under “no-wind"
conditions by various methods, as is total damping under flight or wind-on conditions. The aerodynamic
damping is taken to be the differsnce between "wind-on" and “wind-off" damping. It is worth mentioning
that both structural and aerodynamic damping may very well be amplitude dependent so that in deducing aero-
dynamic damping from total damping measurements care should be taken that wind-on and wind-off measurements
are made at the same amplitude or that the variation with amplitude is established.

Various methods of determining damping are presented in the literature (Refs. 14, 21-24, for example).
Reference 22 contains a general review of experimental techniques that are discussed in some detail. A
complicating factor in the measurement of damping under separated flow conditions, however, is the random
response of the model, that is, the damping gens-ally must be measured as statistical means averaged over
many cycles. A recently devised technique (R 4) known as "random-dec” appears to be particularly
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attractive for determining total damping under either full-scale or wind-tunnel model buffet “low condi- !
tions. Basically, as indicated schematically in Figure 6(a), the method extracts the damped sinusoidal

response of the structural vibration modes from the total structura)l response to either an externally

applied force or, more importantly, to the random buffet excitation forces. By averaging the measured

response over a number of time-sweeps that are started at a given response amplitude, the response of the

system to & “step input" is determined. (The measured response of the system can be considered to be .
composed of the response to a step, an impulse, and a random force. The response to ar impulse and to a -
random force average to zero.) Damping is obtained in the same way as from a free vibration decay since

the decrement or "random-dec signature" is representative of the free vibration decay curve which would be

obtained if the structure were displaced to the selected amplitude and suddenly let go. For single-degree-

of-freedom linear systems excited by white noise, the random-dec signature is identical in form to the

autocorrelation function, but for multi-degree-of-freedom systems and nonlinear systems, it differs in that

troublesome cross-products which occur in the autocorrelation of closely coupled modes are absent. Real

systems, of course, contain many modes and several techniques can be used to reduce the response to an

effective single-degree-of-freedom system for each mode of interest. Figure 6(b)} shows an example of the

random-dec technique applied to the acceleration response of a model wing to tunael turbulence. The actual

response time history is shown in the upper part of the figure. The difficulty of determining “amping from

this kind of response 15 obvious. In the lower part of the figure the random-dec signature for -his response

is shown from which the damping can readily be determined from the well-known equation

X
v 0
L (T

It is concluded in Reference 24 that for systems with moues closely spaced in frequency, application of the
technique is not so straightforward and that further '. rk is needed 0 define the limitations and precision
of measurements for such cases.

Generalized Mass

The final modal factor to be considered for the determination of buffet response from application of
dynamic scaling relationships such as Equation (3) is the generalized mass. (The reduced frequency, kp,
is simply a function of modal frequency.) Mass effects appear in the structural analysis of dynami: systems
in the form (for a planar system)

M, = j]h(x.y)hnz {x,y) dx dy (5)
where "n generalized mass associated with mode n
X, ¥ physical coordinates
hn(x.y) normalized deflection at x,y
m (x,y) mass per unit area at x,y

The integral can be evaluated for each mode by using either a known mass distribution and mode shape which
have been determined experimentally or analytically; or the generalized mass can be determined directly by
experimental means if the structure exists. A widely used method (Ref. 25) considers the change in fre-
quency caused by the addition of a small mass. Briefly, if the generalized stiffness of the nth vibration
mode is defined as

where y, 1is the natural frequency of the nth structural mode, and if it is assumed that the addition of
a small Qnown mass, AM does not change the generalized stiffness, then

. 2, 2
Ky = (Mg + M BT ) of

where h A ratio of modal deflection at point where incremental mass is added to deflection at
i station for which generalized mass is desired

" natura) frequency of nth mode with added mass aM

n,a
therefore (M, + oM hﬁ.A) “ﬁ.a = Mn“nz ;
aM h2 )
or "n - 1;;———349-
() -

For each mode, AM {s known and hp 2, wy and w, » are measured. In practice, 1t {s convenient to plot

AM hzn.A as a function of
W 2
L) O
Yn.8
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for various values of AM. The slope of this curve, evaluated over the linear portion near zero, '~ the
generalized mass. Difficulty may be experienced in applying the method if the modes are nut well :parated
or if the damping 1s large.

Recent advances in "system identification” techniques (the process of determining parameters in the
equations of motion of a system directly from test data) made possible, ir part, by increased computer
capability and accuracy, hold promise of providing better methods of determining generalized mass as well
as system stiffness or damping. A good review of the state of the art of system identification techniques
is presented in Reference 26.

SIMILARITY LAWS AND SCALING RELATIONSHIPS

The similarity laws and scaling relationships for predicting from wind-tunnel mode! tests the response
of the full-scale airplane structure (in terms of root-mean-square accelerations, bending moments, etc.) to
buffet fiow conditions will now be discussed. The similarity requirements will first be considered on the
basis of what is necessary to predict quantitatively the response of specific aircraft configurations as
contrasted to requirements for “trend studies." Then suitable relaxations of these requirements dictated
by practical considerations and a more liberal interpretation of scaling relationships to meet less stringent
obJectives will be discussed.

Relative Importarce of Similarity Laws

In principle, a model that meets the similarity requirements for flutter testing will also be suitable
tor direct scaling of buffet response to full-scale values. (However, there are considerations, to be dis-
cussed later, in addition to similarity requirements that make the desiyn and construction of a dynamically
scaled aeroelastic buffet mode! more difficult than a similar flutter model.) Discussions of the basic
requirements for achieving dynamic similarity of model and full-scale aircraft abound in the literature
{Refs. 27-30, for example) and will only be reviewed here briefly as they apply to transonic buffet loads
studies. The swmlarity requirements are generally deduced by applying the Buckingham Il theorem of dimen-
<tonal analysis or by examining the appropriate governing equations in nondimensional form. For a flexible
hody completely immersed in a fluid with relative motion between the body and the fluid these procedures
vesult 1n independent nondimensional parameters which may be thought of as ratios of the potentially sig-
mticant inertia, viscous, elastic. and gravity forces that act on the body and flurd. The more important
ones to be considered are:

(1) g Mach number, M

(2) %ﬁ reduced frequency, k
" . .

(3) T;? mass density ratio

(8) L%P Reynolds number
V2

(5) b3 Froude number

where a fluid free-stream speed of sound

v fluid free-stream velocity
0 fluid free-stream density
i fluid free-stream dynamic viscosity
9 acceleration due to gravity
b characteristic length
w characteristic oscillation frequency
m body mass per unii length

These five basic independent dimensionless parameters result from several assumptrons regarding charac-
teristics of the body and the fluid, that is: (1) the fluid is compressible and behaves as a perfect qas
but the velacity range is low enough so that effects of kinetic heating are insignificant; and (2) the body
is completely immersed so that surface tension effects may be ignorec. wnplicit in the five basic parameters
is another, the ratio of the specific heat of the fiuid, ,, and if dissipative forces are considered &
further parameter, the ratio (f structural damping to critical damping, Cs/Cer. may be added. From these
basic similarity parameters other dependent ratios relating model quantities to full-scale quantities may be
derived. If these dimensionless parameters have the same values for the model and the full-scale aircraft
and the mass, stiffness, and to a lesser degree the damping distributions are the same for the model and
full-scale aircraft, then the flexible and rigid body respcnse or behavior of the model will be similar to
the aircraft providing the model is geometrically similar to the aircraft, orientation to the airflow is
similar to that of the aircraft, and the model is supported fn a manner that does not .ignificantly aftect
the model response or behavior.

The simultaneous satisfaction of all the similarity parameters in a single model or test is not practical.
The degree to which the various parameters may be ignored or approximated is a function of the test objective



and the available tunnel performance. For example, if the purpose of the test is to determine buffet
response at high angles of attack at relatively low speeds the Mach number need not be the same, whereas,
for response at high speeds the model and airplane Mach numbers should definitely be simulated. The
gravitational parameter is not usually simulated except for studies where static deflections or aero-
elastic deformations are important. For buffet model response studies with the objective of predicting
full-scale buffet toads quantitatively, the mass density and reduced frequency similarity parameters are

as important as they are in flutter proof tests, and much effort is made to have these parameters the same
for model and full-scale aircraft. At best. however, the parameters are strictly satisfied in a single
model only for the tunnel/flight conditions chosen as the design point. It is generally assumed that the
slight deviations from these parameters caused by testing at conditions not far removed from the design
point do not significantly affect flow-response similarity and that the resulting model measurements at

a particular velocity (or Mach number for high-speed teste) may be scaled to other altitudes or densities

by application of suitable scaling relationships. Full-scale values of Reynolds number are quite difficult
to achieve because of wind-tunnel performance limitations and the conflicting requirements of other similar-
ity parameters. Viscous flow phenomena, including boundary-layer type, thickness, and separation conditions
are influenced in varying degrees by the value of the Reynolds number, and so this parameter would appear to
be somewhat m.re significant for buffet studies than for flutter tests. Although the locations of local
shozks and commencement of local separated flow may be Reynolds number dependent in varying degrees depend-
1ng on the particular aerodynamic contiguration, there is some experimental evidence to suggest that the
integrated effects on the structural response and even on total 1ift may be small. For example, in Refer-
ence 10 which compares buffet pressures measured in flight with wind-tunnel data (Reynolds number range
approximately 3-20 million), it is concluded that for a sharp unswept wing at Mach numbers to 0.7 Reynolds
number effects were small, Figures 7 and 8 taken from Reference 31 provide some further evidence from wind-
tunnel/fliyht comparisons. The data are from measurements made on a complete dynamically scaled aeroelastic
buffet mode! being flown on a cable mount system at model Reynolds numbers of 0.87 to 1.33 million compared
to flight values of 20 to 28 million. (Yhe Reynolds numbers mentioned on page 10 of Ref. 31 are, in fact,
Reynolds number per foot rather than absolute values as stated.) Figure 7 compares the model and fuii-scale
variation of nurmal force coefficient, Cy, with angle of attack well beyond the buffet boundary. The model
and airplane values are seen to agree reasonably well except for the 720 sweep case. Figure 8 compares model
and airplane buffet onset (in terms of -~ormal-force coefficient) and buffet boundary penetration as a func-
tion of Mach number. Again, the model predicted buffet boundary agrees well with flight values except for
the high sweep condition. Thus, although the locations of local shocks and commencement of separated flow
may have been different for the airplane and model, their integrated effects on the structural response
apparently were small, at least for the lower sweep cases. Reynolds number effects on aerodynamic simula-
tion are discussed extensively in Reference 32. Just how much the Revnolds nuber requirements may be
retaxed for buffet flow conditions has not been conclusively established 1n the Titerature, and further
studies are needed. For the present, because of wind-tunnel performance limitations, practical model fabri-
cation considerations, and the overriding importance of testing the model at a mass-density ratio comparable
to that of the airplane, no attempt normally is mace to simulate Reynolds number in high-speed flutter models
and the same compromise has to he made for high-speed buffet response models. From similar considerations
the gravitational parameter (Froude number) is usually ignored.

The total damping is certainly an important parameter in structural response buffet tests. Unforty-
nately, modeting technology has not advanced to the point where it is possible to simulate full-scale
structural damping {even assuming it is known) so attempts are usually limited to keeping the model struc-
tural damping to reasonably small fractions of critical damping. The rationale is that the structural damp-
ing is a relatively small part of the total damping and therefore its significance is lessened. This
assumption is not always valid, of course. For example, the buffet boundary may be quite close to the
flutter boundary in which case the aerodynamic damping might be very small indeed.

The ratio of specific heats similarity parameter is generally automatically satisfied when the model
tests are conducted in air. (The satisfaction of this parameter provides similarity in the compressible
behavior of the gas under adiabatic conditions and is necessary for exact similarity of the flow pattern.)
However, tests in gases heavier than air offer several advantages including easier model construction,
higher Reynolds numbers, and lower tunnel power requirements (see Refs. 33 and 34, for example), and there
1s evidence that it is not always necessary to satisfy this condition for Mach numbers less than about 1.4.
(Freon-12 is routinely used in the NASA Langley Research Center Transonic Dynamics Tunnel for flutcer and
buffet response tests,) However, for tests where local shock location is critically important the parameter
can be significant.

Scaling Relationships for Structural Response

Once a geometrically similar model has been conctructed so that the stiffness and mass distributions
are similar to the full-scale aircraft, and the values of stiffness and mass are reasonably close to the
values dictated by the similarity parameters, for the model measurements to be useful to predict full-scale
structural loads the nece.sary buffet response scaling relationships must be known. The theoretical buffet
model which relates the various important structural and aerodynamic quantities (Eq. (3) for example)
may serve as a basis for developing a scaling relationship for root-mean-square buffet acceleration. Taking
the subscript r to indicate airplane-to-model ratio, and subscripts M and A to refer to model and
airplane quantities, respectively, Equation '3) may de written

(Ca Cs )
e C— + C— N
az(f’O)T.A N b: qf‘ .}1.2 Z kn.r (C:r ccr)n M [CL,n (kn)]r az(Fo)n.M (6)

r n=l $

—

cr cr/n,A

where the generalized mass, My, has been replaced by the physicai mass ratio, m. (since the full-scale and
model mode shapes are optimal?y identical).
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for a dynamically scaled aercelastic buffet model that meets the similarity requirements so that it
responds in vibration modes similar to those of the aircraft the terms k, . and (Cp,p (kn))p optimally
will be unity when the model is tested at design point flow conditions. Eécause of vai?ations of the
speed of sound in the wind tunnel with respect to the speed of sound in flight the actual reduced frequency,
kn,r will vary slightly from unity, therefore, the term will be retained for increased scaling accuracy
stnce it is readily measurable. Although the power spectrum of effective random aerodynamic 1ift coefficient
ratio, [C| o(kp)lpe, is a function of reduced frequency, for smali variations, it is assumed to rema.  unity.
At the scal?ng design point flow conditions, the damping term in brackets in Equation (6) will normaliy be
very near unity for dynamically scaled aeroelastic models with relatively low structural damping. However,
this is not true for model test conditions removed from the design point, or for tests in flow conditions
where the aerodynamic damping is relatively small, unless the model and airplane structural dampiny are
identical. The value of the damping term may be evaluated by measuring the model aerodynamic damping and
structural damping, calculating the airplane aerodynamic damping from the relationship

w

c 2) (c)
a p Vb a
= | — {See Ref. 14, for example.)
<QQmA (m“nr q; M
by @y

ard estimating or measuring the airplane structural damping. The reduced frequency ratio, ko ® -
* r

is generally taken to be the same for all modes (although in practice there is usually some variation in
frequency ratio, w,, for the various modes). Equation ?6) may therefore be written

2 82, ] ) 2
leodrn = O % ke 2 Tt T Foln,m (7)
r n=l '

where

(Ca + Cs
= C;; C:; n,A

a , s
C:; C:; n,M

An expression similar to Equation (7) can be derived for the airplane root-mean-square buffet bending
moment at a particular location

2 _,6 2 1 2
Plighra=tSalk, D o260 m (8)

Actually it is not generaily possible to measure directly the bending moment U(Eo)n,M or acceleration
a(Eo) s buffet response of the model in a particular mode. Rather, the total response at a particular
1ocat%6n o(£y) 1 measured and the "modal composit..n" of the indicated response is estimated from power
spectra. Several conditions are inferred in this application of the scaling relationships: (1) the
"natural vibration modes" of importance in the total response can be identified, are well separated, and
are lowly damped; (2) the total measured model response can be treated as a summation of individual modal

responses,

that 1s oy = D o E )y
n=]

and (3) the structural and aerodynamic daiping of the modes are known or can be estimated. Further, it
should be noted that Equations (7) and (8) relate measurements made on the model at a particular location

to full-scale values at the same location. If full-scale maximum response values are desired (as is usually
the case) and for some reason the measurements are made on the model at a location different from that where
the maximum bending moments or accelerations occur, or if a distribution of the loads is desired from a
sinyle location measurement, then a measurement location "sensitivity factor" must be determined for each
contributing vibration mode. This may be accomplished in principle by calculating the bending moment and/or
acceleration distributions due to inertia loading per unit deflection for motion in each mode.

MODEL TESTING

Rigorous application of buffet scaling velationships such as Equations (7) and (8) is seldom possible
so that certain simplifying assumptions are usually required, depending on the type and purpose of the test.
There are basically two different methods of quantitatively predicting aircraft Luffet response: (1) meas-
ure buffet accelerations or strains on a dynamically scaled aercelastic model (Refs. 31 and 35, for example)
and (2) measure the pressure fluctuations on a nominaily rigid mode) and then calculate the dynamic recponce
when these pressures act on the flexible structure (Ref. 8, for example). Each method has its advantages
and disadvantages. The practical application of these and other relationships will now be discussed for

several types of buffet studies.

ot e e



Dynamically Scaled Aercelastic Models

The most direct approach for predicting fuil-scale buftet response loads with a minimum of scaling
assumptions is the measurement of the buffet responses of a reduced size dynamically scaled aeroelastic
model supported 1n wind-tunnel flow that accurately simulates the airfiow over the airplane in a manner
such that the mode! and airplane degrees of freedom and inertia loads are properly related. In theory,
buffet response predictions based on this approach should be the most accurate of the several methods to
be discussed. In practice, it is impossible to meet all the above requirements and certain assumptions
stil1 are required concerning the significance of the effects of parameters over which little ¢~ -~ -+ can
be exercised. For instance, pitch-rate effects are usually assumed to be negligible for rat e
to a maneuvering aircraft. Also, it is usually necessary to assume that wind-on mode shape’ . : ¢3Se Ny
the same as wind-off shapes, that there are no significant differences in model ard airpia - .ude chap
that are impertant in the buffet response, and that the model and airplane structural damp , in a parth
lar mode is independent of vibration amplitude, temperature, ard flow conditions. A major disadvaitage or
the approach is the complex and costly modeling requirements, but some conditions or circumstances rake the
dynamically scaled aernelastic model test the desirable approach. For instance, when a complete fluttar
mode! 15 required or 1; desirable for flutter proof tests to minimize expensive flight flutter testiry, the
extra expense required to make the model suitable for buffet loads testing (primarily due to streng.!: and
fnstrumentation considerations) may be acceptable. The approach may also be desirable when components other
than the wing are considered to be buffat critical. When a maneuvering aircraft "penetrates the buffet
boundary" each part of the aircraft experiences 1ts own boundary. Although atten*ion is usually focused on
the wing response as a function of increasing angle of attack {say), in fact, an ati-movable horizontal
tail, on sudden deflection for an abrupt pullup maneuver, may be the first component to experience buffeting
conditions. [n fact, there have been several instances where the design loads on tail surfaces have been
exceeded due to buffeting. Although the horizontal tail is normally considered to be the critical tail
component, during recent wind-tunnel buffet studies on a fighter afrplane it was found that the critical
components at high angles of attack were the vertical tails which were vibrating primarily in a torsion
mode. Of course, when buffeting flow is encountered anywhere on the aircraft the entire structure responds
with the load or acceleration intensitiec varying over the aircraft according to 1ts structural character-
istics. The highiy maneuverable high-performance fighter, typically flown well 1nto the buffet boundary,
and subject to buffet flow due to shock-boundary-layer interaction, high angle of attack, and wake impinge-
ment presents a formidable challenge to predict the response characteristics. It has generally been found
that even for these conditions, wing buffet loads are not the critical consideration but rather (1) vibra.
tions which subject fire control, navigation and reconnaissance equipment, instruments, and crew to a more
severe operational environment and increase fatigue; (2) degradation of performance through increased drag
and decreased lateral stability which detracts from tracking capability; and (3) as mentioned previously,
excessive structural loads on tail and control surfaces,

When complete aircraft buffet response acceleration and load prediciions are required, the dynamycally
scaled aeroelastic model test would seem to offer the best hope of obtaining suitable data. This technique
has been evaluated in Reference 31 by comparing the scaled buffet bending moments and acceleration:c measured
on a 1/8-scale flutter model of a variable-sweep fighter airplane with those measured in a flight buffet
research program (Ref. 36). The model was “flown" on a cable mount system with a 1ift balancing device which
counteracted the 1ift in excess of the model weight, thus allowing the model to be flown under conditions
simulating high load factors (neglecting inertia and rate effects, of course). Figure 9 is a schematic
representation of the system which was designed to provide a relatively constant low-level spring rate su
that the model could respond in rigid and elastic body dynamic motions with a minimum of restraint

Figure 10(a) compares the airplane buffet response with model-predicted values (using scaling relation-
ships shown in Eqs. (7) and (8)) of wing and horizontal tail rms bending moments and rms accelerations at
the center of gravity. The data are typical in that the full-scale buffet bending moments on the wing ang
horizontal tails and tne center-of-gravity buffet accelerations predicted from the model data agreed well
with airplane values at all Mach numbders at a wing sweep angle of 260. At wing sweep angle of 500 the
agreement was reasonably good at all Mach numbers tested for the wing bending moments, but the correlation
of the model and airplane center-of-gravity accelerations and horizontal tail bending moments was not so
good at the higher Mach numbers. At 720 sweep, Figure 10(b), both the airplane and model dat: exhibited a
Jarge degree of randomness :t extremely low levels of buffet response which made evaluation of the
technique difficult.

The right side of Figure 11 shows sample comparisons of the model and airplane norizontal tail bending-
moment response spectra. Here the model response is primarily in the horizontal-tail-first symmetrical
bending mode with secondary response in the fuselage vertical bending mode. Unpublished airplane spectra
indicate that the primary response varied between horizontal-.ail bending and fuselage vertical bending
depending on flight condition and whether the right or left tail was being considered. On the left cide of
Figure ' the wing-root bending-moment response spectra of the model and airplane are compared. The spectra
are almost identical with the response of both being primarily in the first symmetrical bending mode. It is
th*c characteristic of wing-root bending-moment buffet response that makes possible the use of much simpii-
fi.d models (to be discussed next) under certain conditions to estim te full-scale wing response. [xcept
for the wing, however, power spectral density analyses of the model response to buffet flow showed that the
{ndicated modal composition of the total measured response was dependent on the type and location of the
measurement, wing sweep angle, Mach number, and, in some cases, the depth of penetration into the buffet
region. These conclusions from the model studies discussed here have been borne out by more recent flight-
test data from a more extensively instrumented aircraft (Ref. 37). These flight studies showed. however,
that although the wing-root bending-moment response spectrum was predominantly in the wing-first bending
mode, bending moment and acceleration response measured further outboard on the wing, particularly near the
tip, consisted primarily of wing-second antisymmetric bending and higher modes.

Stiff But Responding Models

In the dynamically scaleu .»roelastic model approach to predicting absolute values of full-scale buffet
loads, the reduced stiffness aiu mass density similarity ratios, and stiffness and mass distributions are
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saticfied by design so that, assuming an adequate model, the modal response of the model is identical to
that of the full-scale airplan2. Therefore, all the quantities needed in Equation (6) to scale model
response loads to full-scale values are either identically unity or can be explicitly measured or calcu-
lated except for full-scale structural damping. Variants of this approach may be used to gain insight

into the buffet phenomena, to invastigate the validity of certain assumptions made in theoretical modeling,
and to estinate relative intensity levels and boungary penetration char--teristics of different geometrical
configuratiors. For instance, considerable information may be deduced «uout wing buffet onset conditions
and the relative rise in response intensity with buffet boundary penetration by measuring the wing bending-
moment response of conventional "semirigid" wina-tunnel models (Refs. 15, 38, 39). This method may he
valid when the conventional wind-tunnel model wing-first . nding mode is similar in shape and scaled fre-
quency to that of the full-scale aircraft and the model structural damping is reasonably low. One must
also assume the response of the wing is in the first bending mode only, and that response of other compo-
nents of the structure are 1solated and do not influence the response of the component being evaluated.

The use of this type of model is generally restricted to wing buffet studies - primarily for buffet onset,
but it is used in some instances for load intensities as the bi “=t boundary is penetrated or the aerody-
namic configuration changed. Buffet onset predictions have gencrally been good using this technigue. The
prediction of absolute buffet loads on wings has met with varying degrees of success likely depending on
the relative magnitudes of model structural and aeradynamic damping, mass density ratio, and tunnel turbu-
lence levels. The method has been used since the early fifties but wind-tunnel/flight correlation buffet
loads data are sparse Figures 12{a) and 12(b) from Reference 15 and Figure 12(c) from Reference 40 are
itndicative of results achieved using this technique.

A refinement of this approach that makes use of "sti1ff" conventicnal models to predict maximum flight
penetration buffet boundaries is suggested in Reference 39. The basic hypothesis is that the tunnel turbu-
lence or unsteadiness (which must be known in terms of unsteady pressure or flow angle power spactra) can
be used as a given level of aerodynamic excitation to calibrate the model response at the wing fundamental
frequency, and hence to derive buffeting coefficients from buffet strain measurements on the wing, Figure13
from Reference 41 illustrates a recent test of this hypothesis. The method is discussed quite fully n
References 39 and 41.

"R1g 1" Buffet Pressure Models

Both the dynamically scaled aeroelastic model approach and tests on "stiff" but responding models make
use of measurements of model response to predict full-scale buffet characteristics. A completely different
approach makes use of measurements of buffet fluctuating pressures on "rigid" models to predict analytically
the full-scale ouffet loads on the flexible aircraft. The term "rigid" is reant to 1mply that no signmi “1-
cant model recponse mode occurs at frecuencies in the vicinity of the scaled frequency at which buffeting
intensity is to be predicted on the full-scale aircraft. The basic method, briefly outlined here, 15 dis-
cussed in some detail in the literature (Refs. 8 and 42, for example). Basically, the method entarls
(1) the measurement of the unsteady pressure distribution on the rigid model in terms of root-mein-square

pressure levels on prescribed areas, power and cross-power spectral density functions and corre’ » func-
tions, (2) devinition of the dynamic characteristics of the aircraft analytically or by vibr Sts,

{3) combining pressure and modal displacement data to yield the buffet forcing function, e plying
the forcing function to the elastic system to compute the required buffet response loads a- 1cements.
The practical application of the method requires mary assumptions at each stage, particule ., .he genera-

tion of the buffet forcing function, and requires that an estimate of the total modal damping be available.
This approach has been used (Pef. 8) to calculate buffeting at low speeds of a slender wing with a ieading-
edge vortex. A modification to this approach has been usea in Reference 42 to calculate the buffet response
of a swept-wing fighter at transonic speeds. A 1/10-scale conventional wind-tunnel model was used 1n this
series of tests designed to learn as much about the buffet flow field as possible. Here the "rigid" model
did have scaled frequencies near those of the full-scale airplane which impiies an assumption that any wing
motion effects on the ouffet flow were the same for model and full-«cale airplane. Figures 14(a) and 14(b)
from Reference 42 comoare predicted and measured acceleration response at Mach numbers of 0.79 and 0.92,
respectively. Predicted spectra are shown for two different modal damping distributions. One distribution
was obtained f.om the sum of the structural and aerodynamic damping (obtained from velocity versus damping
tlutter solutions) in each of 20 wing modes used 1n the analysis. The other was obtained from a constant
damping ratio of 0 05 used for all 20 moges. The manner in which the damping was considered is seen to have
little effect on the spectra compared to the differences between the measured and .edicted responses. The
authors conclude that trhe agreement is reasonable and note that the specific method employed is considered

a "first-generation" approach to which refinements in technique may be added.

CONCLUDING REMARKS

The important structural and aerodynamic quantities associated with a flexible aircraft respunding to
buffet flow conditions, requirements for simulating or calculating the response with the aid of wind-tunne!
models, required scaling relationships, and test methods have been discussed relative to iLhe state of the
art and to consideratinns, assumptions, and idealizationc that are usually required. Some examples of
contradictory evidence in the literature regarding some of these assumptions and 1dealizations Fave been
cited to indicate areas where further research is required, and scme recent results obtained by investiga-
tors using several prediction techniques have been compared with measured flight buffet loads.

A sigmificant advancemert in buffet analysis techniques was made in the early fifties with the apphi-
cation of the methods of generalized harmonic analysis, and there ha = since been notable contributions to
the understanding of buffet phenomena. However, the state of the art to definitively predict analytically
or experimentally the complete structural response and handling characteristics as the buffet boundary is
penetrated leaves much to be desired. Although some progress has been made in theoretical methods for pre-
dicting buffet onset conditions, particularly at subsonic speed<, no adequate theoretical method exists for
calculating the unsteady aerodynamic excitation forces in fully developed separated flow at transonic speeds.
The determination of these excitation forces from wind-tunnel model tests for subsequent use in structural
response calculations requires many assumptions that need to be validated. A fundamental question that needs
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to be resolved is whether the unsteady aerodynamic excitation forces on a rigid (nonmoving) wing are the
same as those on an identical but flexible {responding) wing, or at least the conditions unaer which they
.y be considered the same. The practiral significance of Reynolds number effects on separated flow in
terms of the effects on structurai and rigid body response need to be determined. The effect of rate of
change of angle of attack on buffet load intensity needs further study. A systematic study of aerodynamic
damping variation with approach to, and penetration of, buffet boundaries is needed along with better means
of measuring damping under these conditions.

In spite of these uncertainties, several prediction techniques have been shown to give results that
compare favorably with flight data for certain categcries of buffeting, most rotably wing buffet onset and,
to some extent, buffet load intensity. However, einerience has shuwn that even well beyond the buffet
boundary wing buffet loads are not usudily the critical consideration but rather excessive loads on tail
surfaces, vibrations which subject fire cortrol, navigation equipment, instruments, and crew to a more
severe operational environment and increase fatigue problems, and degradatinn of performance through
increased drag and decreased lateral stability which dotracts from tracking capability.

None of the various approaches to the prediction of buffet response accelerations and loads is com-
pletely satisfactory, each having its own advantages and disadvantages. A complicating factor for all
methods 1s the extreme configuration dependency of the various buffeting excitation forcec that occur on
the aircraft,

Perhaps an additional comment is pert:nent regzrding the uncertainty of model/flight comparisons. The
fact that the buffeting essentially is a random process leads t~ diffizulty in comparing flight buffet loads
from o maneuvering afrcraft to those predicted from wind-turael tests. For example, high-load-factor flight
data sawple lengths of buffet loads as a function of angle .f attack are usvally too short to provide the
statiorarity of the data required in scaling relationships. In addition, the aircraft is not uvsually maneu-
vered in such a way that Mach number and density remain constast (as in the usual wind-tunnel test) while
the angle of attack is increased to values well beyond the buffet houndary. Until the important parameters
can be separated and better controlled, the possibility must be reccgnized that the degree of correlation
between predicted and measured flight buffet response characteristics may be fortuitous.

The prediction of mapeuvering aircraft buffet stru tural response is obviously a fertile field for
imaginative research.
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M = 0.9, 90 percent chord, 86 percent semispan.

(Ref. 9).
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(b) M = 0.8, 90 percent chord, 78 percent span.

Figure 1. Concluded.
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Figure 5. Comparison of measured and calculated root-mean-square bending moments.

(Ref. 16.)
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Figure 6. Random-dec technique for determining damping. (Ref. 24.)
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Figure 7. Comparison of model and airplane CN variation with angle of attack. (Ref. 31.)
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