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Y PREFACE

Studies on the buffet characteristics of aircraft in the transonic speed range raise
considerable analytical difficulties, which have been of great concern to designers. Due to
: the complexity of the flow field 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.
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The following paper presesited by Dr John gives a statc-of-the-t rt of methods used
in Eurcpe to predict buffet boundaries and response. A comprehensive survey of practical
techniques and analyses is made and a critical review of their respective capabilities and
limits of validity is presented.

I AP

¥ This pilot paper is extremely useful and should help designers to solve their practical

¥ problems and, at the same time, highlight deficiencies and idexatify gaps that call fur future
) work.
: f
g ‘§ B.LASCHKA
¥ Chairman, Airframe Response to

Transonic Separated Flow Working Group
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ORITICAL REVIEW OF METHODS TO PREDIOT THR
BUFFET PENETRATION CAPABILITY OF ALRCRAFT

by

Dr. Helmut John

Messerschmitt-Bblkow~Blohm=GmbH, Munich,
Germany

SUMMARY

Aooording to the nature of buffeting ams the wing-flexible response to the fluid
motion, including exciting forces ot esparated flow, the momst favoursble cest technique
impliea the use of dynamically scaled fluxible modoie. Nevertheless, a number of
teohni%uea are based on the ume of vemi-nigid wodels and yleld good results in comparison
with flight tests. Methods covered in this oritical review are: tre possidble reloation -
ship between dbuffeting intenslty and mean loads; the dynamic analyeis of unsteady

wing root bending momenta, aid the use of fluctuating pressure measurements to predioct
the buffet penetration capability of alruoraft.

Trhis repor* contains a survey of metnods which are in use in Buropean countries.

NOTATION
¢ chord
c meun aerodynamic chord
dn total damping
T frequsncy
g gravitational counstant
kn reduced frequency
P pressure
q dynanic pressure
-] semispan
X,¥12 coordinater
o, 1ift coefficient
cy pltching moment coefficimt
p drag coefficient
cp Buffeting coeff-clent
op pressure coeffiocient
A aspeot retio
c stiffness
D danping
K transfer function

or constant of proportionality

M mass
Mo Mach numbsr
P forae
] wing area
& incidence

i
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F n fraotion of semispan

Q density

, 6 strain

: w ciroular frequency

| A sweep angle

E Indices

g n number of mode

{ ratio

? B trailing edy~

: Abdbreviations

E

] PSD Power Spentral Tenrity

] RMS Rooi Mean Square Value

4 SEP Specific Exseen Fower
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1 INTRODUJTION
1.1 Genoral

The objeot of thie papar is to present s general survey of methode for
gredioting he dbuffet penetration oapabllity of airoraft which are used at present in
he varlous Buropean countries with aeronautical interests., In the past ten years,
novel practiocsl echnizues have bheen developed and employed, and it has bdecome
necessary to make a oriticel review of their respective capabilities and of the
epecific conditions of thelir ume,

The inoreasod attention that is being given to studies of buffst characteristios
bg serodynamicists is resultinf from the present trend in comdsat aircraft deveiopment,
This trend is currently demanding greacer manocesuvarability in the transonic flight
regime, The performance of a tranapert airoraft and the manoeuvre capability of a
combat aircrart can he sevarcly limited by flow seperations on the wirg, whioch ocauses
butfeting and whioch nan be aoccompanied by a vnriot{ of adverse effects, such as, for
oxanpls, increase in dra?, losmes in 1ift and stability, pilot impairment, reduced
tvacking ability and fatigue problems,

Figurs 1 {llustrates the influence that thece 1lmiting factora cen nave on the
Porformanca of a fighter. Thim figure also shows the esusitivity of turn rates to
uypioal bcundaries at subsonic, transcnic and supersonic spevds. The shaded area
repreegents the region where the manveuvre iorrormanou is reduced as a result of
vuffeting. Pigure 1 also insludes an agility plot which sliows specifio excesa power
(SsP) versus turn rate.

Not only the aerodynamic performence in terms of {vrn 1ates or g-levels is
alfectud by buffeting, but also atructurai aspects need to be vonsidered., In view of
the fatigue life of the siruoture for the pllot in hie cookpit environment, for
weapons aiming and for syrutems like gyroe ete., knowlodgc of amplitude ratics,
vibhration levels and predominant frequencies iw of vital nacesslty for designers, and
should te the objective 0ot a project orientated evaluation with high priority.

1.2 Definition of Buffeting and Related Phenomena.

Ae a consaquance of the occurrence of rogiona of weparated ilow on the wing at a
anexrtain inclderce, the perforwance of an airoraft might be limited sither by vibration
or by degradation in handlinf characteristion. To this lattier category belong phenomena
like "pitoh up", "wing drogp ng", "nose-slice" and "wing rocking", In Figure 2 a
oompargaon of the prediocte wing-droe bonndagy with the moderate buf.iet boundary is
shown for a swang-wing fighter at 25° and 45" degrees of sweep. The estimation ia» done
on the basis of coefficients o, 2 and np? taking the point wrere in the incidence

range at small side slip angles, these coofficients changa wign. As ocan be expuotod
for A = 25%, the thres bsundarnsa compara very well, dus to the 2-dimensloaudi
character of the flow. At £\ o 45" where a 'mixed type of flow" is encountered, a more
gradual development of separation is to “e expected, and the difference between the
quoted criteria ie obvious, leaving room for mpeculations up to which boundary the
aliroraft can be handled.

The highly undesirablue rigid body motlons of aircraft at inoildences above separa~
tion onset are referrsd to in the lcngitudinal wotion as "bounoing". "gitoh-u " and
“gor?oiuing". while for ‘he lateral motion "wing roocking", "wing dropping® and "nose-
slicing"” phenomena are known. The phenomena of “pitoh-up", "wing-dropping" a .4 "nose-
slioing" are relatively well understcod, resulting in a defioclency in longltudinal,
lateral or directional stubility, possidbly leading to loes of an aircraft in extreme
situations, The phenomena of "lounocing", ?orpoiaing" and "wing rocking" are &
degradation in hanaling but not neceasarily a limitation to sustained manceuvrus,
While "wiag bounuing" is +ypically assocojated with a rigld body heaving wcde of the
aircraft for "porpoising" and "w'ng roocking", an approplate mcdel is nut {ot
establisheu. It may aither be au autonomous oscillation, better known as "limit oycle*,
in which nonlinear mean aerodynamic forces become significant, or an aerodynamically
forosd reoponse to fluoctanting prussures, There also exists the possidbility nf a limit
cycle osclllation in which the periodic fluctuations in the flow field are ocoupled
deterministically to the wction of the wing. Tygically, the motion referred to as
"wing vooking" is, as shown in Figure 3, primarily ccourring in the roll-rate trace at
fregquencles lower than those associated with airframe flexible response in a
fluctuating rigid body motion.Therefore. those phenomena of the Jecund ocategory belong
to the flight mechanical problem arca, and do have a direct effeot ou controllability
and the ability to hold an accurate fiight ath. Phenomena of the firet category,
mentionsd above, and which are associated with flexible modus of the aircraft struoture
can be maid to influence "riue quality", and are referred to as "flight in turbulence®
and "buffeting". The d.ifference between turbulence and buffet ia §iven by the basic
difference of the Ariving force, while the strucitural behaviour ¢ the elastic system
is the same, The driving forre of turbulence is emdeddzd in the on-coming free air-
straam and can be defined by a finite wave ‘ength and spectrum. Turbulence, therefors,
san be encountered at any incldence and flight condition,

Any elastic system fed with energy is subject to instabilitles, and for au air-
craft in flight, the energy is provided by the propulsica system whioh maintains the
relative alrflow around the exposed components of the aircvaft. The instability
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phenonenon of the struvture is known as "flutter", The instability phenomenon of the
relntive airflow is wssooiated with separation and produces the Airiving forces known
ar buffct whila-buftotin, is the flexibdle rasponme to the fluid motion. The vidration
level or %utteting intenaity, defined hy looal 2coelerations or dloglaoamontu at
slther natural or forced frequencies, is the result of the perturbation of the system
and the energy loss of the osclillating oomgonont dus to damping. If the energy snin is
larger than the dnnping fcrcoui % rgpi% fallure of the struoture vlll osour, and the

5 e loat,

An exo¢llent survey of the shonononn disoussed abovs, is given vy Jones (1),
wherein theoretioal models and differentisl equations in use are also discussad,

integrity of the struniure wil

This present report conzentrates on wing dbuffeting at transonio speeds only.

1.3 Theovretical Aspects

0f major 1m¥ortanoo in buffeting investigations are aerodynamic disturdances that

roduce driving foroes for the airframe structural response, salled duffeting, whioh

inally establishes the attained vidbration leuvel. Theoretical struotural modoin
defining the dynamio propertivs of the etruoture have been used fir years to provide
infsrmations on fluttexr speeds and guet analyeis. Starting from stifiners and mass
dintributiona, the so~callad modal analysis allows the calculation of natural
frequencies, mode ehepes end goneralized mamses. Those resultc oan be compared and
corrected using ground vibration teate. :

With regard tn buffet foroes, the situation is completely different. The presence
of any sizable esparated I[low reg{on provides a strong and sufficlent energy source

for alrframe disturbance. The flow field arcund wings becomsa extremely cvomplex in the
transonic rlight rerime, when complicated shock systeme intersct with the visoous flow
field, The iniluence on separation ocan bde very dominant if the shook atrength is
sufficiently large to cause a bubble-type lagaration. which is known as shook-induced
separation, Regiona of mixcd vortex flow with embedded ssparated areas and unstadle
shock waves that are present in a 3-dimensionnl wing flow field at transonio specds,
form thu greatesat difficulties in demoribing and delining a precise rlow model.
Therefore, nearly all investigations involve wind tunnel tests to prediot dulfet forces,

1.4 Objootives

Because of the complexity of the buffet prodblem, consideradle emphasis is nlaced
on test tachniques to obtain various types of wind tunnel data. The taryet is to
provida buffeting boundaries for designera to establish the performance of the airoreft
and to produce information about buffeting loads for stressing purposes,

ical xesultas of buffeting doundariee for a rishto: and a transport airoraft are
shown i{n FMgure 4. For the fighter, boundarles are delined by bufliet onset, whioch
ocorresponds to the first indiocation of boundary layer separation. Light buffotinc or
pilot'a onset is defined by the first appearance of a sisable vibratiou., Moderate
hurfoting can be saild to represent a boundary for a stable weugon platform or a limit
for pilot's impaiiment, Above a boundary, defined by heavy buf oting, the integrity
of the airoraft structure is questionable, For a fighter airgraft, the margin to
moderate buffeting ragrouonta the manosuvrability in terms of a "n.g" inatantaneous
pull up or in turn rates (sce PFlgure 1).

With regard to a transport ajiroraft, a 1.3 g separation from buffet onset to
cover light manosuvres Aefines the crulse a)titude and thus influenccs the portormance
of the aircraft oonaidorabl{. During & normal cruise, the aircrait may encounter a
strong gust which curries the alroraft beyond the bufret'hreahold. Tharefore, a 1,6 g
separation from maximur penetration, or a definite gust veloocity == for example a
normal veloclty of 12,5 m/s and a corresponding wave length of 33 m == must be applied
to provide a safety uargin for the alreraft struoture.

Thiy information can be provided from wind tunuel teaty using normal semi-rigid
models. The agplioation, howevelr, of the wind tunnel data to establish looal buffet
loads, vibration levels at any station of the aircraft, pradominant frequencias and
nmpli%ude ratics fo.o the full scale airoraft,requires somn means of accounting for
the effeots of flight Reynolds3 number and aircrart structural rasponse, effects which
can only be simulated adequatoly during a winé tummel test by use of dynamionlli
scaled full aeroelastic models in high deneity tunvelr. In this case, i’ would be
necessary only to record vihration levels via accelerouetors at poin%a of !nteresat,
and extrapolate the results for the full scale alrcraft using similarity rules. Such
tests have been performed in the USA by P.W, lanson (2), Le .3isy Remearch Centox.
on a F=111 type model. Although *he tests mentioned are done in the USA, one main

oint is taken from this report, and that ie the extrapolation formula, as shown ir
igure 5. As nentioned in the report by Hanson (2), parameters kn ’ dn and
r T
[ °L,n (kn)] p fhould be unity. Small Cifferences in wiructural or aerodynamic demping

oan produce differences in the comparizen of ailroraft to model response, These
gungh{ties nuet be mcenitored carefully. This stateme::t is one of the central themes
n this paper,

ki & b




’ It is not clear whether such a model oan he designed in Burope in the near

4 5 future. The problems involved uxre the dusign and construotion of & model thot can

: ‘ withetand large statio and amic loads at high inoidences and high wind tunnel shut
g ; down loads, Murthermore, such models are oxpensive and rot readily availabdle,

3

For {hese re¢asone, nearly all Buropean te. .niques are bawad on the use of vemi-
rigid models, Aand include flight-tunnel correlation faotors. Methods covered in this
oritioal r.viow are disoussed in sudbsequent chapters.

i ¥ 2 PREDIQTION OF BUFFBTING INTENSITY CN THX RASIS OF MEAN ABRODYNAMIC LOADS
2.1 Principle

e T

The earliesest oonoogt- ot dcriving buffeting boundaries from normal wind tunnel
tests with soms wellability were developed by Punrcey and Holder (3, 4). The principles
for these mathods are derived frcm the olomse study of buffeting charaoterimtios of
different aireraft in comparison to wind tunnel tests. The conclusion was that the

most frequent ocause of burruting is not & locaiised response to fluctuating prewsiuren,
but the result of the direoct effects whioh any kind of senaration on a wing exerts on
the total loading. The effects on mean loade are, in “urn, olosely connected with the
variation of mean pressure at the trailing-edge %hrough the wing ociroulation.

.

T TIm e g — e

The mechunism acting on an airfoil or a wing can dYe desoribed in drief as follows:
if separation on the upper rurface of the wing -- due to 1cad1n§.odgo, trailing-~edgse, or
shook induced meparation, whichever firet ocours at relevant Mach number and

DT e TR Vi

|

t

i incidence -- has developed suffiociently to thioken the boundary laver at the trailing-

b edge position and hence does influence ‘the wake, a rapid fall in pressure on the upper

b i trail ng—odgo will happen. However, on the lower sucface there are no comparable

: y changes in the viscous flow that can give the rmduced pressure and that would de

E nacenaary on the two sideas of the wake, because the wake cannot, in gouoral. support

i L a pressure differencs across it. The mame pressure as on the upper edge can, in fao', T
: only be aochieved by a reduction in circulation. Such a chan oes provide inorease . J
k velocities and decresmsed prussures over the whole lovwer surface.

k

t

Aooordingli, the aosumption taken by Pearcey and Holder (3, 4) is that the un~ : i
otoud{ lcads tr gforod by separation are pruperticrnal to the change of the mean aexn-

dynetic loading, 1. ¢., the loes in 1lift compared to the linear variation with incidence

for attached flow as indicated in Pigure 6. Looally, the onset of unsteadiness can e

derived from the rapid divergeuace of the trtiling-o&go pressure compared to the lincar ,
variation for attached flow as shown in Figure 6.

9 ' The driving buffet force is defined Ly a lift loss 407, or a mean trailing-edg»
‘ pressure divergence & Oprge Structurally, the assunption is made that the airocraft !

can bo treated in a riiid hody heavin: mnde. or that weat of tha aircraft hehave very
gimilar in thelr elaastio response characteristio vo m certsin degres of excitetion,
and that the buffeting inteneity can be obtained by calidration from f£light tests,
2.2 Analysis

2.2.1 Kinkology

Pollowing the hypothesis of Pearizey on Hoider (3, 4), outlined above, kinke —-
defined by elope changes, rather than by artliraxy 1rroguiar1tio- == in the slope of
Cf, OF ry versus incidence, are used:

[P T

to ostimate for

i 1. Kink = buffet onset
} 2. Kink = Moderate buffet (2.1)
4 3. Kinlt = Heavy buffet

A justification for using the second kink to dafine woderate buffeting is grovon Yy
the fact that the separaied flow cften rolls up into a vortex. As woon as the vortex
influences a sufficient lario portion of the wing aue to the aocomgnnying 1ift loes orx
due to a backward shift of the local o, p. position, either a pitoh up or pitoh down
oy - kink ooours,which aleso we=ults in & sudden inorease ip drag. Thus, the variation

in axial force versus ¢t or oy &lso can be used as an indiocation. Figure 7 shows »

ty¥1oal exanpls for those kinks. Although the mseocond kink does not allow the
eatablishment of a quantitative value for buffeting intensities, it gives, in many
cases, good correlation to pilot's opinion, It appears that in %ho-o oases, the
severlty of buffeting is not the limiting factor, wo that pilot's temd to $ly right
up to a handling toundnx{ such as pitoh ug or wing dropging. whioh are likely to
occur beyond the meocond iuk. as already disoussed (see Pigure 1).
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: 2.2.2 8implified Buffet Responee Caloulation

In Reference (5) Q.L. Bore postulates that bdbuffet respcnes (s to be mensured by
eak acceleration .?)* suffered by the mass of the airoraft and the fluctunting
oroes ocauming bdbuffeting are taken to be proportional to the decrenent of 1lift

ocerficient as outlined in para 2.1. The experteu intenmity of duffet response can be
estimated from the simple formula

BeK"‘'o0o 2.2)
3//’ ¥ ( !
qQ .58
using the equivalence A0y w Cpy N8 shown in Mfrure 8 »  Jhere W fie the aireranft weight,

S io wing area, q is dynamic pressure and K is the coneinnt of proportionnlity. ]

The peak acceleration criterim used for various degreee of duffeting nre ne

followat
Buffet onest B — 0 negligidle
light Bagzt 0.2 ¢ peak to pank
woderate B e + 0.6 g " L] (2.3)
heavy Bat1,0g" ® w

} Oorrelations are presented in Reference (5); an examile is shown in Pgure 8 b for the
‘ Harrier GR1, Yor this airglunc. K » 1 has been found sntisfactory, Bore's method does
not take into account either the sffects of aerodynnmic danmping or of wing elasticity,
E The fluotuating force is representing a total aserodynanic foroe independent of wing

1 motion, and the eiroraft response is ocaloulated on the baeis of a rigid-body heaving

mode,
The analysis presented Joney (1), which starts from the differential equation
1 . for the heaving mode, proves that under certair. conditions a heaving response
i caloulation is appropriate. This is possible only when the heaving motion contribdbutes

{ signifioantly to pilots' impairment, for example, at poeitionas very close to bendirn

[ noaoi at frequencies of 1 - 10 Ha, &hon the o%foot of serodynamic damping is nogligfbla
and vibration intensities lltilf{ the equation given by Bore (5). Con-oaaontly the 1
response iz direotly proportional to the excita*ion and likewise to q. Thue at constant

true airspeed the response variea linearly with air 4density § {(mee Figure 4 b).

4 2.2.% Method Based on Trailing-Edge Pressure Divergence

The firet suggestion ¢tnat tralllng-sdgs pressure aiverKkenve may be used to °:edict
mfYet loads was msde by J.C. Winnpenny in the discussion of the paper, Ref. (4%, an
3 attempt to predict dbuffet onset from a divergenvce of AcpTx = 0,04 « C,05 ., a senispan
position of W = 0,85 is certainly too eimplified. Husk (6) mhrwe -..d conparisore, but
this is obviously only true for winge that are designed using the asanme principles,
In Mgure 9 an example is shown, but the comparison is poor.

] A better approsch ia progonod by Bore (7). Tho methed is based on an aralogy of
: a buffet force coetffiocient with the mormal foroe coefficient giving:

RS RS S

b4
' 0.7 « My (2.4)
- 1 b W

007 . H 0

Where N is the normal force, B ie the peak oscillatory normal forcej (n.g)') {e normal
acceleration and (b.g)*) is the g'ak csoillatory acceleratlon, Taking a number of
simplifying assumption, Bore u-o‘ thie equation,

OB = 5 A OPTE . g . d'z (205)

whioh 1e a strip-theory analogy to the steady flow relations-ship. The integral can
be evalutated grnphically for given values of o, and M, and cp can be cross-plotted

in a o1, against Ho diagresom,

* Read: B in fractions of gravitational constant.

')Rondx n or b in fractions of the gravitatioual constant.
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Values for B gan then be caloulated by the use of nguation (2.2). As outlined for
equation (2.5? moderate buffeting iv then attributed to a value of B = + 0.6.A
scheunatio examgla is shown in Pigure 10. In applying this method, care must be taken
to allow £or all the exceptions that orn influence the trailing-edge pressure, such
as the presenoce of supersonic flow at the trailing-edge or vortices, which ia
descrived in more detail in Ref. (3).

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

2.5 Oritical Remarks

The methous disoussed are a good first approach for defining buffeting bvoundaries,
especially in the lower Mach number srea end in cases 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
btuffet and Crmax® 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 cen be defined:

1. The determination of buffet onset on the basis of kinks often leads to too optimistic
reaults., This observation is in accordance with recent experiments of Ray and
Taylor (8) on a large number of wings. A possible explanation is that the initial
onset of separation that causes a 1lift loss on one aree may he compensated by aa
increase in 1ift 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 starte at the leading edge and extents slowly downstream,
then it 1s obvious that trailing-edge pressure divergence and 1lift 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 V€ of air density and not directly to & as would result from equation
%2.2). But there is a possibility to replace the constant K of cquation (2.2.) by
a transfer function, which will allow the inclusion of such a demendency on damping.

2.4 Theoretical Hethods

Following the principles outlined in paragraph 2.1, Pearcey and Holder (3)
pronoged a procedure for calculnting the bulfet onset boundary. The first successful
attenpt to evaluate transonic buffet limits in a theoretical apnroach was reported by
Thomas (9). Thomas predicted buffet onset assuming that it occurs when shock position
and separation - 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 applicatiun of thuse methods is limited to wings with a predominant
2~dimensional flow.

A dimadvantage in the use of the above methods is that they predict rather large
Reynclds 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
exigtes 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 excitang
forces for separated flow, it is impossible to evaluate buffeting intensities.

3. Prediction of Bufieting Intensity on the Basis of the Dynami: Response of
Semi-Rigid Models

3.1 Principle

Since buffeting is the dynamic response to an unsteady load, & number of dynamie
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 hending strain performed on
gemi-rigid wind tunnel models, In order to obtain unsteady wing root bending moments,
strain pavges are cemented near the root of the wing on the flexural axis. The method
agsumes that the reduced frequency of the wing fundenmental bvending mode 1s about the
pame for model and aircraft,

=T . Chircrart (3.1)
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Normally on a model, this mode is only -11Ihtly damped. Therefore, about 80 % of the
total of the wing root bending strain is concentrated near this frequency and oan
be easily analysged. During a normal test run, the wing root strain signal i !’06!&00
and filtered on the basic mode to eliminate iufluonool of the riSiin; system.%) RMS
values ocan be gensrated either on line to monitor the test, or er the tests using
digital oomgutoro. if more and more acourate information is wanted, In Pigure 12 «
typical plot of the RMS value of the wing root bending strain versus incidence is
shown. Up to a certain incidence is nearly constant, and frou the inoidenoce of
bgffet onset onward, the signal ls rieing, ocomparable to the divergence of trailing-
edge pressure,

In this way, buffeting tests oan be made simultaneocusly with conventional force
neasurements, This method is generally accepted as the most consistent and reliabdle
method of assassin from model tests (12, 13, 14). Many f1i ht?%unnol
comparisons of buffet onset are available (12, 153, 153. The correlation is in general
good to fair, and the method is widely used for comparative tests during the ear
stages of project studies or for wing design purposes. In order to obiain information
about the severity of buffeting, which is closely connected to the post sepsration
onset behaviour of the flow over the wing end the dynamic response of the structure
t~ this excitation, one is left with the problem of soalinf the buffesting loads from
the model to the airoraft. This prodblem is Aiffioult to solve beocause it involves the
correct kmowledge of the excitation and the transfer funotion 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 direotiy with dbuffet penetration achieved in flight,
Such & method has been developed and g::aented by Mabey (15), and is in common use in
Europe for estimating the dbuffet penetration capability of airoratt.

3.2 Description ux the Mabey Technique

The unateady RMS value of the wing rodt strain signal, filtered around the wing
fundamental frequengy is divided by the dynamic pressure q %o give values of

o3 () = BT, oo

which can be plotted against incidence at a given Mach number, (see Pigure 12). Mabey
assumes that there is a substantial range of incidence at the lower test Mach numbers
for whioch the £~ over the wing is attached and for whioch op is conatant. This value

is denoted Cp,e @nd can be related to the tunnel flow unsteadiness parameter

Nn . F zns* at the appropriate Mach number and frequenocy. The basic hypothesis of
Mabey is that Yn . F En? is the exciting force to CBo? and can be used for calidbration;

thus it can be written

oo =K. Yo . F @  (3.3)

A dimensionless coefficient can then be obtained

of (®) = 1 o () (3.0)

and the relation exists

ohy = Opo/k ™ Yo . F (n) (3.5)

This evaluation implies that a certain tunnel unFjggdineas is necessary, and that the
tunnel used nust be calibrated with respect to Yn . n). A typical variation of
this quantity with Mach number at constant frequency is plotted in Figure 3. The
buffeting coefficient ¢} (o) is a direct measure of the generalized force acting in

the wing fundamental mode due to any distribution of pressure fluctuationz on the wing.
The scaling factor K can be regarded as a transfer function rerresenting the dynamic
behaviour of the struocture in the wing fundamental mode. K is, of ocourse, dif‘arent

for every model and depends on mass, stiffness distribution and total damping of the
fundamental wing mode and on detalls of the instrumentation. Mabey assumes that K ia
invariant with Mach number. At higher Mach numbexa, when even at ¢of = O somc separation
on the wing can occur, ¢ will show an iroreamse relative to Yn . T (n con:yare
Figure 14) bdut until thell; the two curves should be similar, and 1t is recommended to
check the trend with Mach number.

*) for example the sting heaving mode.

*Nn . F (n) -E.Y? P = unmeteadiness in pressure
Q € = Af/ £ analyzor bandwidth
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In order to achieve a coefficient off = 0, whioch corresponds to buffet onset, a
reduction to

of (%) = Yog2 () -n.7 (@  (3.6)

is propomed by Mabey; however, thie is often ill defined, due to r premature creep in
the variation of cq with 1noi&onoo prior to the rapid build-up of buffet. In order to

prove the validity of his method, Mabey has gerformed a number of tests on a variety

of research models at different scales, 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

unsteediness but at the same Reynolds number, end he obtained almost the same buffeting
coefficients. lMabey then proposed on the basia of flight-tunnel comparisons and based

on pilots' opinion, that for any airoraft one ocan plot o}, against Mach number boundaries

defined by:
Mabey criteria
Plghters Transport aireraft
05 = 0 buffet onset cg = 0 buffet onset

og = 0,004 1light buffeting cg a 0,006 max. penetration
og = (0,008 moderate "
o§ = 0,016 heavy "

A ical comparison is shown in Figure 15. The poor correlation at M = 0.8 and above
can 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 Fef, (15), which should be followed to obtain conclusive
results., The extrapolation of buffet loada for the full scale aircraft on the basis
of buffeting coefficients is explained in Ref. (1), or classical methode (11, 14, 16)
can be applied.

A surprising fest in the correlation established by Mabey is that the bvuffeting
boundaries can be ob.ained in most cases by a dimensionless buffeting coefficient.
In thone cases 1t is obviously not necessary to evaluate dimensional loocal 3
acocelerations by use of mode shape factors, nodal line position, generalized masaes ﬁ
and damping, although it is doubted that those parameters can be neglegted completely. !
Svme "theoriea" exist with regard to this phenomenon; The most simple one is that 1
nearly all alircraft behave structurally very simillr due to the fact that flutter )
specialists have carefully designed the structure to the same common principles in 1
ordexr to obtain flutter speeds well outside the flight envelope. The numbers presented 4
in equation (3.7) thus include most of the structural particularities. The difference ;
between maximum penetration of a fighter and of a transport aireraft already accounts
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 huffeting coefficlent represents a gerralized aero-
dynamic excitation, i1t is, in any case, possible to produce design charts which show
at least trends of the influence on aerodynamic excitation of the main design pare-
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 typloal 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.

.
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3.3. Critical Remarks

Tunnel results obtained by this method are, in general, good to fair and 3
extremely useful for project studies and comparative tests. The problems associated 4
with the use of the Mabey technique are those which either result from models and
thg Iunnel, or which are by-paesed by using statistical correlations and pilots! 3
opinion:

1. 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 appropriate K-factor at higher Mach numbers and/or in cases where
°fo and Y9 . F (ngldo not show a unique trend, causes considerable difficulties.

3. The imperfections of the model structure oan have e negative influence on results.
Large changes in mid frequency (see Figure 13) can be reported, which causes
problems in establishing proper RMS values. The resulting cg is extremely spiky and

shows an irregular variation with incidence., Plateaus, spikes and predivergence
creep etc., cause considerable difficulties in the interpretation.
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4, On a model, one will find purely structural damping. Imperfeotions of the model,
like a large number of joints, can result in a variation of structural damping with
either static or dynamioc load (msee Figure 18). Sinoe the variation of struotural
damping on those models which form the basis of Mabeys tunnel-flight correlation
is nottkgown. 1: is unclear whether results obtained with varying damping mvast be
corrected or not.

5. In flight, most of the buffeting at the pilot's station, (see Ref, 2), is in
second and third struotural modes, because the total damping in those modes is
smaller than for the first wing bending mode. This fact casts some doudbt on the
assum?tion of Mabey that there exiets a linear correlation of intensities between
pilot's atation and the wing root fundamental bending strain. In oases where un=
stable shooks at frequencles outside natural ones produce large amounte of energy,
a forced mode can be established. This effect can even be found on semi-rigid
models, @8 is shown 'n Figure 19, This foroced mode is however not teken into
aoooun% by the Mabey technique due to the application of a filter around the
fundamental node,

4, Methods Using Fluotuating Pressure Measurements
4.1 Principle

Methods discussed so far give relatively good results about exciting forces,
but the structural problems are either oversimplified or by-passed by using statistical
correlations. Thus the extragslation to the full scale aircraft is in many cases
questionable. There are two fundamentally different methods of gredicting the buffeting
intensit¥ composed from the main modes starting from wind tunnel measurements on
models., The first one uses dynemically scaled aercelastlo models, Thls has been dis-
cussed already in paragraph 1.4. The second one starte from measuresnents of the
pressure fluctuations on a semi-rigid model and then caloulates the dynamic response,
when these pressures act on the flexidble atruocture. A survey of the problens involved
in this second possibility of an approach ie given Moas (17). The first attempt

to perform such calculationswas done by Mitchell (18) on 1 Concorde type of wing. No
flight to calculation comparison has been published by Mitchell.

A detailed analysis of the different possible oonoegta for this aggroaoh is
glven by Jones (1). Accordiag to the principles outlined by Jones, the diffioculty

that arises is encountered in the difference in dynamics ¢f 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 cases can be distinguished: E

P

1. Forced vibration model

This consists of random pressure fluctuations, which are indegendant of wing motion.
The motion in turn produces an additional pressure fisld (oscillating pressures),
which providese the aerodynamic damping. The appropriate model is "™nonautonomoua®
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 apgrgpriate model is "autonomous" and a nonlineer 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 wvecond is fluent, and the amplitude of the wing
motion ie a relevant parameter.

4.2 Theoretical Model and Assumptions

A software package for the application of PSD concepts for bdbuffeting analysis
is present.y under development in Germany, and is monitored by the author (19).
Details of the recording system end the equatlons used can be taken from Ref, (19),
A drief verbal description is presented here only, due to the rather complicated
equations; on the other hand there is nothing new about the a glioation of statistical
oono;g:s,ilike correlation functions, power spectral density f SD) and RMS values in
aexrodynanmics, . }

A linear theory, the so-called "forced vibration model", (see Figure 20) has
been adogtod to be applied in the area up to moderate huffeting only, asruming that
on the aircraft up to this limit the amplitude of the wing motion is emall (mee above),
The ocaloulation is ptarting from the differential equation of motion

M.X+D.%+C.x = Py + Py + Py + Ppurret? (4.1.)

where the left hand side rogroasnta the structure and the right one the aerodynamic
quantities. M ie the equivaelent mass, D a viscous damping, O 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 duffet, The

structural model is equ?VﬁiSﬁt to those used for gust response calculations, The
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solution of equa. (4.1.) is, therefore, well known and typically reported in (19, 24),

For a semi-rigid model, the assumption can bde made that the amplitudes are
negligidbly small, so that buitot forces are ecting on the surface on which oan de
recoxded via dynanmio grooau:o piok-ups. For the investigation tluotu;¥1n¢ TessuUres
have been reocoxded using & 5th soale half model,as shown in rlsuxo 21, A half model
wad sslected to provide suffioient thickress for installing the total equipment, as
there was: 44 static pressure tappings, 19 unsteady pressure piokeups, 6 acoelero-
meters and & wing root strain gauge. The following piotures wlll show some ioal
resulte, In gonortl. it oan be stated that the power spectral density is flat, aropping
at a distine troquono! see Fi 22), In ocases where unstable shocks appear, the
spectyun is showing a local maximum, and the avcelsrometers indicate a togood mode at
this frequency, often neaxr the natural torsion mode (see Pigure 2% and 19).

U-ins gr.-oltabliohod mode shapes for a number of natural frequencies,
generalised forces can be generated ueing such records. The next step is to calculate
autocorrelation and oross-correlationfunctions “or uses with the structural nodel.
As a final result, jower mspectral densities of local accelerations in freotions of the
gravitational oconetint can be obtained at station of the airoraft, From the
response caloulation at the station of the pilot, an assessment of the pilot's
impairment can be achieved using the ISO-Standnr& method (20). Another approach to
assess the pilot's limitations is vo acoummulate msignals of the different frequencies
using weight factors for different frequencies sccording to Ref. (20) and Jaloulate a
total RMB buffeting acceleration. This value can be transformed to a pozk-t -poak
normal buffeting acoeleration, using a oriterium according to aguution 2.3 % huffeting
6
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boundaries can be estadlished. Three typical results of local PSD plote -~ at wing tip,
strain gauge position and pilots meat =~ are to be seen in Figures 24, 25, 26.

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

The brief desmcription 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

For the final calculation, oscillating pressures due to the motion of the wing
and denoted in equa. (4.1) Py f-. Px’ must be introduced, and a number for the
structural damping of each m%&e Bust*be adopted. For the inveutigationa nentioned
above, the structural damping ie varied between 3 % and 5 %, and can be finally
assessed from ground vidbration tests of the aircraft, aniliating pressures are
ocalculated according to a method desoribed by Laschka (21), assuming attached flow.
The asrodynamic damping, as obtained by theory for attached flow, is considered to de
linziiztf t means the coefficient of damping is a oconstant for all amplitudes of
oscillation,

Flight test results performed recently by Jones (22) on a fighter airoraft
indicate, as can be meen from Figure 27, & large variation of "apparent" damping in
the wing fundamental mode with incidence. Test results reported by Rainey (23) on har- :
monically excited models also show a variation with incidence, although not to the i
same extent as given in Fi 27. When it ie recalled that the inorease ocours beyond y
buffet onset where steady force coefficients are also nonlinear, it is unlikely that §
the asoumption of linear characterimstice during buffeting will be valid. Thus, the !
caloulation will be pessimistic with regard to the fundamental wing mode, 3

4.4 Renmarks

Up to now, onli theoretical agproachea and discussions are gubliahed. Mitchell
(18) has never ciroculated results of Concorde flight testa, The flight tests for the
evaluation of Johnm (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 hanéd, it is obvious that measured pressure fluctuations on a struoturally
responding wing -~ as on a flying airoraft - are difficult to interpret on a quantitative
basis, owing to mutual cancellation of aerodynamic excitation and aerodynamic forces

at the natural 110§2onoy of wing motion. Thus, vidbration levels and buffeting design
loads can be correlated only.

Due to a number of uncertainties and simplifications, soms short cominge must
be expected. Nevertheless one can perform a number of comparative studies in a
parametric way end gain in experience about the behaviour of an airoraft beyond the
buffet boundary, and more basic research is wanted in this area,

5. Conclusions and Objectives for Puture Research Work

b e L el e e ik e e

Several methods ~- for some various techniques of analysis -- are thus
avalladble to the specialist interested in buffeting information. Particuler
coneiderations in each case will guide the individual choice: availability of models
or appropriate tumnels and mears of analysis.

The most favourable, but most expensive test technique implies obviously the
use of Aaynamically scaled flexible models. The required information, however, will
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oome relatively late in a project stage and will not influence the configuration
direatly. For early design phases and ocomparative tests on altermative wing designs,
ths applioation of the Mabey teohnique im recommended., The extensive ocomputing
facilities that are needed to obtain buffeting levels and loads using the PS8L=-conocept
will 1imit this method to an appliocation for check out in oritical areas or for
specific design problems only. The relation between buffeting intensities and mean

loads 1is restrioted to relatively rigid airoraft. An axtenaion to inolude dynamic
response characteristios of the structure is wanted.

: 0f major importance for all methods discussed is the influence of damping on the

1 attained vibration level. It is recommended, therefore, to monitor the possible

F variation nf damping with inoidence on modoil and on airortft to provide detalled
information and means of correlation. More research work is wented in this area to

! eliminate contradictory conclusions,

C ’ ’ Por many yeers it is known that separation has a derogatory effect on airoraft

¢ performance. Chersfore, much effort has been concentrated on improving theoretical
methods of wing design to avoid sarly separation. Possibilities to control the growth

of separation beyond buffet onset and to obtain by asucu means a more gradual develop-
ment of buffet forces with incidence, are not studied in suffioient depth. Most of

our knowledge about fences, notches, vortex generators stc., has been obtained through

v trial and error and has proven to be successful, As there is an increased trend toward

& the use of fluotuating pressure measurepments for the study of buffeting, a reasearch

b rogram should be initiated to investigats means of controlling the growth of separation,
: ghio would help to put our understanding of the phenomenon on a firmer footing,

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

Finally it must be stated here that a method to predict tall buffeting loads
! in turbulent wake flow is practically nonexistent,
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| alngly A AIRPLANE TOTAL ROOT-MEAN-SQUARE BUFFET ACCELE-
L . RATION AT PARTICULAR LOCATION.

br SCALE FACTOR -

| qr AIRPLANE TO MCDEL DYNAMIC PRESSURE RATIO
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algln M MODEL RMS BUFFET ACCELERATION IN nth
! VIBRATION MODE AT PARTICULAR LOCATION.
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