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PREFACE

Studies on the buffet characteristics of aircraft in the transonic speed range raise
consderable analytical difficulties, which have been of great concern to designers. Due to
the complexity of the flow flelld beyond the buffet boundary, theoretical solutions to the
buffet problem are Impossible at the present time. Therefore researchers are attempting to
develop new wind-tunnel test techniques and establish correlation factors to flight test
results.

7TIe following paper preseoted by Dr John 1ives a state-of-the-i rt of methods used
in Europe to predict buffet boundaries and response. A comprehensive survey of practical
techniques and analyses is madis. and a critical review of their respective capabilities and
limits of validity is presented.

This pilot paper is extremely useful and should help designers to solve their practical
problems and, at the same time, hithlight deficiencies and identify Saps that call fur future
work.

B.LASCHKA
Chairman, Airframe Response to
Transonic Separated Flow Working Group

lii
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ORITICAL REVIEW OP M]ETHODS TO PREDIOT THI
BUFFET PENETRATION OAPABILITY OF AXRORAFT

by
r

Dr. Heelmut John
Messeruohmitt-BDlkow-Blohm-GnbH, Munich,

Germany

i• SUMMARY

Aooording to the nature of buffeting %3 the wing-flexible response to the fluid
motion, including exciting forces of parated flowpthe most favourable o est technique
i implies the use of dynamically :Coaledflexible models. Nevertheless, a number of
techniques are based on the use of oqimi-:'igid models and yield good results in comparison
with flight tests. Methods covered ivi this critical review are: the possible relation -
ship between buffeting intensity and mean loads; the dynamic analyvis of unsteady
wing root bending moments, aid the uiae of fluctuating pressure measurements to predict
the buffet penetration capability of airoraft.

This report contains a survey of mat aods which are in use in European countries.

NOTATION

0 chord
mean aerodynamic chord

dn total damping

A. frequency

g gravitational constant

kn reduced frequency

p pressure
q dyna'm o pressure

a semispan
x,y, z coordinateo

CL llft coefficient

cM pitching moment coefficint

OD drag coefficient

cB Buffeting coeff .cibnt

ap pressure coefficient

A aspect ratio
C stiffness

D damping
K transfer function

or constant of proportionality
M mass
Mo Mach number

P forie

S wing area
d incidence



fraotion of semispan
S~density
S~strain

aircular frequency

A4 sweep angle

Indices

n number of mode

r ratio

TE trailing edg'

Abbreviations

PSD Power Spentral !lenrsfty

RMS Roo Mean Square Value

SEP Specific Exc.ere Powrr
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1 INTRODUOTION

1.1 General

r The object of this paper is to present a general survey of methods for
7, predicting the buffet penetration capability of aircraft which are used at present in

the various Buropean countries with aeronautical interests. In the past ten years,
novel practical techniques have been developed and employed, and it has become
necessary to make a critical review of their respective capabilities and of the
specific conditions of their uso.

The inoreasod attention that is being given to studiei of buffet charaoteristios
by aerodynamoisto is resulting from the present trend in combat aircraft development.
This trend is currently demanding greacer manoeuverability in the transonic flight
regim6. The performance of a transport aircraft and the manoeuvre capability of a
combat aircraft can be sev-rely limited by flow seperations on the wing, which causes
buffeting anti which onn be accompanied by a variety of adverse effects, such as, for
example, increase in drag, losses in lift and stability, pilot impairment, reduced
tvacking ability and fatigue problems.

Figure I illustrates the influence that theLe limiting factors can have on the
erformanco" of a fighter. This figure also shows the sensitivity of turn rates to

Lypioal boundaries at subsonic, transonic and supersonic speeds. The shaded area
represents the region where the manoeuvre performance is reduced as a result of
buffeting. Figure I also in.ludes an agility plot which shows specific excess power
(SNP) versus turn rate.

Not only the aerodynamic performance in terms of tvrn rates or g-levels is
affected by buffeting, but also structural aspects need to be considered. In view of
the fatigue life of the structure for the pilot in his cockpit onvironment, for
weapons aiming ard for systems like gyros etc., knowledge of amplitude ratas,
vibration levels and predominant frequencies is of vital nftcessity for designers, and
should be the objective ot a project orientated evaluation with high priority.
1.2 Definition of Buffeting and Related Phenomena,

As a conasquence of the occurrence of regions of separateO Ilow on the wing at a
certain incidence, the perfornance of an airoraft might be limited 4ither by vibration
or by degradation in handling characteristioe. To this latter category belong phenomena
like "pitch up", "wing dropping", "nose-slicc" and "wing rocking". In Figure 2 a
comparison of the predicted wing-drog bounday with the moderate buffet boundary is
shown for a swing-wing fighter at 25 and 45 degrees of sweep. The estimation Is done
on the basis of coefficients one- and onp, taking the point where in the incidence

range at emgll side slip angles these coefficients changA wign. As can be ex]eoted
for A -= 25v, the thrce bound,!;8 compari ve-y :4ell, due to tie 2-dimeneiou•
character of the flow. At.AZ - 45 where a "mixed type of flow" is encountered, a more
gradual development of separation is to 'e ex-eoted, and the difference between the
quoted criteria is obvious, leaving room for speculations up to which boundary the

aircraft can be handled.

The highly undesirable rigid body mot:one of aircraft at incidences above separa-
tion onset are referred to in the lcngitudinal motion an "bounoing", "pitch-up" and
"porpoising", while for .he lateral motion "wing rocking", "wing dropping" and "nose-
slicing" phenomena are known. The phenomena of "pitch-up", "wing-dropping" -Ld "nose-
slioin " are relatively well understood, resulting in a deficiency in longitudinal,
lateral or directional sttability, possibly leading to loss of an aircraft in extreme
situations. The phenomena of "'.ouncin&", porpoisinf" and "wing rocking" are a
degradbtion in husnling but not necessaily a limit ation to sustained manoevofte.
While "winh bounuinf"eis +Vioally associated with a rigid body heaving icde of the
aircraft for "per o sing" and "w ng rocking", an appropiate model is nut yet
establisht". It may either be au autonomous oscillation, better known as "limit cyce,
in which nonlineaz mean aerodynamic forces become significant, or an aerodynamically
forced reopens, to fluot•-ting proseures. There also exists the possibility of a limit
cycle oscillation in which the periodic fluctuations in the flow fiele are coupled
deterministically to the wtion of the wing. Ty pcally, the motion referred to as
"Owing rockin " is, as shown in Figure 3, primarily occurring in the roll-rate trace at
frequencies lower than those associate with airframe flexiblc response in a
fluctuating rigid body motlon.Therefore? those phenomena of the aecond category belong
to the flight mechanlcal problem area and do have a direct effect ou controllability
and the ability to hold an accurate flight path. Phenomena of the firrt ca tegory,
mentioned above, and which are associated with flexible modes of the aircraft struoture
can be said to influence "rite quality", and are raferred to as "flight in turbalenoe"
and "buffeting". The difference between turbulence and buffet is given by the basic
difference of the 4riving force, while the structural behaviour tf the elastic system
is the same. The driving forre of turbulonoe is embedded in tho on-coming free air-
stream and can be defined by a finite wave length and spectrum. Turbulence, therefore,
-an be encountered at any incidence and flight condition.

Any elastic system fed with energy is subject to instabilities and for ai air-
craft in flight, the energy is provided by the propulsion system whioh maintains the
relative airflow around the exposed components of the aircvaft. The instability
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phenomenon of the struoture is known as "flutter". The instability phenomenon of the
relntive airflow is *ssociated with separation and producas the Ariving forces known
as buffct whil",buffetin is the flexi ble raspons. to the fluid motion. The vibration

* level or tuffeting intoensty, defined bv local iccelerations or displacements at
either natural or forced frequencies, is the result of the per'turbation of the system
and te*nerg loss of the oncillatinp oomponent due to damping. If the energy fain is
larger than 9h damping fcroes# a rapi filure of the structure vijl occur, anG the
integrity of the strurnture will be lost.

An exoellent survey of the phenomena discA~sed above, is given by Jons()
wherein theoretical models and differential equatios in use orid also digcussd.

This present report Lonooentratem on wing buffeting at transonic speed@ only.

1.3 Theoretical Aspeotb

Of major importance in bi4'ftting inve stioations arenaerodynamic disturbances that
produce driving forceo ftor the airframe structural respone oi~lled buffeting which
finally establishes the attained vIbration luvel. Theorptioal strucotural models
definin; the dynamic proportion of the structure have been used f'.r years to provide
information* a n flutter spoede and gust analysis.. Starting from stiftners and mass
distributions, the so-called modal analysis allows the calculation of natural
frequencies, mode whapes and generale d masses. Those resultc can be compared and
corrected uoinC ground vibration testo.

With re ard toi buffet forces the situation is completely different. The presence
of any sizable separated flow reelon provides a strong and sufficient energy source

trasoic liht re~imet when complicated shock eystems interat with the viscous flow
field Theinflenceoneparation can be very dominant if the shock strength is
suficintl lage o ou~p abubble-type separation, which in known as shook-induced
sepaatin. egins f mxedvortex flow with embedded sepafrated areas and unstable
*hok wvestha ar . entin a 1-dimenoionnl wing flow fiold at transonic opeeLds,

form thv Greatest difrficulties in dnea.ribing and defin ing prcieflwmAl
Therefore, nearly all investigations Involve winO! tunnel to wt to predict buffet forces.

Because of the complexity of the buffet problem, oonside!ýable emphasis is nlaced
on test techniques to obtain various types of wind tunnel data. The target is to
provide buffeting boundaries for designers to establish the performance of the aircraft
and to produce information about buffeting loads for stressing purposems

Typical results of buffetine boundaries for a fighter and a transport Aircraft a"e
shown in Figure 4. For the fighter, boundaries are defined by buffet onset which
corresponds to the first indication of boundary layer separatior. Lig ht bulfeting or
pilot's onset is defined by the first appearance of a sisable vibratious Moderate
buffe ting oan be saitd to represent a boundary for a stable weapon platform or a limit
for Pilot's impaiinent. Above a boundary defined by heavy buffeting, the integrity
of the aircraft structure is questionable'. For a fighter aircraft, the margin to
moderate buffeting re resents the manoeuvrability in terms of a "In.g" instantaneous
pull up or in turn raes (see Figure 10).H

With regard to a transport aircraft, . separation from buffet onset to
cover light mnanoeuvres 4efinos the cruise at...tude and thus influences the performance
of -the aircraft oonsiderabl During a normal cruis thairftmyecuter
atrone guat which carries the aircraft beyond the auft "rshold. Therefore, a 1,6 g
separation from maximrw penetration, or a definite gust velocity -- for example a
normal velocity of 12.5 m/ns and a corresponding wave length o.iT 33 m -- must Dbe applied I
to provide a safety margin for the aircraft atructure.

Thia information can be provided from wind tuni'el tenti using normal semi-rigid
models. The application, 'howevei- of the wind tunnel. data to establish local buffet
loadsa vibration levels at any station of the aircraft, predominant frequennies and '
ampli ude ratios fo2. the full scale airoraft,requlres soon means of accounting for
the effects of flight Reynold!3 number and *tircraj~t structural response, effects which
can only b" simulated adequately during a win4 tvpnel test by use of dynamically tscaled full aeroelastic modoes in high density tunr~elr. In this 1-s1j would b
necessary only to record vibrati~on levels via accelerowetors at poinso neet
and extrapolate the results for the full scale aircraft using similarity rules. Such
tests have bee n performed in the US3A by P.W. Hanson (2), Le .,3ey Research Centar.
on a F-ill type model. Although the tents mentioned are done in tie USA, one main

ion s taken from this report, and that is the extrapolation formula, as shown iL
igure 5. As mentioned in the report by qanson (2), parameters 1c, , d n and

r r
OL~ (kn)]r shiould 'be unity. Small C(ifferences in etructural, or aerodynamic drmping

can p roduce differences in the oompari~on of aircraft to model response. These
quantities must be monitored carefully. This stateme;,t is one of the central themes
in this paper.



It is not clear whether mush a model can be designed in Europe In the near
future. The problems involved are the design and ons truotion of a model that can
withstand large static and dynamic loads at high incidences and high wind tunnel shut
down loads. Vurthtrmoreo such models are expensive and rot readily available.

For theme reasone, nearly all European ts•.niques are bawnd on the use of oemi-
rigid modelsu and include flight-tunnel correlation factors. Methods covered In this
critical review are discussed in subsequent chapters.

2 PRIDIOTION OF BJFFETING INTENSITY ON THIC PASIS OF MEN ARRODYNAMIO LOADS

2.1 Principle

The earliest concepts of deriving buffeting boundaries froem voral wind tunnel
tests with some reliability iere developed by Per~roey and Holder (3, 4). The principles
for these methods are derived frcm the close study of buffeting characteristios of
different aircraft In comparison to wind tunnel tests. The conclusion was that the
most frequent cause of buffeting is not a looai iTed response to fluctuating preo.wrem,
but the result of the direct effects which any kind of entaration on a wing exerts on
the total loading. The effects on mean loads are in -urn, closely connected with the
variation of mean pressure at the trailing-edge through the wing circulation.

The meohanism acting on An airfoil or a wing can be described in brief as follows:
if separation on the upper Pvrface of the wing -- due to leadin edge, trailing-edge, or

shook induced separation, whichever first oocurs at relevant Mach number and
incidence -- has developed sufficiently to thicken the boundary 1.ver at the trailin3-
edge position and hence does influence the wake, a rapid fall in pressure on the upper
trailing-edge will happen. However, on the lower surface there are no comparable
changes in the viscous flow that can give the reduoed pressure and that would be
nmoesseary on the two sides of the wake, because the wake cannot, in qeoLral, support
a pressure difference across it. The same pressure as on the upper edge can in faoa,
onl, be achieved by a reduction in circulation. Such a change does provide increase(
velocities and decreased prussures over thv whole lower surface.

Accordingly, the assumption taken by Pearosy and Holder (3, 4) is that the un-
steady loads trigered by separation are pruportirnal to the change of the mean aert)-
dynsiiic loading, 1! s.0 the le in lift compared to the linear variation with incidencefor attached flow no Indicated In Figure 6. Locally- th )eoo ntadns a

derived from the rapid divergeoce of the trallin&-edge pressure compared to the linear
variation for attached flow as shown in Figurd 6.

The driving buffet force is defined bi, a lift lose A OL or a mean trailing-edgi

pressure divergenoe A opt. Structurally, the assumption is made that the aircraft
can bo treated in a rigid body heAvinr ,, eve or that most of the aircraft bah~av very
similar in their esels response oharactesritlo 0o a oertain delres of excitation,
and that the buffeting intensity can be obtained by calibration rom flight te'ts.

2.2 Analysis

2.2.1 lInkology

Polluwing the hypothesis of Peariey rn Heoder (3, 4) outlined above, kinks --

defined by slope changes, rather than by arbitrary irregularities -- in the slope of

Lc or r. versus incidence, are used:

to estimate for
1. Kink - buffet onset
2. Kink - Moderate buffet (2.1)
3. Klnk - Heavy buffet

A justification for using the second kink to dmfine moderate buffeting is roven by
the fact ',hat the separated flow often rolls up into a vortex. As woon as ithe vortex
influences a sufficient large portion of the win$ due to the accompanying lift loss or
due to a backward shift of the local o. p. position, either a pitch up or pitch down
om - kink ooours,which also reeulte in a sudden increase in drag. Thus, the variation

sn axial force versus i or oL also san be used a t an indication. Ftgure 7 lhows t

arnical example for those kinks. Although the second kink does not allow the
ea ablishment of a quantitative value for buffeting intensities it gives, in many
cases good correlation to pilot's opinion. It appears that in those oases the
everity of buffeting is Mt the !in1ting factor so that pilot's tend to fi, right

up to a handling toundary, such as pitch up or wing dropping, which are likely to
occur beyond the seo-nd kink, s already disssed (as* Rgue 1).£
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2.2.2.8iaplified Buffet Response Calculation

In Reference (5) O.L. Bore postulates that buffet response to to be ronsurod by
peak acceleration (B. g)* suffered by the mass of the alroraft nnd the fluctuantini
cross causing buffeting are taken to be proportional to the decrement of lift

ooefficLent as outlined in para 2.1. The expetteu Intensity if buffet response can he
estimated from the simple formula

B- M K (2.2)

using the equivalenoe AOL o UB, ns shown In Figure 8 t, .here W is the nirernft welrht,

3 is wing area, q is dynamic pressure va, K is the constant of proportionnlity.

The peak acceleration criteria used for vnrious degrees of buffeting atr asfollowas

Buffet onset B -m- 0 negligible
light B a & 0.2 e peak to penk
moderate B a + 0.6g" " C (2.3)

heavy 3 0 + 1.0 "

Oorrelations are presented in Reference (5)1 an e*kemjle is shown in Figure H h for the
Harrier GRI. For this airpsane, K m 1 has been found satisfactory. Bore's method does
not take Into aoount either the effects of aerodynnmic damping or of witr, elnsticity.
The fluotuating force is representing a total aerodynamic force independent of wing
motion, and the aircraft response is calculated on the basis of a rigid-body heavingmods.

The analysis presented bK Jonsi (i), which starts from the differential equation
for the heaving mode, roves that under certair conditions a heaving remponso
calculation is appropriate. This is possible only when the heaving motion contributes

s11 nifioantly to pilots' Impairment. for example, at positions very close to bendinnodes at frequencies of i - 10 Ha. Thn the e~feot of oerodynamic damping Is negligIble

and vibration intensities satisfy the equation given by Bore (5). Consequently the
response is directly proportions to the excitation and likewise to q. Thus at constant
true aireseed the response varies linearly with air density 9 (see Figure 8 b).

2.2.3 M6ethod Based on Trailing-Edge Pressure Divergence

The firet suggestion tnat traillng-adge pr-ssure uiverge.uw may be uoeo Zo • :ediet
baflt loads was made by J.C. Winnpenny I, the discussion of the paper, Ref. (4%. *An
attempt to predict buffet onset from a divergenae of AcpTE a 0,04 - 0,05 "'. a semispan

position of 1 we 0.85 is certainly too simplified. ?usk (6) ah",P >d eompariaote, but
this is obviously only true for wings that are designed using the sane principles.
In Figure 9 an example is shown, but the comparison in poor.

A better approach is proposed by Bore (7). The method Is based on an analory of
a buffet force ooeffioient with the normal force coefficient giving:

ON ~ 0.7 P120  0--.- (2.4)

1D b.
0. 17 '1 Po "0

Where Ni is the normal force, B is the peak oscillatory normal forcel (n.g)*) iv normal
aooleration and (b.g)*) Is the peak oscillatory acceleration. Taking a number of
simplifying assumption, Bore used thie equation,

OB A P .T. di (2.5)

whioh is a strip-theory analogy to -he steady flow relations-ship. The integral can
be evalutated graphically for given values of ot, and M and cB can be cross-plotted

in a oL against M0 dia•rem.

Read: B in fractions of gravitational oonstant.

*)Read: n or b in ! raotionm of the gravitational constant.
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Values for pan. then be calculated by the use of eq.ation (2.2). As outlined for

equation (2.3) moderate louffeting iL then attributed to a value of 3 - + o.6,A
schematic example is shown in Pigure 10. In applying this method, care muat be taken•. ~to allow for all th6 exceptions that osn influence the trailing-edge presrsc

as the presence of supersonic flow at the trailing-edge or vortices, which is
described in more detail in Ref. (3).

Reliable buffet loads can not be obtained by either of these methods presented
in paragraph 2.2.

2.3 Critical Remarks

The methoas discussed are a good first approach for defining buffeting boundaries,
especially in the lower Mach number area and in oases where no other information is
available. Also, in cases where a 2-dimensional type of flow Is predominant, the
results will be good, because there is almost no margin between buffet onset, moderate
buffet and cLmax. Limitations come in at higher Mach numbers, and in cases where

assumptions taken for the dynamic characteristic of the structure are no longer valid.

The following main problems can be defined:

1. The determination of buffet onset on the basis of kinks often leads to too optimistic
results. This observation is in accordance with recent experiments of Ray and
Taylor (8) on a large number of winps. A possible explanation is that the initial
onset of separation that causes a lift loss on one area may be compensated by an
increase in lift resulting from a sudden extent of a local supersonic region in an
other area of the wing (see Figure 11).

2. If the flow separation starts at the leading edge and extents slowly downstream,
then it is obvious that trailing-edge pressure divergence and lift loss due to an
overall change in circulation will occur significantly later than buffet onset.

3. Bore's assumption that the aircraft can be treated in its rigid body heaving mode
is a limitation which can be adopted only for small fighters with low aspect ratio
wings. It must be clearly stated that the elastic behaviour of the structure and
the effect of damping can not be neglected in establishing vibration levels. This
can be seen from theoretical considerations that in cases where aerodynamic
damping is dominant in one mode, then the attained vibration level should be pro-
ortional to rg of air density and not directly to 9 as would result from equation
2.2). But there is a possibility to replace the constant K of equation (2.2.) by

a transfer function, which will allow the inclusion of such a denendency on damping.

2.4 Theoretical Methods

Following the principles outlined in paragraph 2.1, Pearcey and Holder (3)
proposed a procedure for calculating the buffet onset boundary. The first successful
attempt to evaluate transonic buffet limits in a theoretical approach was reported by
Thomas (9). Thomas predicted buffet onset assuming that it occurs when shook position I
and scparation - only rear separation can be treated - coincide. According to the
availability of theoretical methods, including shocks, Thomas applied only two-
dimensional methods. Recently an e.-tension to sheared wing flow was presented by
Redeker (10). The applicativn of tht.oe methods is limited to wings with a predominant2-dimensional flow.

A disadvantage in the use of the above methods is that they predict rather large
Reynolds number increments in cases where wind tunnel results show little or no

influence of Reynolds number. The assumption of Thomas and Redeker (10) that there
exists a linear relationship between buffet and the region of separated flow is
obviously no longer valid at high Mach numbers and for small thickness ratios.

Since it is, at present, impossible to calculate boundary layer and exciting
forces for separated flow, it is impossible to evaluate buffeting intensities.

3. Prediction of Buffeting Intensity on the Basis of the Dynamir Response of
Semi-Rigid Models

3.1 Principle

Since buffeting is the dynamic response to an unsteady load, P number of dynamic
test techniques and evaluation procedures have been developed during the last few
ye-,rs. Huston (11) suggested a method for predicting the onset of buffeting and flight
buffeting loads from measurements of unsteady wing root bending strain performed on
semi-rigid wind tunnel models. In order to obtain unsteady wing root btnding moments,
strain gauges are cemented near the root of the wing on the flexural axis. The method
assumes that the reduced frequency of the wing fundamental bending mode is about the
same for model and aircraft.

f .c model f . aircraft (3.1) ai
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Normally on a model, this mode is only slightly damped. herefore about 80 % of the
total RMS of the wingroot bending strain is concentrated near this frequency and can
be easily analysed. During a normal test run the wing root strain signal is meoaree
and filtered on the basio mode to eliminate lufluences of the r1ging syseut..) M
values can be generated either on line to monitor the testo, or after the tests using
digitl computers, if more and more acourate information is wanted. In Figue 12 a
typical plot of the RMS value of theng root bending strait versus incidence is

hown. Up to a certain incidence. P' is nearly constant, and from the incidence of
buffet onset onward, the signal is rising, comparable to the divergence of trailing-
edge pressure.

In this way, buffeting tests can be made simultaneously with conventional force
measurements. This method is generally accepted as the most onpsistent and Veliable
method of assessing p from model teSts (12, 1, 14). any flight/tunnel
comparisons of buffet onsetiareavailable (12, 13, 155. The correlation is in general
good to fair, and the method is widely used for comparative tests during the early
stages of project studios or for wing design purposes. In order to obtain infoection n

about the severity of buffeting, which is closely connected to the pout separation
onset behaviour of the flow over the wing and the dynamic response of the structure
tA, this excitation one in left with the problem of soaling the buffeting loads from
the model to the alroraft. This problem is difficult to solve because it involves the
correct knowledge of the excitation and the transfer function of the elastic system
in terms of their quantitative values. In an early stage of a project, this informa-
tion is not available.

One attempt to overcome those problems is to by-pass the uncertainties and to
use the buffeting measurements on semi-rigid models and derive dimensionless buffeting
coefficients and correlate them dUreotly with buffet penetration achieved in flight.
Such a method has been developed and presented by Mabey (15)# and is in common use in
Europe for estimating the buffet penetration capability of aircraft.

3.2 Description ji the Mabey Technique

The unsteady RMS value of the wing ro6t strain signal filtered around the wing
fundamental frequengy is divided by the dynamic pressure q to give values of

c3 (•) =- (3.2)q

whioh can be plotted against incidence at a given Mach number, (see Figure 12). Mabey
assumes that there is a substantial range of incidence at the lower test Mach numbers
for which the f- over the wing is attached and for which oB is constant. This value

is denoted c o, and can be related to the tunnel flow unsteadiness parameter
Yn .at the a riate Mach number and frequency. The basic hypothesis of

Habey is that nTn•F Y is the exciting force to cBo, and can be used for calibration;

thus it can be written

-0 .• n . P (U) (3.3)

A dimensionless coefficient can then be obtained

0 1 ( a t ) ( 3 4

and the relation exists
Ofl = OBo/I n .•F() ••

This evaluation implies that a certain tunnel unstadin~ess is necessary, and that the
tunnel used must be calibrated with respect to N n . F Iny. A typical variation of
this quantity with Mach number at constant frequency is plotted in Figure 13. The
buffeting coefficient cl (C) is a direct measure of the generalized force acting ,•n
thL wing fundamental mode due to any distribution of pressure fluctuationa on the wvig.
The scaling factor K can be regarded as a transfer function representing the dynnamic
behaviour of the structure in the wing fundamental mode. K is, of oourse, diffarent
for every model and depends on mass, stiffness distribution and total damping of the
fundamental wing mode and on details of the instrumentation. Mabey assumes that K is
invariant with Mach number. At higher Mach numbexa, when even at o 0 somc 3eparation
on the wing can occur, oL will show an irorease relative to Vn .F tn(ooL-oare
Figure 14) but until ;he , the two curves should be similar, and it is recommended to
check the trend with Mach number.

•) for example the sting heaving mode.
• F (n)-,,_.' • unsteadiness in pressure

q A Af/ f analyvr•r bandwidth

+ -: ! + . + ,. ... ... ,+ : = - . u,- :, +:• . •, ,++ : : - + ' . . ' : , : ,• • ? , L:. =,+ . + r + . + :+ L:• :e•+:• +'' ,+X " : +++ +' + • ' + " =+ ::''=U ":+ ''m + •' '
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In order to aohieve a coefficient o1 - 0, which corresponds to buffet onset, a

reduction to

o ) . .oJ2 () n . P (n (3.6)

is proposed by Mabeyl however this is often ill defined due to a premature creep in
the variation of oB with inoi&enoe prior to the rapid build-up of buffet. In order to
prove the validity of his method, Mabey has performed a number of tests on a variety
of researoh models at different scale, but always the same planform geometry. The
models were built from different material, and had different values for total damping
and fundamental frequencies. They wcre tested at different levels of tunnel
unsteadiness but at the same Reynolds number and he obtained almost the same buffeting
coefficients. Mabey then proposed on the basis of flight-tunnel comparisons and based
on pilots' opinion, that for any aircraft one can plot oL against Mach number boundariesdefined by:z

Mabey criteria

PFihters' Transnort aircraft
ci a 0 buffet onset ci = 0 buffet onset

oi w 0,004 light buffeting ci = 0,006 max. penetration

oj a 0,008 moderate "

ci - 0,016 heavy "

A typical comparison is shown in Figure 15. The poor correlation at M = 0.8 and above
can be due to a number of reasons; they are not discussed by Mabey.

The application of the discussed method involves a number of assumptions, and some
recommendations are given in Ref. (15), which should be followed to obtain conclusive
results. The extrapolation of buffet loads for the full scale aircraft on the basis
of buffeting coeff cients is explained in Ref. (1), or classical methods (11, 14, 16)
can be applied.

A surprising feat in the correlation established by Mabey is that the buffeting
boundaries can be ob',ained in most cases by a dimensionless buffeting coefficient.
In thoose cases it is obviously not necessary to evaluate dimensional local
accelerations by use of mode shape factors, nodal line positionp generalised masses
and damping although it is doubted that those parameters can be neglegted completely.
Some "theories" exist with regard to this phenomenon; The most simple one is that
nearly all aircraft behave structurally very similir due to the fact that flutter
specialists have carefully designed the structure to the same common principles in
order to obtain flutter speeds well outside the flight envelope. The numbers presented
in equation (3.7) thus include most of the strLctural particularities. The difference
between maximum penetration of a fighter and of a transport aircraft already accounto
for the fact that a pilot on a transport aircraft is more off the nodal line of the
fuselage than on a fighter.

Since the dimensionless buffeting coefficient represents a ger. ralized aero-
dynamic excitation, it is, in any case, possible to produce design charts which show
at least trends of the influence on aerodynamic excitation of the main design para-
meters like section form, sweep back, wing form, wing thickness, and possible
improvements by use of manoeuvre slats and/or flaps. Such design charts can well assist
the designer in his early project evaluation. A typical example of the influence of
sweep on buffeting contours of a swing wing fighter is shown in Figure 16 and of the
increments due to well designed manoeuvre slats in Figure 17.

3.3. Critical Remarks

Tunnel results obtained by this method are, in general, good to fair and
extremely useful for project studies and comparative tests. The problems associated
with the use of the Mabey technique are those which either result from models and
the tunnel, or which are by-passed by using statistical correlations and pilots'
opinion:

i. Sometimes poor repeatability must be stated. Whether or not this is due to
differences in rigging or differences in transition fixing is unclear.

2. Establishing an apropriate K-factor at higher Mach numbers and/or in cases where
olo and I . do not show a unique trend, causes considerable difficulties.

3. The imperfections of the model structure can have a negative influence on results.
Large changes in mid frequency (see Figure '18) can be reported# which causesi;:,,•problems in establishing proper RMS values. The resulting ci is extremely spiky and

shows an irregular variation with incidence. Plateaus, spikes and predivergence
creep etc., cause considerable difficulties in the interpretation.

LJ,
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4. On a model, one will find purely structural damping. Imperfections of the model,
like a large number of joints, oan result in a variation of structural damping with
either static or dynamic load (see Figure 18). Since the variation of structural
damping on those models which form the basis of Mabeys tunnel-flight correlation
is not known, it is unclear whether results obtained with varying damping mvst be
corrected or not.

5. In flight most of the buffeting at the pilot's station, (see Ref. 2), is in
second Q third structural modes, because the total damping in those modes is
smaller than for the first wing bending mode. Thio fact casts some doubt on the
assumption of Mabey that there exists a linear correlation of intensities between
pilot's station and the wing root fundamental bending strain. In oases where un-
stable shocks at frequencies outside natural ones produce large amounts of energy,
a forced mode can be established. This effect can even be found on semi-rigid
models as is shown ýn Figure 19. This forced mode is however not taken into
account by the Mabey technique due to the application of a filter around the
fundamental mode.

4. Methods Using Fluctuating Pressure Measurements

4.1 Principle

Methods discussed so far give relatively rood results about exciting forces,
but the structural problems are either oversimplified or by-passed by using statistical
correlations. Thus the extrapolation to the full scale aircraft is in many cases
questionable. There are two fundamentally different methods of predicting the buffeting
intensity composed from the main modes starting from wind tunnel measurements on
models. The fi.st one uses dynamioally scaled aeroelastio models. This has been dis-
cussed already in paragraph 1.4. The second one starts from measure:nents of the
pressure fluctuations on a semi-rigid mo4el and then calculates the dynamic response,
when these pressures act on the flexible structure. A surro of the problems involved
in this second possibility of an approach is given by Moss 17). The first attempt
to perform such calculationswas done by Mitchell (10) on i Ooncorde type of wing. Noflight to calculation comparison has been published by Mitchell.

A detailed analysis of the different possible concepts for this approach is
given by Jones (1). Acoordiag to the principles outlined by Jones the d#fioulty
that arises is encountered in the diffbrence in dynamics cof the structure of a quasi-
r.gid wing (model), having small amplitudes only and in the full scale aircraft having
rather large amplitudes at buffeting conditions. Two main oases can be distinguished:
i. Forced vibration model

This consists of random pressure fluctuations, which are independent of wing motion.
The motion in turn produces an additional pressure field (oscillating pressures),which provides the aerodynamic damping. The appropriate model is "nonautonomous"
and a linear analytical formulation is adequate.

2. Non-linear flutter model
Here the driving forces depend in a deterministic way on the motion of the wing.
The appropriate model is "autonomous" and a nonlinear analytical formulation is
essential.

The main problem that arises for the theoretical approach is the fact that the
transition from the first case to the second is fluent, and the amplitude of the wing
motion is a relevant parameter.

4.2 Theoretical Model and Assumptions

A software package for the application of PSD concepts for buffeting analysis
is present4y under development in Germany, and is monitored by the author (19).
Details of the recording system eand the equations used can be taken from Ref. (19).
A brief verbal description is presented here only, due to the rather complicated
equationsa on the other hand there is nothing new about the application of statistical
concepts, like correlation functions, power spectral density (PSD) and FM values in
aerodynamics.

A linear theory, the so-called "forced vibration model", (see Figure 20) has
been adopted to be applied in the area up to moderate buffeting only, aesuming that
on the aircraft up to this limit the amplitude of the wing motion is small (see above).
The calculation is starting from the differential equation of motion

M .-5 + D .- + a . x = P! + p + Px + PBuffetl (4.1.)

whore the left hand side represents the structure and the right one the aerodynamic
quantities. M is the equivalent mass, D a viscous damping, 0 the stiffness, x the
amplitude and the dotes the derivatives with time. P with index is the appropriate
aerodynamic force and P.,÷.. ÷ represents the exciting force due to buffet. The
structural model is equ2•§tf to those used for gust response calculations. The



solution of equa. (4.1.) ii, thereforet well known and typically reported in (19, 24).

]Por a semi-rigid model the assumption can be made that the ampl tudes aue
negligibly small, so that bufet forces are acting on the surface only which can be
recorded via dynamic reiamu" pick-ups. Par the investigation fluctuaing preues
have been recorded using a 5th scale half modelau shown in Plgure 21. A half modelwansemlected to provide aufficient thickness for• inmtalling the total equipment, asthere was: 44 stati spre teppinget I unsteady pressure piok-upot 6 aooeloro-

meters and a wing root ttrain gauge. The following pictures will show some Iypioal
results. In general, It 9an be stated that the power spectral density is flat dropping
at a distinct frequeno (see Pifurq 22). In oases where unstable shocks appear, the
spectrum is showing a local maximum, and the aooelerQmetere indicate a fo oed mode at
this frequency, often near the natural torsion mode (see Pigure 23 and 19.

Using pTo-established mode shapes for a number of natural frequencies,
generalized forces can be generated using such records. The next step is to calculate
autocorrelation and oross-oorrelationfunotions 'or use with the structural model.
As a final result, oower spectral densities of local accelerations in fractions of the
gravitational constiant oan be obtained at any station of the aircraft. Prom the
response calculation at the station of the pilot an assessment of the pilot's
impairment can be achieved using the ISO-S-tandard method (20). Another approach to
assess the pilot's limitations is vo aooummulate signals of the different frequencies
using weight factors for different frequencies according to Ref. (20) and aaloulate a
total RMS buffeting acceleration. This value can be transformed to a pelk-tp-pmak
normal buffeting aooeleration, using a oriterium according to Oquation (2.3) buffeting
boundaries can be established. Three typical results of local PSD plots -- at wing tip,
strain gauge position and pilots meat -- are to be seen in Pigures 24, 25, 26.

Up to now, the calculations are simplified insofar as a wing-body combination
can be treated only.

The brief description given above does already indicate that an extensive
computation effort is needed. Hence, a limited number of measurements and calculations
are available only.

4.3 Damping

Por the final calculation oscillating pressures due to the motion of the wing
and denoted in equa. (4.1) P. 1', p,, must be introduced and a number for the
structural damping of each md&e Kusotbe adopted. ?or the investigations mentioned
above, the structural damping is varied between 3 % and 5 % and can be finally
assessed from ground vibration tests of the aircraft. Oscillating pressures are
calculated according to a method described by Lasohka (21) assuming attached flow.
The aerodynamic damping, as obtained by theory for attache& flow, is considered to be
linear; that means the coefficient of damping is a constant for all amplitudes of
oscillation.

Flight test results performed recently by Jones (22) on a fighter aircraft
indicate, as can be seen from Figure 27, a large variation of "apparent" damping in
the wing fundamental mode with incidence. Test results reported by Rainey (23) on hat-
monioally excited models also show a variation with incidence, although not to the
same extent as given in ligure 27. When it is recalled that the increase occurs beyond
buffet onset where steady force coefficients are also nonlinear, it is unlikely that
the assumption of linear characteristics during buffeting will be valid. Thus, the
calculation will be pessimistic with regard to the fundamental wing mode.

4.4 Remarks

Up to now, only theoretical approaches and discussions are published. Mitchell
i 18) has never oirculated results of Concorde flight tests. The flight tests for the
evaluation of John (19) have not yet been started. The lack of correlation information
with which one could obtain the accuracy of the method is certainly a disadvantage.
On the other hand, it is obvious that measured pressure fluctuations on a structurally
resionding wing - as on a f ing airoraft - are difficult to interpret on a quantitative
baa sl ow ng to mutual canoellation of aerodynamic excitation and aerodynamic forces
at the natural froouenoy of wing motion. Thus, vibration levels and buffeting design
loads can be correlated only.

Due to a number of uncertainties and simplifications, soms short comings must
be expected. Nevertheless one can perform a number of comparative studies in a
parametric way and gain in experience about the behaviour of an aircraft beyond the
buffet boundary, and more basic research is wanted in this area.
5. Conclusions and Objectives for Future Research Work

Several methods - for some various techniques of analysis -- are thus
available to the specialist interested in buffeting information. Particular
considerations in each case will guide the individual choice: availability of models
or appropriate tunnels and mears of analysis.

The most favourable, but most expensive test technique implies obviously the
use of dynamically scaled flexible models. The required information, however, will
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come relatively late in a project stage and will not Influence the configuration
directl. For early design phases and comparative toots on alternative wing desiges,

thq applioation of the Mabey teohnique is recommended. The extensive oomputing
faoilities that are needed to obtain buffeting levels and loads using the PSD-oonoept
will limit this method to an application for check out in critical areas or for
specifio design problems only. The relation between buffeting intensities and mean
loads is restricted to relatively rigid airoraft. An axten31on to inolude dynamic
response oharaoteristios of the structure is wanted.

Of major importanoe for all methods disoussed is the influence of damping on the
attained vibration level. It is reoommended therefore to monitor the possible
variation of damping with inoidenoe on models and on aircraft to provide detailed
information and means of oorrelation, More research work is wanted in this area to
eliminate contradictory oonclusions.

For many years it is known that separation has a derogatory effect on aircraft
performance. Therefore, much effort has been ooncentrated on improving theoretical
methods of wing design to avoid early separation. Poesibilities to control the growth
of separation beyond buffet onset and to obtain by suecu mean. a more gradual develop-
ment of bhffet forces with inoidenoc, are not studied in sufficient depth. Most of
our knowledg, about fences, notohes, vortex generators sts., has been obtained through
trial and error and has proven to be sucoessful. As there is an inoreased trend toward
the use of fluctuating pressure measurements for the study of buffeting, a research
program should be initiated to investigate means of controlling the growth of separation.

ins would help to put our understanding of the phenomenon on a firmer footing.

Furthermore, high Reynolds number test facilities are needed to eliminate the
uncertainties which arise in the extrapolation to the full scale flow conditions.

Finally it must be stated here that a method to predict tail buffeting loads
in turbulent wake flow is practically nonexistent.
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Fig.21: Olean wing Upper Surface with Transducer Positions.
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Fig. 22: Power Spectrum of Pressure Fluctuation on Model at Midepan.
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Fig. 23: Power Spectru of Pressue Flu•ctuation on M~odel near Tip.
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Fig.241 Buffeting Response Oaloulation.
Power Spectrum at Wing Tip.
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RAE FLIGHT TESTS

from Ibf. (22]
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1ig.27: Dwmping in Wing ?umdamental Mode dur'ing Buffet Penetration.


