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PREFACE 

This piihliciition contuin* the papers prcsvntcd at the von Karmin Inslilulc. Brussels 
anJ al Ames Researeh (VnU-r iC\) in March ll»75 for AdARI) leelure Series No.74 titled 
"Aircraft Siallinj! and Dufleting". 

This Lecture Series was recommended by the l-Tuid Dynamics Panel and the von 
Karman Instittite for :'Uiid Dynamics, and has been implemented by the Consultant and 
l-xchange Programme.   Aircraft Stalling md Bufleting are related phenomena which limit 
the useable lift of an aircraft and hence determine its minimum flying speeds, its maximum 
cruising altitude and its manoeuvrability.   The basic physical mechanisms are aerodynamic, 
involving separations of the airflow over the wings, but the limitations on the performance 
of the aircraft depend on its aeroelastic and dynamic response.  The Lecture Scries aims to 
give an account of recent developments in the understanding of the fluid dynamics of 
stalling and buffeting, of the dynamic response of the ai,craft and of techniques for buffet 
prediction, with consideration of the implicu:' ms for aircraft design.  This publication 
should be of interest to aircraft aerodynam .ists and research workers in fluid dynamics 
and flight mechanics. 

Cyril R.TAYLOR 
Lecture Series Director 
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Stklline aid buffttlne an ralatad pbaimuna whleh Unit th« uxlauir. uiublt lift of an «iraraft 
and tone* it« alniaua »af» flying tp—i, Iti aniiilni; oltltudt and 1U unaauv«r»bi 11 ty.     The baalo 
plVfleal atchanltu an» fluid ■»chanlc,    involving laparstiora "f  th« airflo« over th* «Inet, but th* 
Ualtatlonf an th* pcrforsano» af th* airentft d*| *nd on iU a*ro*lastic anl dynacde r*ipona*. 

1. PREAVBU 

Stalling and buft^ting nain  Ulfsren*  things to  lifferent p*opl*.     For the unfortunat* pais*nf*r in 
an aircraft vhleh inadv*rt*ntly «tulls or p*n*trat*B th* bui'fet ragiae «ich could represent an unforgett- 
able and tarrlfyliit! e»perl*nc*,     'flier«*», a oathaaatician, sho has never hid th" xiafortune to *xptri*nc* 
the real thin«;, sight regard thai wraly as convenient worls  to associate «:th a particular behaviour of 
th* tolutlon of his equation».      It harliy needs to b* saii th<it  th* lec'.urers for this Series ar* both 
1**» »Bctional anl »ore practical than thv tec extras* c is*ii I hive just  :uct*d.      The ■«terial of their 
l*etur*s d*als »ith soa* of th* vastly ennlex encineerinr and physical aspect» nf the subject,    üever-th*- 
l*ts th* iMtur** will shoe that the passenger '.s never forgotten and  '.hat aatheaatical  tueory is readily 
absorbed, 

Beeaua* th* lecturers ar* specialist» an! they will deil «Ith specials«! aspects of  this subject, qr 
task in pr***ntinr an ■introduction and overvle»" is to proviie a leii-up to each of the toi ic» coverad 
(introducing »one of th* basic id*ae and the essential nccenclature).      I will also dra« y ur attention to 
soa» of the aspects of the subject «hieh are not covered by the specialist lectures.      To Jo this I «ill 
continue the th*B* which I introduced at the beginnirur,  i.e. "stallin- and buffotin? Bean different thing* 
to different people' taking as particular cas*» the pilot, the aircraft desi^ier, the aircraft aerolynamiciat, 
the «iraraft d*v*lopa*nt engineer,      j have not forgotten research aerodynaalciat» - I aa sure thst th*y 
•ill find auch to intarast th*a in th* specialist leoturas, 

2.      no vmreiKTs or WE PILCT AND or WE AIHCH;J'T DEsr.NER 

for a pilot, stallinr and buffeting are words which   lescribe the bel.iviour of his aircraft.      H* 
racogni««« th* «tall «s th* point at which his aircraft begins an uncontrollable noso-lown pitchlnr r.otion 
and ceases to aaintaln altitude, or noraal acceleration, bee luse the rmfJ; of flox  separation on the wing* 
pravant« further increases in lift coefficient with reduction of »peed.      .Tie flo« separations may give hi» 
•anting of th* approach of the «tall by exciting vibrations nf the aircraft ani Its structure or by changing 
the 'feel' of the control«.      The »xperienced pilot is able to oak» a clear distinction between stalling and 
loss of noraal acceleration due to lack of engine thrust.      However, for tone types of aircraft, he is less 
able to differentiate bet»een the various forms of aircraft vibration and instabilities which make It 
difficult for hi», to increase his rate of turn In manoeuvres at high speeds.      Buffeting, which we define us 
"the aeroslastic raspon«* of the aircraft structure to aerodynaalc excitation «rising fror flo* separations" 
1» «iBi'.st alway« encountered when approaching llmitinc lift at high «peed» and, although this aay not be 
the far.tor whleh restricts the manoeuverabllity, the word buffet is often used, rather loosely, to 
dosorlb* aqy unsteady phenoaena which oay induce the pilot to restrict the manoeuvre.      It is In this 
broad sens* that buffating is coupled with stalling as the subject natter of this lecture series. 

For an aircraft designer, stalling and buffeting are phenmnena which Unit the amount of lift on an 
aircraft and, for any aircr'ft specification, maximuii uaeablc lift has an Influence on the aerodynaalc 
design which is  rivalled only by drag.    For civil aircraft, airworthiness regulations  (such as P>» ^nd SCAR) 
place very definite Halts on the extent to which an aircraft aay approach llvitln^-lift condition« under 
noraal operation.    The*« rule« (see Table 1) govern airspeed« on the approach to landing and on take-off and 
cllab-out, by apecifying speed aargins,  relative to stalling speed.    The  regulations also define two levels 
of buffet and lay down associated increments of noraal acceleration, relative to 1-g level flight, whleh 
must be available «ith en-route cr.nfiguratinns, it speeds at and near the Uj-icr end cf the flight envelops. 

Flißht conditions Opeed nr^in Vanoeuvre r.ar.Tin                LliUlng factor 

Approach to landing 0.5 V,,, 
(V„ » 0.96 Vsig) 

u.-.Jg at VAT Stall 

Take off 
(2nd segment cllrb) 0.2 Va»i O.Jg at 1.2 V-al Stall 

En-route 
V < Vno - 0.8g at VRA 

Ci.6g at Vno 
Buffet 

(aaxinim demonstrated) 

Climb and descent 
ti < 20,000 ft) (caxinun demonstrated)l 

Table 1.       Some ;ilrMi;rt.hinusa  roiuirnnents for Civil Aircraft related to stilling and buffeting. 
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Tukan togathar «1th tha parrorainoa rwjulronent»  (a^ fach nunber, ultltud* wil lift/drs^ ratio tt 
orutaa, approach apaal for 1 mdlnc, flell lan.-th und noisa chunotarliitloB l'nr tiko-nff) than* rr^ulition.i 
l'rnvll" th» b.i»ic   ■ruunl-rulso »Itliln whlcn tli" «Ircrnrt A«aim*r ofttrinua t   t c'.ta '»nj ßPnl'lfr.rilt'n ")' 
tu." «ine 'in'l   JafintM the Diilnuni uoo'iMe lift oooCric.ont«  hn sunt   lüli!«»« t'nr bolli 1"»-I;|OB1   »n! h'./rh- 
•p»«l flicht,      ?h« laaliTnar U   ilwi raiulrol tc aniiiru tli.', »n-'.l I th«   liro.-al't or.tor   i still,  1t niiull 
b» posiibla, usln^ norr.il   pllctlii,' »kill,  to e, ,ke u prvir: t r«iu>¥»i7   in>l rucnln Lontml nf th« «Ircruft. 

Coabit aircraft ara dasi^nnl tn anaaah tt lirr»r»nt ruli-a but In ciny saaaj  tha r« |u ranonte T'r I'm 
ipiroacl. flpae.la   in-l »hört  t-ikc-orr h-ivt» a pon^rrul   inMu^nc*» f.n  MiP chnlj" of o^nfiruratUh  "n! rn the 
loslrn or tho »In,; Tor hlfjh lirt «t lo« -laRda.      Kinnsuvern^Ulty   it (ilrh »puls la v,tally  iiportiin*.. 
ju mucn ou,  '-hüt Uic« pars.it of hifh»r uae.ible lift at hifM tubsonic sr""!» hi» lo I  thy   l«:,liTiorc of 
currant opar!itl"nil «ircriift tn aaplny « aile ran^-a o!'   Invic^a »hlca h^!!   ••! th'T t" n: •.in.:. ■•  t:io „in.- ; 1 in- 
fniit for    hi» aanoauvr» (e,?. nritble «ring oaapp) er lc,  inhibit U»o mj.ui,r«iii,a anl grtnith of fio« 
sap'ir i'.i'in (a,;'.  LB iroop, nannauvra alnts,  vortox   •envrttcn].      Howard pap^rc at t..o  1.7?  «".\.0 
•peoliiliata.ocaUng on tha Pluil Dynaale» 'f Alrcmft StHlling1   ««v« ijuJttitl»« avH^ncr- of  thn gilns in 
uaaiMe lift to ba h»i fr»'« th« u»» <f aOBia »f thaae d^vieaa, büt thnir «l'llo ii;y nuat be evi I-Jnt t«   ir^ 
;ii*.allit;ai.t 'ibaerve." of aircraft laalffi trenla.      H^re r''f:«iitly exp-rlnntil fl •.•:to.    ili'c.-ift have bn..>n 
lnsliTiol »ith Inprovel power/waight ratin, hlc^iar atmotur-il   loul fit.; .-.   rn-l coins of lr.croi»lric pilot 
tclaranc* to ataaiy nornal «ccalentlnn -  ill uf «hlch Itipcov« trie potontJil rinocuvuritll   ^y an i  Increase 
ttif er.phisis  for aore uaeabla lift. 

J. vkiivy vs*JiPV. Li»? 

In «hat I hiva aaH ar far, I have repeiteily stresset the iBpurtanc« of jixlnun useibl« lift an! 
ita connection »ith »tailing and buffetlnt',.      " 1' tin»  that I bi'an tn explnin that connection - in doinr 
«o I »hall b«  talking the langua«« of th«   ilrorift ai>r<>iynur.lcj3t   in! l".e aircraft deV'lopaent enpinoir aai 
I shall be crcilng quite close to the subject Batter rt'  BOBB of  the min lettijres.      Por the tlno boln;;, I 
»hill CTuHer a particular class of airenft »;.lch (followtn-- Kfljhemann'  I call   "clacslcal   Bwoi;t-i»lri^el 
aircraft".      As you can ae« froi the »ketcho» in fir. 1   this covers most nr  the ilrcraft flyln.' toiay. 
However I shall later jo en to tilk, vjry briefly, »b"ut t..o other cria8?3 of aircraft. 

FIG I   CLASSICAL SWEPT-WINGED AIRCRAFT 

A basic difference between the lo*-sr.e9d charaoterisl.ic» of air-craft *in;-3 n?ar liraltin -lift 
conditions an! those at hifji s.eel is shmm by tha plots   In ?!(•. ?•      "hose «ra curv.'o of lift coefficient 
versus incll^nc» over a run.;'i of J'aon nu-bors an! they  are f  Irly typical of wind-tunnel moasurenonts for 
»Inga o." nodarate aspect ratio and lo» caenp.      Thuy inlicate quite cl»arly that for lo* Vacr. nunbor.i  the 
lift-coefficient has a  lefinite maximum value which nuiit preaent «n upper lirclt ;.    Urn amount of use.able 
lift avail ible.      By conLrast, at hlyh froe-streai I'ach number» no such overall limit 1» apparent (for the 
range of incidence covered by the testa).      Mowovr r the kinks and wl flo» in the CL VS a curvos show that 
rnthur !rar«itio changes are occurring in tho pat'ems of flow ov.'r lh'.' ving an! re should anticipate  that 
not all the lift measured on the iwdel «ill be us^able  In flight,      Stullir plots for a win.; ;.hic!; has 
nearly the optinu» sweep for nanofluvres at liigh auhaonlo speeds (Fir.  3) a:-iiii sho»   y-.-it there ia no 
clearly defined upper Unit for   '.ho lift coefClcior.t an]  that the inaxinuc uaoablo lilt will be •'ot.c rlned 

J 
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by buffat or rvlntad unaUa4y phcnoMiw. 

'• oao 

FIG 2 VARIATIONS OF LIFT COEFFICIENT   WITH INCIDENCE AND  MACH NUMBER 

(♦ • 25*) 

w. O.IO 

FIG. 3 VARIATIONS OF LIFT COEFFICIENT WITH INCIDENCE AND MACH NUMBER 
(4 • 45») 

Sv«n   tt lot: Hpuvia, not ill tho lift available my bs usaable.      On« effect of wing taper and 
aiKt^ih'i-.,.  ir. t:   increas« tho lift cr.officienta naar the winR tip«, relative to value« near the body, when 
*,;W rln^ 1: at hie!. InoHonce (?iff> U).      Of course thle  c.iai bo offcet by spanniae variations of oaabar 
anl tw'^at but fnr r.-my »ing planfoms those v irlations (Pif, 3) would create saver* unufaoturing probleas 
mi the rasultiru: r.hnpo wnuM be far from ideil at other Incidence« and Mach nuabers.      The compromia* 
stmc/ by the '•IrcnCt .lerolynamlcist invariably results in a wing on which (unless prevented) separations 
»htch loil to tr.o sttll ori/jindt« on the outer wing - where the lift coefficient Is highest and the 
effects of SMinnisn flow tenl to thicken-up the bounl iry l^yer.      These separations will cause a forward 
snvaaent of th"? win«: centre of pressure,which results in a tenlency for the aircraft to pitah-up and hence 
sove farther Into  the stall.      They nay also give rise to unwelcome rolling lotions and loss of lateral 
control.      Por these reasons it is usually neeessaty for the deaimer to use SODS means of triggering off 
tue still  In a way which elves a rearirarl Boveaent of the centre of pressure.     The stall-trigger usually 
/•enorates a separation on the inner win«' anl, if carefully designsd,  the aircraft will be able to oomplste 
tho atalllnr nanoouvre without the separation sproidinf to outer parts of the wings.     Bie silerona will 
thus retain Ruoh of  tneir effectiveness anl roll control will not b* lost.     Various foras of stal* 

J 
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trlR.-cr hav« bteii uiol but for «Iroraft with mr «igln«, ovenring f«no«s or uMtr-nlnf "vortlloni" «r* 
the vogt uavnon (»P" RKI'I. 2   ml  5). 

M.T-O MiO 
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FIG. 4   VtMIATION OF SPAN LOADING WITH SWEEPBACK I TAPER 

A'.i'^CT   n.MIO    7-04 
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PAPTS OF SPAN I 
»-    » WITH THICKNESS        1 

MODIFIED 

i:U3.5   WING  D23IGt!"0  FC«   UNIrOHM   r^I-SSUQE   DISVßlDUTION  AT   Ct"0-8 

?i'', (■ shows th« nf'fect of u fnnoe    ri  tw pro.Tosaiin ol' llnv .i»;iiritin!i on a model of the 
Pokker P.2F'',      The »till pro rfiesion ;'or H »ore hlwly swort win/-, onpinyln-; both »tiill strips an! a 
win" fence'', is sl-.own in ?ir.  1, 

The pylons of unlerwinr oirrlnis c-in triij^nr the .-.Vil'   of tho cle in ivinü but It lr usunlly n^cena iry 
to "leiT'ile" the hirr.-l'.ft  '.evioe on the innur ivlnr, in onn of   i nurcbor of w.ys, to ret th" leslr»! 
pitohln- monsn!. chir"-ct'.'rlstico for the tnke-off inl linlin: conripiriti  n». 

Of course, tiio neoi to pro/ldc »oceptibie hmllinr' ml control it the »till results In the 
":xiEu::i ua»-i6l5 li:'t holn.- amaowh>«t loss thin t'l» niximix lilt ivüilable from a win" without still 
tri.'-ers.      So; o 1 loi of the penultloa involvoi rmy be deduceä rrom Vif., 6. 

The problems in obtaining in adequ te nose-donn pitching aosient at the stall are conpounied for 
larr» aircraft, by the high angular BoaentUB in pitch which these aircraft acquire lurinc the decelerating 
approach to the stall and, for aircraft with T-tails, by the need to avoid the "deep-stall"^. 
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FIG 6 THE EFFECT OF A FENCE ON THE PROGRESSION OF SERMMTION ON F2I 

FIG 7 THE PROGRESSION OF FLOW SEPARATION 

ON A MODEL OF THE TRIDENT IC 

r Tont." 
PI,-, ? sr. 
ni,;ht (4 
r/ront hi 
con*inues 

r'1 i.'.r:  ht u   '::■-■ ; r'llc-r  c r. i ■   IcriVfi 1 fr .   *.i.o  'i  pl'j cx'ji'ciöe   'f uqu.tlnt"  tiio ■'ß^tulir 
■ ' X-i'Mn (ak^ 6)   '■" ti'.    '■".•. i-;-.- injul.     proUvH 't-j a .-jil.;n oli •.-. i- in 'itching r.irent (-ACr). 
/.s  the probl'-.-.      ""h?   'ilr.  't  U  brir.,: ».ho pitch rit<   'o  JPTC , fror. It:: lnlti.il vlu? for level 
), \,-j  ti;6  tiro   t:.e •lirsr-i;"'.  ("MJhuä   i 5i<ocificl  inci irr.c^as.      Th"  sullen change In pitching 

; to be ipplied,   to -.he trir'?'. •Urcrift,   ■'. ii.cllnnoo (^ ■ orj - An.      A«.-.uininc that the alrcrift 
in level fl I :ht  (:.':. e  -a,'   ''rii   th'^t is  :c £:/ill,   ' hf Blv.mn'- ifj-ula-:  ia 

(- .'.Cm; p  I' Cc ia/ao    ani honce 

T^7n      Jo c 

th" is.^r.c! 

CO 

m    in  th'   n^ss of the uircr.ift 

It    the  n-lhi- "C  -yfiti^n In pitch 

„    t(,n  -r1 vi t iti'n.-il   conct-int 

:., ^ hive  •:,••; r   isuil  -canlr. ■::.      If ,1] denotes th'J ol".-.-' of the Hft curvn b"tK"crao »nd •>», 
•.t«l l-lffT-Tioo   '     "' '  •    "   .... -. lift coefficient is i-^X, - f-t,':^, vrtiich,  nfter rmtp'il-.tl^r., roducrs  to;. 

. r      ft *       1 ' 1     W   ?     k '  ' PS« 
(?) 

j 
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•bar* Ur 1* tht d*etJ*ration at n   > ao.     AlnnorthlnMi rtrul«tl"r,B rurjuir* tlmt th» lull thill it 
draonitratcil «t a laoslaratlon nf t kn ««c* .     T»o oono'uslont cm b« dram loawdiately - th« chui/;* of 
trl* (-AC») nctdtl to hriaf th« pitch nt« to i»ro lnar«u«i ilr.iD>tlaully »1th lift oo«fflol«nt «id, 
tine« »lixr loading (n/S) doaa not »ary vary moh »Ith aircraft el««, largar aircraft M«d liirg«r chans»! 
In trie.      Althou.'h thU «lapla analyalu cinnot b» ipflled  tn   -ha incldancu nmi'e cnv«r«4 in th« stillinf 
■ane«uvr« th« tan cnnolualons ijunted   ir« bsllevad to imiln villd. 

— ! 

FK> I tmen Of STALL FIXU ON MAXIMUM LIFT FIG • MPULtf NEEOCO ID OOUNTER ANGULAR MOMENTUM IN PITCH 

Iha da'p-atall, or tuparatall, problaa for aircraft with high-aat tsilplanaa la du« to the lots of 
stability and xailplana effactlvanaas at high incidanoa, resulting fron th« tail renaininf; in th« low 
kinatlo-preaaure aaJcaa from the »ing and aft nacallaa (Fig. 10).     Thia can result in the incidanoa 
increasing (due to rotation and rat« of sink following th« stall) until the aircraft stabilises at a high 
incidanoa (i.e. beooaas look-in a deep stall) »hen the toil emsrgea fron the »aka. 

FIG. 10   THE SUPERSTALL PROBLEM 

5 6 Vh« flieht dyntindes nf th« post-atull notion are quite confilex '    but, by nnalory »1th the slrple level 
flight pre-stall anilyuis lenMnr, tn oquition 2, It cm bo seen thit the designer rust pmviie a :    mu ' 
obtiininf sufficient noao-dii»n pitch Inpulse to prevent tho aircraft entering a deep stall. 

ma nf 
'.Vith sore 
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ilrumft part af this noip-iliwn impulee ti tppllad b'   the uutonatlc applloatlor. of a itlolcpuahar. 

The apeoliliat laoturc by Kr V foTntoeh U-l, «ItJi an airoraft Kith A Uf talX but will oovar tha 
fUüht-Jyniui.lc preblxiu I hnv» mmllnncd »ml 'jmlr '.«pact T airtrift (taalgn. 

FIG»   VARIATION«OF FORCCS ON A MODEL 
NEM LIMITING LIFT (M>0 t^ 

FIG IJ MMATMNi OF nOLLWS MOMENT WITH ANCLE 
OFSIOESUP OVCn A »INCE OF INCIDENCE (M-0 ( 

Ir. contraat to *.h» situation   it low speels.the phenomena which liffit useable lift =,t high subsonic 
sjetls   ire both «ore viriei and more comrlex.      As alraudy mentioned, the lift coefficient may not roach a 
r.iKlrrur vilue but the separation of  the airflow over the win? leads to irreßulür variations of overall 
fcrce:  with Incidence and to unsteady excitations.      Some of these effects are shown in 71g. 11  which gives 
;lrts of results from wln'.-tunr.el  teats r,f a oonventinn.il force model of a wine-body combination with a wing 
of Ittf sweep.      The ffripi.s   it the  t^p of  the fl-'ure show the viriation of the narrow band-w'.dth root-mean» 
aqu'ire  dynamic stnin   it thr- winr, root, plotted against lift coefficient.      The plots lower down show the 
Virlitiori. of pltchlr.r Bf'Ttpr,i, incidence, axial force,  Irai- and rnlMng nomont at sero sideslip.      The 
various  st'i^es of flow breakdown oorres; or.dlng to points 1   to 5 on the incidence plot are shown in Fig.13. 
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It oin bt Man that th« eollapt* of th« flow over th« outtr wing hat raiultai In ■ Mrirad plteb up 
and a draaatio Inoraaat in drag but a esnbat aircraft »ith thla typ« of ming would hav« aufftelant tailplaaa 
poMr and anxln« thruit to pravant thaia faoton Halting tha ■ancauvarablllty and wa Mit look for 
another poitlblt oaua«.     Buffat, la of oouraa, a poMibilliy and th« Ulis «ing-roet «train «hloh la a 
Maaur« of th« mponi« of th« aod«! to buff«t «xoltatlon', oloarly «howa a algnlfloant rla« In «xoltatlon. 
Th« rolling aoaent «xounlon «hew» a t«nd«nay to flow «ayaatrloally but It 1« non« too obvlou« how 
«Ignifisant thi« sight b«,     Koraovor, MaauraMnt« of rolling aorait ovar a rani;« of anglat of aldoallp 
(Pig« 13) «ho« that th«r« may ba draaatlo changtt in th« v«lu« of C]^ (Iv) w«ll b«for« th« MMnt at aaro 
aldaallp 1« affaotad.     Tha other lateral darivativa« shanga-in a alallar aannar and at v«ry high'inoidanoa 
thar« uny b* »ignlfloant hyatar««!« during a (quui-itaady} tid«ilip «xouralon, 

Thaia «ini-tunnal data, «hloh ara thought to ba fairly typical for wing« of thl» thicknai» 
(.09 ( t/c < .11) and »waap ii0 * ß * ki"), indicate that, for tha aircraft, tha onaat of wing buffoting 
will give an indication of the approach to limiting lift condition» but either buffet or »one form of 
»t«bility and handling problem «ill deterain» the aaxinw uieabla lift. 

C Hwang and W 5 Pi have raoantly publiahed the reault» of their Baaauramenta of the dynamic and 
a«ro«la»tia x^onoj of a F5A alroraft in high-g wind-up turn»".     Th««« «how that, for thi» aircraft, 
which ha» a wing »weep of 25°, buffet onaat gave the pilot warning of flow »aparation» near the wing tip 
and that, a» the incidence Inoraaaad th«r« «aa a rapid build up of rigid-body oaoillationt (daioribed a« 
"wing rook') and atructural vibration (buffat).     Th« pilot terminated the turn and returned to level 
flight «hen tha vibration» and oscillationa prevented him controlling th« manoeuvre.     In their report of 
aimilar maaaureuanta with a Fill A aircraft at 26° »weep, Banape, Cunningham and Duiuyer? do not aay what 
factor limited the manoeuvre« but they draw apadfic attention to the aayanetry of the buffet reaponae. 

The »UB of our present knowledge indicate» that the mana«uv«ring capability of »wept- Ingtl combat 
aircraft will ba limited by buffet and/or by a buffet-related loan of lateral stability.     The lateral 
»tablllty phenomena are usually daacribad by pilot» aa wing rook, wing drop or noae alioa. 

Buffetini' I» a »truetural vibration which 1» often defined a» th« atructu-al re»pon»e of the 
aircraft to the aerodynamic excitation oroduoed by separated flow»?.     The dynamics of the reaponae will b« 
di«cu8a«d by I'r J G Jonea in hi» apecialiat lecture, but I should Ilka to draw your attention to the block 
diagram (Pie. lU), Illustrating the interaction between reaponae and excitation, which he presented at tha 
ASASO Speolalists* meotlng at Lisbon in 1972    .     The main thing to notice la that Uw notion la influenced 
by atructural inertia, stiffness and d.unplni» aa well a» by the aerodynamic forcing and damping.     However 
the essential feature of buffetinc is that it ariaes from an increase in the level of the aerodynamic 
forcing.     This is in oontraat to the phenomenon known aa stall-fluttarll, which gives structural vibrationa 
under iruch the sau» conditions as buffeting but these are due to a reduction in aercdynanlc daqplng to 
negative values. 
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FIG. 14    «JOCK DIAGRAM FOR STRUCTURAL BUFFETING 

Wing rock, wins imp and nose slice describe rigid-body motions of the aircraft.     The general 
block diaproo for these dynamics  (Fig. 15) contains aerodynamic stiffness and damping and possibly an 
aerodynamic forcing term but only the one non-aorcdynaaie term   -   inertia.     Kr D E Shaw will give a 
detailed discussion of these motions and their probable causes in hia lecture but I do net think I «ill 
be detracting mich from his contribution if I make a few general points.     The motion described aa wing 
rock could be the rigid-body equivalent of buffeting (i.e. a response to aerodynamic forcing) or it 
could result from a sudden loss in damping.     Wing dropping is presumably initiated by the sudden loss of 
lift on one wing but the divergence in roll following this lift loss must be due to a low stiffness in 
roll, which would result from the stalling of the outer portions of the wing.     Noae alice 1» again a 
divergent notion and rust have as its root cause a loss of stiffness.      Of course all these phenomena 
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relate to latena/dlroctlon«! »tnbillty «liureua  it low speel it It thn lon/ltullu.il irntion »hloh KOVoms 
til« usoable lift. 

AlftCRAFT MOTION    (yCLOCITY) 
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FLUCTUATING 
INPUT 

8(0 
t AERODYNAMIC   EFFECTS 

TOTAL AERODYNAMIC   FORCE 

FIG IS   BLOCK DIAGRAM FOR   RIGID-BODY DYNAMICS 

Tli» unif, ■..■.     ir; .'.■■.:   of   ill   •;;■.■  f-Jctfrs   .,;.i>.;i Ur.it »....; u:;,:!,!«.  1 U't   i*. i.i •;,  jfe-':.-.   :ri; •.:.■,t '..lu..- 
iv    il;   re;;o.-.n; ;:,  ■..■■   ;,'ii.;;.c LO:.^V  ['..".  C.;C'..E)   it.'  'i,,t  I'.  ;     'J.'- pllot'i  PI-JU*.'.   r.  ■•  V."::'   luti-cs 
üi.'.c'-.   lotorr.ir. i  • . ■ llr.;*    .;   '.   r  : .i... avri.-.      'The '.•x'.ont t'   which t.M. ^ilrJ,   C-B C&IIO ■.-.itl-,  '-ho vibntiw^s, 
oscilliti-ns   mi    ;»«r.•«.-.<;<> 1oi,;;i4. m. triiniu,'   mJ th" r.-iture of  th • ', .sk iw  is !'.cu ! w.th.      It follisc 
thit,   in contnict tr  tue situ-itl'n   A In.,  fctoei,   thi> llicits on lioeiblc- ll:'t   it hi-i. spe»! 'i.jy bo rather 
Viriabl", v.ith \.h   [ilot ^"in-- willing ani  'ibl"  tti  »chiev,. hit*"c Units   :r evnaive nanoouvp.-s than in 
stt«'«,     ':.-.. ':.■: t.tf   i liirji   ■.Tr;  loi-i  iini neoda  '.o rerfora  i precise traokine ta.-*ic {Tie,,  1&S.      Hoeever, 
B(.-,ce buffetW;,-- '.:  -t ati-.«!« i-il   response,   tho le/el W vibration )>lt ty •.ho iil"   '.eji-wiu on hi; nor.ition 
rrl i'.ivo *    •:.    no1 1 '   t ,-,  -.•■ le.        i  h"  r .:• r.'.   ••'■   i.-.y nil  iprnM-i . ti.-p. of eithor the 
l-u-'shr.?:!*. c.    -I'T-'l i ■■  '■     .< t r-^o • u v;  o." *.iio vibrati n levels   tc   .-.hicli rirt^us    i^'s of esfontlal 
instr-jmer.titi'r.   ;.-■.' Vein.» i'ii!;,:ocH,       ?nis later asoect h n be n cnr.j; ierc'. by !)r !! Jlhi.  'i. .i recent  li'.'CO 
•?■■ opt  -  .ar.l h-1 . ii1.  r^f-r t.   ! *.  'r. ..ic iectiirn. 

BUFFETING REGIME 

 LIMIT FOR EVASIVE MANOEUVRE 

 LIMIT  FOR ATTACKING MANOEUVRE 

STRUCTURAL LIMIT 

MACH NUMBER —— 

FIG. 16  MANOEUVRABILITY   LIMITS FOR COMBAT  AIRCRAFT 

As a further contribution to the general .lisouasion of buffeting and related phenomena I should 
point out thit It has been nidely observed that the rate of builtl-up of the buffetins resoonse with 
incidence decrM:;es with increaslni; sweop-bn-k    f ',ho ..in,-,    Althojm this  ir.plies that  the a-wunt of buffet 
penetration (i.e. the difference between «Bxiinum useable lift and lift at buffet onset) must be less for 
the lower sweeps (in general), it is by no means universally the case that buffetinc is a limiting factor 
for wines of low sweep - as was shown by  the fli^it tests of the ?-5AG. 



MO 

ntouuie of their In» gtruoturnl  lool fictnra, civil transport ilrcruft prcitnt Uffloult vthlolM 
i'or .UtiUsl fll.'ht •«("•rlwnta nn lift llmtatinna it hli* •petit   an I I know of no publistwd iaU on thf 
relitlV'' Icpoi'tince of  th* (tructural und rl'M-bnly rasrantss for thli  typ« of slroraft.     Th« alnorthl- 
noss ri',-ul:itinn» dfflnit tw IAVSII of buffet raspons» (ite Table 2) but male« no specific reference to 
ri^ll-brly phenomenn at hlt-h apeeli an) hi.rh lift,     However, It seems plausible that strength limitations 
an.I th« structural anl inertial characteristic s of these aircraft (particularly the larrer ones) would 
swln.» the balance  In favur of buffctlnc as  the l^l^ltlnl• factor. 

FAH iiipiflcant Buffet Buffet of Intensity such that the pilot would be           j 
considered likely to modify the manoeuvre which              > 
causes the buffet 

FA» VIXIEUUI Beaonstratei 
Buffet 

VaxiDUB buffet intensity which has been demonstrated     j 
to ctuse neith'T loss of control nor structural             j 
danAPe 

H-JAH Buffet onset The lowest level of buffet Intensity conslatently 
deteutabl" during nnwal accoleration demonstrations 
in sirooth air conditions 

ÜCAH Vaxisur, Desonstruted 
buffet 

The smxlmje level of buffet Intensity at which It ha* 
been shown in flight tests thxt controllability and 
structural integrity are unicpalred 

Tibl» ?,     Definition« of buffeting intensity for civil aircraft 

'..       jri-v: FLuri-f'-xH,.-!; «u Aiai'iArr-aHJiM AüP'KTS 

»irr »hat T hnve said already about the low-speed stalling of swept-win^ed aircraft you will have 
deljced that the upper llelt to  the maximun useable lift is set by the stalling of the outer win«.      The 
iirpnrt me» of th» lew-sfeed at.jllln.' t.erforr.ance is so dreat that the outer winy is usually designed very 
c ir^fun,.' to hivt   juasi  two-Jlaonsional flow   ml to achieve the full maximun-llft potentisl of the wing 
scutifp.   mi Its hii'h-lift devices.      Hence th»- fluil rechanlcs «e are concerned with are essentially twe- 
ditwr.tirnil anl tho classical  exposition of I.'cCullou(5h  ui'' lault1 ' provides  the basic starting point, 
.'i.-.  1/  (after Koster1'4) shows some features of the three typos of stall they identified,      "he short 
t'-bble  type (,') and the Ion/ bubble stall (2) are due to separation of a laminar boundary l^rer under the 
rtecp adverse presrure gradient which follow;   tue sharp suction peak near the leadinc edge of uncaabered 
aerofotlf of low thickness chord ratio.      The lonf bubble only occurs on very thin aerofoils and the short 
bubble 3tall is unlikely to be found at high Reynolds numbers,      Dinf sections desl-ned to avoid very high 
section peuits near thn leading edge will,  in general, experience stolls which develop from separation of 
the turbulent boundiry layer ncjr the truilir.c edge.     These sections will have higher maximum lifts  than 
those atallin,' at the leadinc ed,re and hence a trailing edge stall (type 1) should be the design aim.    The 
quettlon what 1:   the optliuE upper surface pressure llsti.bution (i.e. what shape of pressure distribution 
,;lves the greatest lift with attached flow) appears to have been answered first by Liebeck1^ who utilised 
otrutford's WOIK on the separation of turbulent boundary layers1^.      The optimum pressure distribution has 
a suction pliteau extending fmrn the leading edge over a significant proportion of the chord, with the 
recorpresslon to near freestream conditions following a relaxin,- pressure gradient, of the type devised by 
itritford to continuously just avoid separation.     The optimum length of the plateau depends on Reynold* 
number and transition position.      V.r A V 0 Smith will discuss these flow* in detail in his lecture but, as 
an appetiser, I »ill show you a result obtained by 9 J Weeks at the HAK Just before Uebeck'* paper wa« 
published.      Here (Pig. IP) you can sec the shape of an optimum pressure distribution and also how that 
shape can be obtained, fairly closely, by application of nose camber.      Of course this camber wculi be most 
unsuitable for other conlitions of flight but since it is .confined to the first 20f' of wing chord, it could 
be obtained by application of a variable-caitber mechanism such as UZVU/M. 

At low speeds however nose camber is less effective than a well designed «lat but »11 „eading-edg* 
devices suffer fror, the disadvantage that, on their own, they simply delay the »tall to higher incidence*. 
There are veiy practical reasons why aircraf*. incidence is limited and for this reason It is usual, for 
landing ani take off,  to use slats in conjunction with trailing edge flaps (which increase the lift at 
constant, aircraft incidence).      The most efficient arrangorent of slats ani flaps uses slots connecting the 
upper and lo»er surfaces at the slat-wing, wing-flap and flap-flap Junctions, 

The precise fluid mechanics of these slots has only recently been explained.      Poster et al1" have 
shown that, for a wing section with a slotted flap, the lift at constant incidence decreases with 
increasin,; slot gup according to calculations for Inviscld flow.      In real flov; the lift increased with 
rap until a well iefined naximum is reached,  thereafter it decreases (Pig. 19).      The maximum lift is 
obtained when the mixing of the wake from the main portion of the wing with the bounlaiy layer on the 
flaps is delayed to near the tralling-edge of the flap.     The action of slots,  therefore. Is to break up 
the long region of adverse pressure gradient, which extends from near the nose of the aerofoil to the 
trailin,- edge, into a number of abort lengths each having Its own boundary layer growing, more or less, 
uncontamlnatod by the other boundary layer» and their wakes (Pig. 20).       Tie proper use of slots allows 
very high peak sections to be obtained without separation, as is shown in Pig. 21,      This is a case where 
the slat carries 55;   of the total lift.      Both the slat flow and the flow at the rear of the main wing 
are close to separation.      Slat »tall could be avoided by increasing the »lat angle.      The lift at 
constant incidence could be increased by increasing the angle» of the flap and tab but this risks 
stalling them. 

In applying slotted high-lift device» to practical wing» great oare has to be taken in the 
design of the supporting brackets, as  the wakes from the bracket» can provoke premature separation. : 

J 
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FIG. II «EROFOIL WITH NC6C CAMKR FOR 

OPTIMUM PSESSURE DISTRIBUTION 

Flat» LIFT ON AN AEROFOIL WITH  SLOTTED FLAP 

AS A FUNCTION OF  FLAP GAP 

A« Bight b« «pcetod th* flow« over finite wlngi Mar Halting lift at high speeds are appreciably 
■ore oovlloated.     Fig, 13 showi aoae axeaples.      Wlnga of lower sweep would have regions of quasi-two- 
dlaenslonal flow near aid-span, with forward aoveaents of the shook wave near the root and tip, while for 
higher »weeps the flow alght be doalnatad by part-span vortices.     However, since the aim of the aircraft 
••rodynaaicist is to achieve aost of the potential performance of the equivalent two-diaensional section 
In the design of his finite wing, 1 think I should begin w introduction to the fluid-nechanics of flows 
at high spaed by saying soaething about the flows over aerofoils at incidences near that for the fir<t 
appearance of separation.     The equivalent two-diaensional section and equivalent free-stream Hach nuaber 
for a swept-baok wing are defined in Pig. 22.     Figure 23 shows typical envelopes for separation onset on 
aerofoil* of aedlua thickness. 

I have already aentioned that at low speeds and hlgi incldenoe the single aerofoil develops a very 
sharp suotion peak close to the leading edge.     With increasing Mach nuaber the flow near the nose 
beooats supersonic (Cp**  - 10 for Ik. ■ 0.25) and the general tendency is for the peak to broaden and 
flatten.      Part of the initial recoapresslon develops into s shook wave which aoves further back on the 
ohord with inoreasing Incidence.     With the older type of aerofoils the pressure distribution behind the 
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FIG 21 PRESSURE DISTRIBUTION ON WING WITH SLAT AND FLAP, NEAR THE STALL 
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uA t.'.c initial separation foritr as a bubble at 
hubble rnurs  rapidly  in extent until  it approaches 

f tn" '.ruling edfe pretrure ind a cnllH.rse of 
■ source of buffet excitation.      This type of flow 

>n scale effects by Pe.ireey, Csborne uni 
type of separation Is  typical of flows for 

■ ;•;. typical presrure distributions chun/re 
i". of the shock to cnnotonic.illy expaniinp 
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tr;-'  r&.cc'i'. (Fl ■. P/. J,      ^ince for  thesr sections  thp initial separation  is directly duo to 

thr- hi.■■}•.-]il't nnrftjrr.ince cir. be  ir.provel by reducini* the strength of the shock wave,  for a 
coefficient.      This  cm bo  achiovci by   losl/^linr the upper surface to have a measure of 
c-ri rossirr. u;::treir of tn«- shock  with a further aft shock location.      Hiis   is more effective 

itbora at the u':or en'i Df hi   h-lift rn-.t^  (i.e. V*  V.2 in -"'ig. ^i)>  and usually requires an 
r. lo.i i in.'-e.i^o raüui with a rnhrke 1 reiuction  in upper durf^cc curvature farther baclr   .      At 

lower speeds a roiixtion in tho poak suctinr.  level near the jeadinf eirß (by nose cacber) Is beneficial. 
7o  a certain extent these r.c Uf icitions are  conflictin," and a careful balance has to be struck. 

Tan latest typn of wine sections ar»   iesii^ied with the aid of powerful theoretical methods''»" 
.in 1  coooine extensive re,-ions of supersonic flow upstreaic of the shock with lar^e oicounts of rear 
loaling (Fie. ?5).      This  type of desij^i is heavily biased to Improving the high-speed end of the 
separation envelope (?i?. ?i).      As shown in Pip. 25, hi^h suction levels develop at the lower Kaoh 
numbers and separation ni.'ht be expectei to start at the trallin^-edge, due to the levere adverse 
pressure gradient there.      However,  in these cases it seeir.o that the trailin/r-edRe separation is partly 
provokfd by tho bubble under the shock.       Tiis is an example of Pearoey's model Bl   flow '5, 
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PI5.?.a EQUlV^iENT TWO-DIMENSIONAL 

SECTION FOR SWEPT WING 

FIG.23  CLvt M  FOR  SIGNIFICANT SEMRATION 

ON SECTIONS WITH MODERATE THICKNESS 

At M«ch nuBb«ri clot» to K; In Pig. 2$ «n Inortai« In Inellmst InorMiM th« tuotlon l«v«lt for 
the plateau upitrtui of tht »hock and cauiei th« ihook to BOT* buk on th« urofoil.     Th« rt-txpanilon 
rollewine th« shook appun to b« Bodlfi«! by th« saparatlon bubblt and th* flow taparat«« at th« trailln« 
adg« when the ihook reaches the ereit of the re-erpanaion. 

nine sections in current use fall half-way between the two types I hare oentioned, having leas 
rear loading anl less supercriticil lift at separation-onset than the sodem section In Pig. 25.     1h«y 
represent a class of aerofoil for which, except possibly at high Reynolds nuabers, rear aeparation «ill 
occur before the bubble separation reaches the trailing edge.     They therefor) provide «xaaplas of 
Pearcey's Itodel 3 flow'9. 

Wall lasigned win^s of aoderste to hi^i aspect ratio (i.e. greater than 5) and Xowlsh sweep 
(i < 30°)  sill exhibit flow separations typical of their e^iivalent two-diaensional sections.      The 
Initial separation, leallng to buffeting. Is likely to occur either on the outer wing, where the local 
lift coefficient reaches Us rviximua value, or where the rain shook wave loses sweep, du« to the effects 
of planforo kinks or the influence of the body.      When the shock is swept «ore than about 30° the spanwis« 
flow component causes the bubble separation to roll up into a vortex «hioh at high inoidano« breaks away 
from the line of the shocic anl sweeps obliquely across the wing.     Sweepbaok of the trailing edge leads to 
a thickening of the boundaiy layer there, du« to orossflows and the l«ngth«nlnft of th« path «««pt out by 
the surface streamlines.     This results in loss of rear loading and an increased tendency to separation. 
Both vortloes and boundary-layer thickening are evident in the flow diagraat in Pig. 13.     The dtagrta« 
also show that pockets of supersonic flow develop outboard of the first part-span vortex, n«w vorticos for« 
unier the chocks there and, xith increasing incidence, the flow pattern ■'Ves progressively inboard.     At 
lower fach numbers and/or higher sweeps this tendency to sultiple vortices inoraasas.     Moreover, It should 
be noted that this type of flow development result* in severe Increases in drag.     The bubble vortex appear* 
to generate awre lift on a spanwise section than its equivalent bubble in two-diaensional flow and it also 
inhibits  the spanwise drift of the boundaiy layer, inboard of «here it crosses the wing trailing «dge. 

Although several Investigations of buffeting excitation have been made, there is little published 
data on the fluld-aechanlct of 'he aerodynamic excitation.      Some results of aeasursnenta of fluctuating 
pressures,  however, have been presentel by Lenley and Kullans'', Hwang and Pl°, Konneri« end Chappln**, 
John'? and by Kabey' («ho summarised the work of Koss and Vundell).     The inlications are that rear 
separation does not contribute sls»iflcantly to buffeting - the major excitation* oocur under the shock 
waves, vortices and extensive regions of separation.     There is s possibility that significant fluctuation* 
in local normal force could be generated. In Pearoey's model B flows", by the time-lag between increasing 
shock strength and traillng-edge sepsration.      The potential Mgnltude of auch fluctuations would be 
proportional to the divergence of the local normal-force curve from the extrapolation of "* shape prior to 
separation onset (Pig. 26).     This type of excitation could only be detected by a specif J . analysis of one 
or more chorlwise distributions of pressure fluctuation* and no auch Investigation has yet been reported. 
However the proportionality of buffeting force to the divergence of overall lift has b««n reported by 
Bore2'. 

The magnitude of buffeting excitation (the fluctuating input in Plg.tl») is the product of the 
narrow-bandwidth RVS pressure fluctuations and the normalised «ing deforsatlon in the mode under consider- 
ation.      Hence we should expect that, for a given level of pressure fluctuation, the response of the wing 
In Its first bendinf mode would be greater at lower «ing sweeps (when th« locus of th« shock and its 
bubble aeparation lies normal to the nodal line) than at high sweeps (when the vortices cross the sing 
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obliqualy.     Thl» is probably »Itf «Ind-tunnel n>aiur»B*nt> of WS «lng-roat-itrain tho« anr* rupld 
Incrtaid of aodol rtsponu «1th lift eoafriolent for win«» of Icatr imtp.     W* »hould «lio axpaot that 
the relativ« iaportane« of th« higher aodci of «In«  Isfornntlon »111 Increa«« «1th Inoraailne ■«••p. 

Kontiaur Conneri« «111 be telling you aor« about theee veiy oomplioatad and varied flo»» In hi* 
iredallaed lecture.     However before flnlahlnr thl* part of qy talk I «oull like to sake a brief 
rrfarance to the fluld-aeohanio of alata and variable caabor at high speed*.     The efflotov of leading 
e.V« device* in improving uaeable lift at hi* apeed*  1* «ell recorded in th« literature26»''•zi> and a 
(ilscmslon of the; 
l(aln<>s and Jordan 
ditcuision of  their fluid Mchanica «hen applied to «Inga of aodarate thioknaaa haa been given by I'oaa, 

At In« apaeda a «ell-deslme.l alat is »upertor to noae casber becaute it effectively Isolates the 
boundary l*yer on th» upper surt'ace of the main part of the «Inc fro» that on the slat upper aurface and, 
In eonaeiuence, allows hi/^ier suction peaks to dovelnp on the slat;   «hereaa nose oasiber suppresses the 
suction ne.üs* at the nose to avoid separation.      nie ability of the slat to curry hii'li suctions  Is 
ilr.inished with Increasing Mach number by snock-in!uc«d separation.      Ihe naln benefit derived from the 
deployment of the *l*t is the reduction in suction levels, ooapared with these fur th« plain winr, and 
hence ita effectiveness in delaying soparution onset Bay owe little to the flo« through the slot as is 
shown in ref. 17.      However it «as found that slits (with open slot) are effective in halting the forward 
sioverent of the Shockwave at a position 10f   to 15?   behind the slat trailing edge, until  the flo« 
separates on the slat.      Th'.a maintiins shock sweep and helps the growth of lift beyond separation onset. 
It seees likely that slats on »inrs of nediur. thickness should have a very beneficial effect on lateral 
atablliV at hirh lift as they hsve on thin wings". 

5. SLSTOER-iVr.'S AIRCRAR 

In qy introductory remarks on maxlmur useablo lift I promised to say something about aircraft other 
than the clu**ical  swept-winged variety shown in fig. 1.      The first type I «ill deal with is slender 
aircraft2'.      SODB examples are shown in flf., ?6.      The distinction between «lender aircraft and awept- 
wingei aircraft with very high angles of sweep Is  that the former are desifOied to have flow sepamtion 
from the leading-edges of the »(n.-s over their entire operating rongo.      Ideally the leading-edg« 
separations should develop re^jl irly with chance of Incidence and only one primry vortex should fans 
aoove each wine leading edire'".      In practical applications of tho slend.ir-win.' concept however it is 
usual  to have part of tne i'uselage extenilng forward of the wing leadlm—ed/;e apex and unless chine* 
(Tif, 28c) or moustaches (Fig. 2^a) are fitted, irrerulur boiy vortices may develop on the leeward side 
of the aircraft nose at hirh incidence«. 

Distinctive features of this type of aircraft are its lo* lift-curve slope and the absence of a 
lift Eaximum in the ran-'e of incidencea likely to be reached by the aircraft.      The low aspect ratio and 
lo« thrust force on the «in^-s leai tr very hich drag at high incidence.     Conaequently there Is a flight 
speed at which  the aircraft cm only Ju't maintain altitude due to thrust limitations.      This speed, which 
is known as "tare rate • f climb speod")    can provide the same datum for speed margins on approach and 
take-off a£  the "rininuir. apeed in the stall" provide» for swept-winged aircraft.      Other limitation» on 
naxlDuir. uaeablo lilt r.jy come from stability and control considerations i.e.  that control of the aircraft 
shall nrt requiro undue piloting effort nor unusual piloting skill.     The tendency for »lender wing» of 
quaai-delti pl-mforo to exhibit a gradual nose-up chanco or trim can be counteracted by the use of an 
artificial pitch stabiliser and then the main problem is lateral stability.      This is associated with the 
hl.-ii aniilo of incidence of tin aircraft n-.l the sheddin,: of vortices from the forwart fuselage.      The 
chines and moustaches referred to earlier help to stabilise the separ.tlon loeii for the body vortices 
anl increase the useable incidence. 

The rapid changes In pitchin,- moment in Pig, 17 are associated with the forward movement of 
vrtex breakdown to tho trailing edge of the wing.      The brookdown, or bursting, of the vortices from th* 
wing leading edges has been explainol by Lamburna and Bryar'  .     It clearly imposes a limit to the 
useable lift of  th« aircraft.     ExporlMnts have shown that the incidence for vortex breakdown can 
decrease quite markedly with increasing angle of sideslip. 

The leading-edge vertices are also a source of buffet excitation on slander wing».      Th« 
phenomenon «as  investigated quite intensively in the aid-to-late »ixti«»7, during the «arly development 
of Concorde.      A Variety of measurements «ere mad« on wind-tunnel models including unsteady wing 
»train on both »olid and aaroelastic models*'} and unataady pressure measuremantajt'tt.      Dr John in hi* 
specialist lecture will talk about the uae of these techniques for swept-winged aircraft.      Both tunnel 
and subsequent flight measuroments have shown that, at Incidences below incidence bursting, th« 
buffeting la very mild anl imposes no limit on useabl« lift.      Since the strength of the vortices 
decreases with increasing fach number hißh speeds present nc additional problem. 

6. HYBRID COflK X'RATIOilS 

Th« other type of aircraft I ought to refer to combine» leading-edge vortex flow* «ith th« 
advantage» of lifting capability of »wept-wing», Mg», 29 and JO.      There i» little published information 
on the aerodynasics of these configurations but it seans likely that the chine», or ttrakei, which «xtand 
forward from the wing leading edges to near the nose of the aircraft could improve the manoeuvre 
performance in a number of »ays.     Firstly they will »tibilise the vnrtica* *hed from the body at high 
incidence - improving lateral stability.     They could also increata the lift on the foreboiy «nd.although 
this would tend to give a progressive forward shift in the centre of lift «ith increasing lncid«noa,th« 
trimning action of the tailplane would be more favourable (i,«. less negative lift) than for conventional 
configurations.      At high subsonic speed* the chine« and their vortices could improve the «ing d«*ip> 
problem both by increasing the effective t«ist of the «ing (i.e. increasing th« induced upaash n«ar th« 
wing/chino intersection) andby softening the body effect« which give rise to th« traditional tm-shook 
system near the fuselage of a conventional deeign*.      It also («ems that th« vortio«« from th« chin«« 
tend to suppress separation on the outer «ing panels by reducing th* outflow2'.     TU« *ugf«*ta that th«y 
may be bast used in conjunction with wing* of lowi*h aspect ratio and lo« trtlllng-adg« ««Mp. An inonas« 
in the aweep of th« chin« to 900 before it meat* th« wing l«adlag «dg« •««■« to b« an ««««ntlal f«atur«. 
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FIG. 26 NOW-IAL PORCE/LIFT DIVERGENCE 

BEYOMO SEPAKATION ONSET 
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FIG. 28 SLENDER AIRCRAFT 

FIG. 2« HYBRID AIRCRAFT 
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REMARKS ON FLUID MECHANICS OF THE STALL 

by 

A.H.O. Smith 
Chltf Atrodyntmlcs Englntar, Rtsctrch 

Dougltt Aircraft Conptny 
3855 Ltkiwood Boulevard 

Loni Btich. California 90M6 

LiCTURE 1   BASIC THEORV 

SUMMARY 

The lecture is in two parts.   The first describes much of the basic fluid mechanics phenomena that 
occurs with stall and separation.   Some flow photographs of separation are presented together with general 
comments on the phenomenon.   Limits to pressure rise for both laminar and turbulent flows are given as well 
as their general theory.    Then comments are made about Reynolds number. Mach number, and airfoil shape 
effects upon separation.    The second part of the lecture considers the more complete aerodynamic problem 
and especially shows diagrams that point out all the possible phenomena entering Into a full aircraft stall 
and buffeting process.    Some discussion is given of the problem of calculating flows with separation.   The 
lecture Is not particularly a review of existing Information but important references are Identified. 

PRINCIPAL NOTATION 

c chord 

Cf local skin friction coefficient V i . ue 

c, section lift coefficient 

C|. lift coefficient 

Cp conventional pressure coefficient, (p - p.)/ i .u. 

C|J Cp for sonic flow 

Cp canonical pressure coefficient, (p - p0)/ju0 

m exponent in Ip = /" flows 

M Mach number 

p pressure 

g dynamic pressures 

f. "evnolds number  (= IJ0X/. in Stratford flows) 

F, x-Feynolds number ue«/. 

P Reynolds number based on momentum thickness, ue-;' 

S Stratford's separation constant (6.2), also wing area 

u velocity in «-direction 

u0 velocity at start of deceleration in Stratford and canonical flows 

v velocity in y direction 

/ a general velocity 

x length in flow direction, or around surface of body measured from stagnation point, if used in 
connection with boundary-layer flow 

CPEtK 

angle of attack 

flap deflection, also boundary layer thickness 

•     boundarv-layer displacement thickness 

boundary layer momentum thickness 

kinematic viscosity 

mass density 

1 



SUBSCRIPTS 

c chord 

t «dgt conditions 

o rcftronc* condition, is In Stratford flows 

roftrtnci condition tt Infinity 

stp at stptrotlon 

1.     INTRODUCTION 

In « "hard" sclonct ont could trttt tht problM by giving a ftw aquations that covtrtd a cartaln 
class of phtnoaiana.   Thty would prtdlct known rosults.   Furthtrmort, If ont wanted to know antwtrs for 
othtr conditions ht would only havt to tnter naw constants and boundary conditions Into tht dtscrlptlvt 
equations and crank out tht ntw annwrs.   Constdtr Ktplar's laws for Instanct.   Thtrt art othtr scltnctt 
which art mainly dtscrlptlvt. botany for Instanct.   Unfortunately, tht sptdal scltnct of stall and 
buffeting lies mostly In this later class, ntanlng that thtrt art only a ftw facts that can bt covtrtd 
with any stnblanct of a law. 

Thtrt Is no dtarth of work on tht gtntral subjtct. In fact, tht llttraturt Is vary large.   Tht 
problem Is that most txptrlmnts and obstrvatlons tend to bt Isolated and do not fall undtr somt kind of 
blanktt analysis method.   Contrast that situation with laminar boundary-laytr thtory.   Wt know that tht 
equations art nearly exact, so that If the boundary layer Is thin, whatever tht tquatlons prtdlct, must 
bt right.   That Is, In ordtr to prtdlct, ont nttd only know how to solvt tht governing equations.   Btcaust 
of lack of such unifying prlnclplts, stall and stparatlon technology tends to bt a colltctlon of Isolated 
experiences Instead of a unified scltnct.   This dlsconntcttd collection makts It difficult to organlzt 
a talk and makes It difficult for englnttrs to make predictions, tvtn though thtrt Is a large body of date. 

The situation Is epltonlzed by Chang's book on flow separation [1].   Uhllt It contains a grtat deal 
of Information; like the scltnct Itstlf. It Is rtally a dlsconntcttd strlts of articles rather than 
a unified treatise.   This Is not to be taken as a criticism of tht book, btcaust it Is a vary ustful ont. 
It is rathtr a criticism of tht scltnct.   Ihert are so many papers on tht broad subjtct that It is 
impractical to do any mort than.mtntion somt that tht author thinks Important.   Btcaust ht has not rtally 
been a student of this subjtct,thtrt art probably Important ovtrslghts.   Stalling was known by tht Wright 
Brothers and flow stparatlon tvtn tarlltr; tht earliest work wt choost to mtntion htrt Is that by 
B. M. Jones [2].   In 1972 AGARD sponsored a sptdal conftrtnct on tht Fluid Dynamics of Aircraft 
Stalling [3] that containtd a wide variety of subjtct matter.   This conftrtnct In fact It tht anttctdtnt 
of tht present lecture strlts.   An tarlltr ont that also contains Important subjtct matter rtlattd to tht 
present lecture series is ont on Stpareted Flows [4].   In addition, thtrt art numtrous txpositlons of tht 
dttiils of tht stparatlon process including state-of-tht-art tmplrlcal corrtlatlons.   Ont such paptr Is 
thac by Chapptll [5].   A broad picture of tht state-of-tht-art of prtdicting atrodynamic proptrtlts 
including stalling has bttn prtstnted by Callaghan [6] In an tarlltr A6AR0 Ttcturt series.   In this 
connection wt cite ont of hit figurts to illustrate tht present stete of analytical capability, figurt 1. 

] 

«NM.VTICM. STATUS TVff WMfTHOO «miMTION 

FIRM »NALVTICAL FOUNDATION 
IN THRiE OIMCNSIONS 

• 10 LIFTING rOTENTIAl FLOW SOLUTION 
• LIFTING SURFACE THEORIES 

LIFT AND riTCHINO MOMENT 
CHARACTERISTICS WHERE 
VISCOUS EFFECTS ARE 
NEGLIGIILE 

fl«M«h*l.»IIC*l. FOUNDATION 
IN TWO OlMf NSIONS  NCIUOIMG 
VISCOUS EFFECTS RE JUIRES 
EWIRICISM TO ADJUST TO THREE 
DIMENSIONS 

• MULTIELEMENT AIRFOIL ANALYSIS 
MtTHOOt 

• FINITE DIFFERENCE lOUNOARV LAVER 
SOLUTIONS 

• LIFT ANDF1TCMING MOMENT 
CHARACTERISTICS WITH 
VISCOUS EFFECTS PRIOR TO 
FLOW SEPARATION 

• CLEAN CONFIGURATION 
SKIN FRICTION 

COMIININC ANALYTICAL TOOLS 
ANOEKFERIMENTAL 
DATA 

• C,           OF CLEAN CONFIGURATION 
''MAX 

• C,           INCREMENT 0» HIGH LIFT DEVICES 
LMA« 

«   DRAG OF HIGH LIFT DEVICES 

FULL RELIANCE ON 
KFERIMINTAL DATA 

• INTERFERENCE EFFECTS 

• REYNOLDS NUMIER EFFECTS 

• MACH NUMaER EFFECTS 

• CHARACTERISTICS OF HIGH LIFT SYSTEMS 
OEMRTINC FROM EMPIRICAL DATA lASE 

Figurt 1.   Tht analytical status of mtthods for Mtlmatinr high-lift 
characteristics, according to Callaghan [6]. 



Figur« 2.    Turbulti t stpantlon on a body of revolution.   Body length 
Reynolds number - 130.000; a ■ 7°, V.^   - 1/2 ft/see. 

Figure 3.    Separation and wake behind a circular cylinder,    (a) Long exposure 
time, showing the large migratory motion of the marked particles. 

MM^^HMMUaMMiMMMHMIIiaMMlMMIMBII 



:-4 

Figure 3.    (b) Shorter exposure showing elements of regularity In the motion. 

Figure 4.    Close up of flow past a circular cylinder, showing clearly the 
separation point and the great undulating character of motion 
in the separated region. 
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In view of this background Mhtrt «ntlysls dtptndt so strongly on txptrlmtnt «nd tnplrlclsm It MIS 
felt that It would be a useful contribution first to review what Is on a «latlvely solid foundation and 
then proceed to certain of the more Important or Interesting aspects of the complete problem. 

2.  THE SEPARATION PHENOMENON 

It seems in order to define and discuss the basic subject of the lecture series, separation. Hancock 
in [3] gfve a useful general lecture on the whole subject of aircraft stall. Ha distinguishes three steps 
on the way to the stall. They are: (1) flow separation, (2) flow breakdown, and (3) the stall. There 
may be a certain amount of flow separation with only mild consequences. Bubbles and small amounts of 
tralllng-edge separation are examples. If the separation grows In extent to the point where the gross 
character of the flow changes. It Is flow breakdown. Finally there Is the stall which Is more of a property 
of a complete airplane In flight than a fluid mechanic phenomenon. Hancock defines It thus: "Aircraft 
stall Is a limiting condition of normal flight when the pilot experiences a noticeable change In the 
orthodox handling characteristics of the aircraft." Hence stall and separation arc not the same, but 
separation leads to and precedes stall. 

Figures 2, 3 and 4 are some photographs of flows with separation taken In a water tow tank. The flow 
is made visible by means of aluminum powder on the surface. Figure i shows a body of revolution at angle 
of attack. The boundary layer was tripped to make It turbulent. Forward of the separation point the flow 
Is very regular right to the surface and seem attached to the body. Then It suddenly takes off, leaving 
the body. According to Figure 2 as well as 3 and 4, the word separation Is a very apt name. Figure 3 
shows separation behind a 2-1/2 Inch diameter circular cylinder. This Is a long duration photo and the 
edges of the wake appear fairly regular. But the pathlines arc highly irregular. Figure 3b is a shorter 
duration photo that catches an organized Irregularity, a vortex. In Figure 3a this has been averaged out. 
Figure 4 Is effectively a doseup that has been made on a 6-Inch diameter cylinder. The Reynolds number 
Is about 23,000. Again separation is vividly shown and the large random motion of the marked particles is 
clearly Indicated. A careful examination of the edges of the main flow shows that the edge of the 
separation region Is by no means fixed, for several path lines go far out into what appears to be the 
unseparated main flow. 

Any separation of a flow that may occur along any slowly curving surface is caused by the boundary 
layer. (Probably separation at the rear of a sharp curved, flat base can also be attributed to the 
boundary layer, but that question Is beyono the scope of this lecture.) Figure 5, taken from [7] shows 
a set of turbulent boundary-layer profiles as they approach separation. The flow is one studied by Moses. 
Early, as at Station 11, the velocity profile Is full near the wall and the velocity gradient at the wall 
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Figure 5. Typical sequence of turbulent boundary-layer profiles In their 
evolution toward separation. (Moses Pressure Distribution 2, 
measured separation Is at x • 29 Inches) [7]. 

Is large. Then as the flow proceeds Into the higher pressure region the boundary layer thickens. Much of 
the thickening Is Just due to continuity because the fluid in the boundary layer is now moving at a lower 
velocity. However, the slower parts near the wall are slowed up relatively more than the outer. One 
Important reason Is that the fluid elements are giving up their kinetic energy In order to enter the 
higher pressure region. Near separation, as for the experimental profile at Station 29, the Inner portion 
has very little velocity left. If the profiles were squared to indicate their kinetic energy, the bottom 
part of the profile at Station 29 would have virtually none. Slightly later the adverse pressure gradient 
or the higher pressure is too nuch for the remaining kinetic energy of the boundary layer, assisted by 
shear forces. The bottom i-urtlons of the boundary layer can go no further In this uphill climb into 
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a high preisurt region.   Thty stop.   Thtn thf following fluid dttoun around thM «nd (Miy freu tht body 
and the phinoMnon of sopirctlon h«s dtviloptd.   Flgurti 2 and 4 ctttrly thow tht flow 11n» nur this 
point.   Huch mort could bt told about tht proem but tht Important thing htrt It that tht alamtntal 
process Is the Inability of "tired" fluid near tht wall to flow any farther downstream Into a high pressure 
region.   These stagnant particles thtn divert the following flow away from tht wall.   On straight and 
slowly curving walls there Is no other process that will cause separation.   Even cavltatlon bubbles In 
water which we think of as an Invltdd phenomenon are due to local ttparatlon.    If there wtrt no local 
separation tH,t could be no vapor cavity.   Once separated, the flow btcomts highly Irregular as sttn In 
Figures 2, 3 «nd 4, but velocities are low.   Some qualitative Indication of that fact may be seen In 
Figures 2 and 3.   The length of tht marked particle streaks It proportional to the velocity.   Many short 
lines can be seen in the wake, but In tht outer flow the few streaks that can be Identified are several 
times longer. 

So far we have been talking about two-dimensional separation.   Thrtt-dlmtntlontl can be far more 
complicated.   For Instance, on an Infinite swept wing the chordwlse component might come to rest.   But 
there   t a spanwlse component that suffers no adverse gradient and so It flows with uniform velocity. 
Hence In this case the separated flow moves spanwlse.   The basic concepts are treated In a number of 
references, one being [1].   Llghthlll In [8] has a fundamental discussion of the problem treated as 
a problem In topography. 

Callaghan in [6] observes from a number of wind-tunnel tests on airfoils that maximum lift seems to 
occur when nose pressures Just become sonic, which we Indicate by the coefficient   CX.    Figure 6 Is 
a summary of his data and Figure 7 shows one of the tests that supplied the data.   The tests all showed 
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Figure 6.    Experimentally measured leading-edge minimum pressure coefficient 
at   c;.mav    for a variety of two-dimensional high-lift configurations. 
Test Mach number « 0.20. 

Cn   of aporoximately -16 was reached the lift collapsed as shown by tht two halves of Figure 7. that when 
Whether   Cp Kcorresp ndlng to the sonic value would be developed at a different Mach number (e.g., M ■ 0.15) 
is not known.   The observation offers a lead for estimating   c.mi)t   of a section.    Just use an inviscld 
transonic airfoil calculation method and find where the nose velocities first become sonic.   The   Ci.   at 
this condition is then   c.max,   and the entire problem Is solved by inviscld calculations.    Garabedian's 
method can handle well the inviscld problem for the single airfoil. 

3.      LIMITS OF LIFT 

Callaghan's observations lead us Into a more general examination of the problem of lift limits, 
is believed that his observations tie Into the discussion to follow, but exactly how has not been 
established.    The following discussion is based on material contained In [Si. 

It 

High values of CL cannot be maintainerl Indefinitely as speed is Increased, for soon surface 
pressures less than absolute zero would be indicated. Let us look Into the problem briefly, and search 
especially for the limits of lift rather than of lift coefficient. The equation for lift Is 

L • | G V^. S 2 «■ ■ L (3.1) 

An alternate form, one that uses a different expression for dynamic pressure Is 

(3.2) 

J 
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Figure 7.    Experimental pressure distribution on two-dimensional wind-tunnel 
model with leading-edge slat and tralllng-edge flap. 

With  . ' 1.4, we can rewrite It as 

L/p. » O.7(H:CL)S (3.3) 

Since CL IS known to be a function of K,   the product H?CL IS the quantity that Is of real signifi- 
cance, and so we seek to make statements about Us value. Observe that for » given value of HJCL the 
lift Is now proportional to the atmospheric pressure. 

A gas cannot be In tension. Hence the limiting suction pressure Is a perfect vacuum over the entire 
upper surface. The limiting pressure on the lower surface Is stagnation pressure. 

By definition, with 1.4. 

T/iTvf    O./p^ 

If the flow Is assumed to be Isentropic,   Cp   can be written In the form 

1 C. • 
0.7K 

(1 + 0.2H*\ ' 

1 + O.ZMV 

(3.4) 

(3.5) 

Before proceeding to the determination of lift limits, It Is Interesting to pause and consider the 
limits of   Cp-values.   As already noted. In high-lift testing, maximum lift is often found to occur about 
when the highest local velocities reach a Mach number of 1.0.    If a perfect vacuum were reached, we would 
obtain, according to (3.4), a value of   HfCp   equal to -1.43.   Mayer [10] looked for the highest possible 
negative Cp-values In experiment by examlng hundreds of NACA test data points from all sorts of tests. 
He found the remarkable empirical result that the highest experimentally measured values corresponded with 
reasonable accuracy to  M?Cp * -1.   The velue corresponds to 0.7 of a vacuum (see (3.4)).   Figure 8 shows 
the test data he used to support the finding.   Note that 0.7 of a vacuum does not correspond to a constant 
local Mach number. 

Since much of our Interest Is In high-lift testing, which Is done at low Mach numbers, we convert 
some of the results from Figure 8 Into   Cp-form and present them below. 



^ 

Figure 8.   FrCn   valuts «s a function of Mach number for four conditions. 
0'.7 vacuum corresponds to   M^Cp • -1. 

Table I   Limiting values of Cp at low Mach Numbers 

M_ 0.10 0.15 0.20 0.30 0.40 0.50 

ej (H • i) -67 -29.3 -16,3 -7 -3.7 -2.1 

Cp (perfect vacuum) -143 -63.6 -35.8 -15.9 -8.9 -5.7 

Cp (0.7 vacuum) -100 -44.5 -25 -11.1 -6.3 -4.0 

At low Mach numbers, quite high values of   Cp   are obtainable before compressibility becomes very 
Imoortant, but at higher Mach numbers the limiting Cp-values are not very high.    Note, however, that 
Mayer's data In Figure 8 do not cover the lowest Mach numbers; hence Its validity there Is not truly 
established. 

The author knows of no theoretical explanation for Mayer's 0.7-vacuum correlation.    It does not 
correspond to a constant local Mach number.    By the use of (3.5), It Is easily deduced that   MfCp • -1 
corresponds to   Miocal • 1-43   at   H^ «0   and 1.55 at   M,. • 0.5. 

Now consider the airfoil problem.    If we hold   M   constant at one value on the upper surface and 
constant at another value on the lower surface,   Cp   represents the   CL   for each surface.    The total   CL 
Is the difference.   Hence from (3.5) 

(1 + 0.2M2\ '       /l ♦ 0.2M*\' 

1 + 0.2M2/ \l ♦ O.IM^/ 
(3.6) 

where .. and u denote lower and upper surfaces. A perfect vacuum on the upper surface corresponds to 
pu <■ 0 or My « *. In that case, the second tern In (3.6) Is zero. With respect to atmospheric pressure, 
the load carried by the upper surface when there Is a perfect vacuum Is (see (3.4)) 

M*CL » jiy " 1.43, a constant (3.7) 

If the entire flow on the lower surface Is a stagnation flow, H » 0, and hence with a vacuum on the 
upper surface we have 

M2C1 L 
(l + O.ZM2) 

—urr" 

3.5 

(3.8) 

Equation (3.8) represents the absolute lifting limit.    The quantity Increases with Mach number because 
lower-surface pressures can Increase with Mach number.    Equation (3.8) Is optimistic, because Isentroplc 
compression is assumed, whereas In reality there surely will be a shock when   Ml.   Table II shows 



vtluts of   M2CI    for itvtnl flow condition!, Including Mtyir'i   M<-CL • 1   limit.   The maxlmum vilut 
potslblt In subsonic flight It 2.71, «nd thi contribution  from ttch surftet Is «bout «quil.    If Miytr's 
HfCp • -1    vtlut Is icciptid, the limit docntm to 2.28.   At   M^, • 0.5,   tht absolut* iMxImum v«1u« Is 
only 1.70 «nd M«y«r's v«1ut Is 1.27.   Thos« «r* th« limiting v«1u«s, r«g«rd1«ss of th« kind of high-lift 
dev1c«s th«t «r« used.   At   K. • 1.0 «nd below, th* assumption of Isentroplc recompresslon on th* lower 
surface Is very good, «s Is well known.   As M«ch numbers become Urge, pressures on the lower side became 
greet, «nd lerg« velues of   M£C(.   develop, values th«t exceed 11 «t   M. • 2.0.   Meyer considers the c«te 
where under-surfece pressures In supersonic flight correspond to « normal shock.   He gives considerable 
Information on mexlmum-llft values In supersonic flight. Including correletlons of theory and experiment. 
But since our Interest Is principally In subsonic flight, we shall not discuss his work further. 

3.1    Demonstrated Lifting Limits 

It Is Interesting thet the question of aerodynamic lifting limits In subsonic flight was posed to the 
author In 1946 by E. H. Helnemann.   The problem was fighter maneuvering - what lift could a wing really 
develop? 

Table II   Hexlmum-llft limits assuming Isentropl' compression, 
and uniform chordwlse loading. 

M. "upper H Supper "lower ^lower M CLtotal 

0.5 1.43 0 0.27 1.70 
0.5 1.55                    1.00 0 0.27 1.27 
0.5 1.5                      0.97 0 0.27 1.24 
1.0 1.43 0 1.28 2.71 
1.0 1.86                    1.00 0 1.28 2.28 
1.0 1.5                      0.69 0 1.28 1.97 
2.0 1.43 0 9.75 11.18 
2.0 4.97                    1.00 0 9.75 10.75 

All the available flight and wind tunnel data were examined. The examination Included the large supply of 
German World War II data, which covered tests of a greet variety of «lrpl«ne «nd missile-type «rings. The 
results were reported In [11]. The study, which wes strictly one of observetlon, concluded th,t the 
maximum possible lift was «bout 1/2 «tnosphere. That number corresponds to a value for M2CL of about 0.7. 

Since tnat time, the design of swept wings has advanced considerably. Now, the highest value of 
M'CL seen by the author is 1.20 on a swept wing using an aft-loaded airfoil section with no auxiliary 
lift devices. The value corresponds to CL ■ 1.26 at M. • 0.975. It was not rea'ly a maximum-lift value 
but, rather, a stopping point in a wind-tunnel test that was determined by strength of the sting support. 
Hence the value can surely be exceeded. It should be pointed out that this Is not a buffet limit, which 
is usually considerably lower. Furthermore, the wing wes not In any high-lift configuration. If one went 
«11 out to maximize M«^, without regard to low-lift performance, much better could surely be done. 
Leading-edge «nd tr«il1ng-edge devices undoubtedly would raise the limit. V«rl«b1e-c«mber wings «re 
currently receiving attention as «nother possible means of raising the limit. 

4.  CANONICAL PRESSURE DISTRIBUTIONS 

In almost all design work, pressure distributions arc presented In terms of Cp • (p - p.)/(l/2. u^). 
In that kind of presentation, high negative values of Cp invariably look bad, and one Is unable to tell 
by inspection much about the margin of safety of the boundary layer «gainst separation. Yet we know from 
basic scaling considerations that If two pressure distributions can be made congruent by proper scaling 
in the x- and Cp-directions, then the two flows are identical except for the Reynolds number effect, 
which Is weak. Then If separation occurs. It will be th* same scaled point for both flows. A particular 
2-Inch airfoil model at 100 mph will have very high values of velocity gradients, but a similar 200-inch 
model at 1 mph will have extremely low values. Yet the flows are exactly similar because their Reynolds 
numbers are the same. It is the dimensionless shape that counts. Hence it is particularly useful to 
scale out the magnitude of the velocity and also to scale out the chord. Where separation Is important, 
the best scaling factor is the velocity Just before deceleration begins. Because all pressure distri- 
butions are put In a standard form, it is natural to call them canonical pressure distributions and use 
a new variable- Cp. A typical one is illustrated in Figure 9, which shows the idea and basic relations. 
The exact details of the normaliiatlon may well depend on the problem and the nature of the pressure 
distribution. The canonical pressure distribution, together with a kiynolds number, completely describes 
the flow. A convenient Reynolds number is R. at the beginning of pressure rise. The left-hand part in 
Figure 9 might represent the nose of an airfoil. Distance x is measured along the surface, the origin 
of x Is a matter of convenience. Often it is convenient to locate It at the beginning of pressure 
rise, as in the figure. Separation may occur at some point as noted. 

In the canonical system, Cp ' 0 represents the start of pressure rise and Cp » +1 the maximum 
passible, that Is, ue • 0. There are no negative values of Cp. Furthermore, if two pressure distributions 
can be made congruent by proper scaling, a flow having a deceleration of (ue/u.)2 from 20 to 10 is no 
more and no less likely to separate than one decelerating from 1.5 to 0.75 or even from 0.10 to 0.05. 
The canonical plot is the one that is meaningful In separation analysis. With magnitude effects scaled 
out, much more can be told by a simple inspection than by a conventional plot. We dwell on the canonical 
pressure distribution at some length, because most working aerodynamicists do not realize Its value. 
Figures 10 and 11 show conventional and canonical pressure plots for a typical high-lift airfoil. The 
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Figure 9.   A canonical pressure distribution £p(x).   The left-hand 
part might represent the nose of an airfoil. 
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Figure 10.    A coi.<ent1ona1 theoretical    Cp   plot of a four-element airfoil.    The Rt.H. scale 
is the canonical form, referred to peak velocity at the nose of the flap. 
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Figure 11.   The airfoil   Cp of Figure 10 plotted In canonical form 
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b«i*c chtrtcttr of tht four prttturt dlttrlbuttont 1« much mor* tpparmt In Flguri 11.   Flgiri 10 Includti 
* ctnonlctl Kile «t tht right, for tht conplttt tnsMblt. 

Tht rtlttlont bttwttn cihonlctl «nd convtntlontl prttsurt dlttributlont »re vtry slmplt, but btctutt 
thtrt h«t bttn confusion on tht ubjtct, U will bt dltcutttd tomtwhtt htrt.   Tht ctnonlctl prtssurt 
distribution it ttslly rtltttd to tht convtntlontl for«, whtrt tht rtftrtnct vtloclty tnd prttturt art 
u.   *nd   p..   Btctutt tht tqutrt of tht vtloclty Is ntvtr ntgttlvt, it is simpltr to dttl with vtloclty 
than with prtssurt cotfficltnt.   Tht fundantnttl relation It quite slnplt.    It is 

©'■'■(^'"•(?) (4.1) 

Wi*1) tht two definitions for prttturt coefficient in incompressible flow 

.2 .2 
1 - C„ '-S 

we can write (4.1) In terms of   Cp, fp. 

1 - tpdO ■ [1 " Cp(x)]I1 Cpol (4.2) 

The notion of canonical pressure distribution is emphasl 
data or make intelligent estimates without resorting to 
we cite Figure 12 which was given as Figure 9 in [12]. 

ESTIMATE Km 
INVISCIP FLOW 

REGION WITH BUMLE. 
DETERMINED FROM BOUNDARY 
LAYER  TRAVERSES. 

0.002 0.004 0.006 0.00« 0.010 
x/C 

Figure 12. Pressure distribution near the leading edge 
of an NACA 63009 section, showing the region 
in which a bubble exists. 

zed, because frequently by its use one can collapse 
lengthy boundary-layer calculations. As an example. 
The front of the hatched region is the front of the 

separation bubble, or in other words the 
beginning of separation. As the data stands 
there is a regularity to It but no particular 
law is evident. The author looked at the 
data and observed that all the nose pressure 
distributions had roughly the same shape. If 
that is so, then the ratio of velocity at 
separation to peak velocity should be a 
constant for the set. Since the front of the 
bubble must be essentially the laminar 
separation point, he worked out the ratio 
u5eD/uma« for ,*ch cl- ,nd found * s1n9le 
vaiGe wTthin the accuracy of the data, namely 
(usep/utnax)2 ' 0-89 10.01. All the variation 
has been scaled out by means of the canonical 
approach. Furthermore, a constant such as 
the above varies only over a narrow range 
for a wide variety of flows. For example, 
Howarth's flow ue = 1 - x, which begins 
deceleration immediately and so should 
sustain a greater deceleration ratio has 
a ratio (usep/umax)2 ' 0-?7- In Figure 8 
of [13] are shown a variety of laminar flows 
with four kinds of forward flow and two kinds 
of decelerating flow. Unlike Howarth's flow 
the momentum thickness was finite at the 
beginning of deceleration. For the entire 
set •(usep/fmax)2 varied only from 0.91 to 
0.82._ This rough constancy as indicated by 
the Cp approach is often useful in under- 
standing boundary layers tnd the onset of 
separation. 

S.  LAMINAR SEPARATION 

After the first few lengths of boundary-layer flow, measured from the front stagnation point in terms 
of boundary-layer thickness, the laminar boundary-layer equations apply. They are highly accurate - 
because the terms dropped in deriving these equations are quite negligible. At airfoil chord Reynolds 
numbers of a million or more these equations are potentially precise enough to give four figure accuracy 
or more. If the conventional dimensioned form of the equations is made dimenslonless by proper combinations 
of terms we obtain an equation that directly brings in Rc = u^c/. and this one universal equation gives 
solutions in terms of the following quantities u/u,, (y/c).Rc. (v/u.).fc, and cf>Rc all for a given 
relation between Cp and x/c, where x is distance along the surface measured from the forward stagnation 
point. No approximations have been made in these scaling studies. Then the above parameters tell us that 
the boundary height changes as Rj'/2. However, a laminar layer Is always so thin that it virtually does 
not change the effective shape of the airfoil. 

Of more importance to us is the Cf.R^ relation, whtre Cf is the local skin friction coefficient. 
If for a given Cp, x/c pressure distribution relation we find cf * 0 at one Reynolds number it will be 
zero at any Reynolds number so long as the flow stays laminar. We have tht Important fact that for a given 
dimenslonless pressure distribution the laminar separation point Is unaffected by Reynolds number. Hence if 
a laminar separation bubble exists, its front should not chtngt with Rtynolds numbtr.The only reason 
there might be some change is that the flow within the bubble does change with Reynolds number and then 
It has a very weak upstream influence. 
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As iwitlontri at the end of Sictlon 4 th« prttsurt rise thtt t limlnir boundary layer can tolerate *s 
very small.    A useful formula that often can replace solution of the full partial differential equations 
Is Stratford's separation formula for laminar flows, that can be found In [8].   Tne relation It 

'd» ' ■  0.0104 (5.1) 
sep 

In Stratford's analysis he assumes a flat plate laminar boundary layer from the flow origin   x > 0   to 
a point   «o   when» the pressure starts to rise.    When the L.H. side of (6.1) rises to the value 0.0104 
separation is said to occur.    Cp   Is the canonical pressure coefficient as discussed earlier.    Note that 
this formula for locating separation Is In agreement with our earlier and more fundamental statements 
about the Invariance of a laminar separation with Reynolds number.    (5.1) does not have a Reynolds number 
in the expression.    Later we will give a similar formula for turbulent separation.    That kind of flow 
shows a weak Reynolds number e'fect.    There Reynolds nunber enters as Rl/10. 

Reference 9 presents charts for turbulent flow showing the location of separation for retarded flows 
whose equations are: 

Cp = 0 

Cp •  (x - x0)m.    X 

0 
(5.2) 

where   m   Is an exponent, usually in the range 1/4 to 4.    More will be said about them In Section 6. 
Similar charts should be worked out for laminar flows, for the charts for turbulent flows have been found 
very useful.    The laminar case Is of Interest when leading-edge bubbles and separation are likely to 
occur.    Because of the analytic nature of (5.2) It Is very easy to Introduce It Into (5.1).    With   x«   as 
the start of pressure rise, one useful form of the equation is to present the relation In terms of   tp   at 
separation.    The alternate form of course Is one In terms of   x   at separation.   Uy some simple algebra we 
obtain 

• 0.0104 (5.3) 

For assigned values of   x0   and   m   It Is not difficult to find   Cps.p.   A limiting case Is when there is 
no forward flat plate run. I.e.,   xn • 0.   With   m • 1.0   we somewhat approximate Howarth's flow.    According 
to (5.3) for this case   (ujep/umxr * 0.76.    In Section 4, the value for Howarth's flow was given as 0.77. 
Of course the two flows are not really the same.   Howarth's Is   u/up • 1 - x   or   (U(/uo)^ « 1 - 2x ♦ x», 
while the present Is   (ue/up)' > I - x.    By way of comparison, if the flow were turbulent,   (uc«p/umex)^ 
would be about 0.3, see Figure 19.   This comparison again emphasizes the well-known fact that laminar 
boundary layers can endure only weak pressure rises compared with the turbulent. 

6.      TURBULENT SEPARATION 

The subject of this section Is the features, possibilities and limitations of turbulent flow up to 
separation.   Justice can be done to this problem, but turbulent flows beyond are a different matter.   We 
begin by reviewing the accuracy with which separation points In a purely rear separation type flow can be 
predicted. 

6.1   Accuracy of Predicting Separation Points 

Because this question Is so vital to many aerodynamic design problems, the accuracy of four leading 
methods was studied rt .ently In [14] for the case of turbulent flows, which Is the one of Interest.   All 
the flows considered i-ivolved simple rear separation.   Laminar bubble or laminar leading-edge separations 
were not considered.    Four leading methods were examined:    those of (1) Goldschmied, (2) Stratford, 
(3) Head, and (4) Cebecl-Smlth.    Four cases representative of the fairly large number examined In [14] are 
shown in Figures 13, 14, 15, and 16.   Separation points (solid black symbols) were carefully measured. 
The predicted separation points are marked on the pressure-distribution curves, which were supplied by the 
experiments.    For the flow of Figure 13, Goldschmled's method failed to predict separation.    The fourth 
case, which Is shown In Figure 16, consists of measurements and predictions on one airfoil at five different 
angles of attack.    Separation points were not measured In that case, but Inspection of the pressure- 
distribution curves clearly shows that separation existed in all cases.   Goldschmled's method was erratic. 
The other three were in reasonable agreement, both in what Is shown here and in the complete study [14]. 
Stratford's method tended to predict separation slightly early.   The Cebecl-Smlth method appeared best, 
with the Head method a strong second. 

Hence, the Cebecl-Smlth method has been chosen as the basic method, although much use Is made of 
Stratford's method and ideas in this paper, mainly because of their great convenience.    Figure 17 summarizes 
the prediction accuracy of the Cebecl-Smlth method.    The data consist of the results from [14] together 
with other, unpublished studies.   One should not conclude from Figure 17 that the general accuracy of 
turbulent-boundary-layer calculation is as good as It appears to be.   Near separation, the accuracy of 
many of the boundary-layer quantities, such as the momentum thickness   6   and the velocity profile, 
becomes poor.   Nevertheless, accuracy of predicting the location of separation remains good.   The Cebecl- 
Smlth method predicts separation to be at the point where   Cf,   the local skin-friction coefficient 
equals zero. 
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Figure 17. Accuracy of predicting turbulent separetlon points by the Cebeel-Smith method. 

In view of those results, the method of predicting separation appears to be accurate enough. In an 
engineering sense, to be used in determining relations, limits, and the like. It should be noted that the 
Cebecl-Smith method can handle with great accuracy the effects of Reynolds number or Mach number up to S 
or more. Also, it Is the only one of the four methods that can analyze the case of axlsymnetrlc boundary- 
layer flow. 

6.2   The Pressure Rise that Turbulent Boundary Layers can Stand without Separation 

Having Just shown you that we can reliably predict turbulent separation, let us put the method to use 
and explore what pressure rises can be endured by a turbulent boundary layer before it separates. A useful 
way Is to work out charts covering a systematic family of flows. Two such plots are given In Figures 18 
and 19. The flows are the same as discussed briefly In Section 5. that is, they consist of a length of 
constant-velocity flow followed by a pressure rise described by the equation 

xm (6.1) 

The unit Reynolds number Is 10e per foot In Figure 18 and 107 per foot In Figure 19.   Pressure rise Is set 
to start at   x • 0,   but forward of that point are various lengths of flat-plate flow.   It seemed more 
convenient to construct the plots in terms of feet and   uj,   rather than In terms of Reynolds number, 
although conversion Into Reynolds number Is easy.   The total region of pressure rise Is seen to be 1 foot. 
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Figure 18.   Separation loci for a family of canonical pressure distributions.   Point spacing 
used In the boundary-layer calculations for the one-foot rooftop run Is noted. 
Values In parentheses under origins of flow are values of   Re   at   x • 0. 
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Four lengths of flat-platt run were studied:   1/64 foot, 1/16 foot. 1/4 foot, and 1 foot.   The Initial 
flows then developed boundary layers of various thickness at the beginning of pressure rise, as Indicated 
by values of   R..   in the figures.    The flat-plate flow Is assumtd to be entirely turbulent.    If It wert 
mixed laminar and turbulent, values of   ft...   at   x • 0   would be less and different. 

Calculations of the flat-plate and   7p • xm   parts of the flow were then made by the Cebecl-Smlth 
method until separation was reached.   Lines cutting across the   Cp • x^-curves mark separation points for 
the four lengths of flat-plate runs.    The straight-line or concave pressure rises permit the greats.* 
recovery before separation occurs.   Also, the curves show that the amount of recovery Is sensitive to the 
length of flat-plate run before the beginning of recovery.   The separation loci, while Indeed functions 
of the length of flat-plate run, are more fundamentally functions of the boundary-layer thickness, that 
is,   ft ,   at the beginning of pressure rise.   Hence, the separation loci could just as well be Identified 
by the noted values of   R..    at the beginning of pressure rise.    Then Figures 18 and 19 become applicable 
for any combination of rising pressure and transition.   For any arbitrary forward flow, on« would then 
calculate   ft.,   at   x • 0   and interpolate between the loci as a function of   Rt,.   In brief, we are saying 
that any flow that develops one of the set of values of   Rr,   and that has the same aft flow will have the 
same separation point as that of a forward flow developed by an equivalent run of flat plate.   The 
equivalence is not rigorous, because a separation point Is a function not only of Initial   Re   but alto 
of the shape of the profile as described by   H.   But   R*   Is the dominant parameter, and, considering 
the accuracy of turbulent boundary-layer calculations, It Is the only one that need by considered here. 

These connents point out the fact that extensive laminar flow in the forward part helps to deity 
separation considerably, because it reduces   R«.   Furthermore, boundary layer suction forward of the 
pressure rise would delay separation.   Another fact that Is surprising Is that If the pressure rise Is 
not too great, It may be extremely steep; In fact,   dEp/dx   may be nearly Infinite.   (Owing to the use 
of finite steps, the slope of   Cp   Is never qulce Infinite In the Cebecl-Smlth method.   If It were, 
a constant in the partial differential equation would be Infinite and the method would fall.)   In the 
next section, we see that the Infinite rate of pressure rise Is confirmed by Stratford's equations, which 
he derived by an analytical approach. 

Loftin and von Doenhoff [15] studied a large number of thin airfoils and arrived at a separation I4-4 
criterion that In our terms Is   Cp • 0.88.    It Is plotted In Figure 19.   A thin airfoil at angle of attack 
has an effective forward flow about the same as that of the   x • 1/64-foot distance, and the pressure-rite 
region is approximated by the   m • 1/3   or   m • 1/2   curve.   Hence, we see that Loftln's criterion Is 
rather closely predicted by the charts.   But h. also see that It Is far from universal. 

The set of charts provides an "eyeball" method for estimating separation points.   We shall Illustrate 
by considering Figure 15.   Try to relate that flow to one of the canonical plots.   If the pressure 
distribution of Figure 15 Is replotted In   u|/uf,   or canonical form, the rear flow It approximately like 
the x'/3 flow and the front flow Is effectively quite short.   Transition wet measured at   x • 1.169 feet. 
Hence the logical equivalent flat-plate length Is 0.015625 foot.   Which chart should be used?   Probably 
Figure 19.   To use the figures, convert the chord of the airfoil to 1 foot.   Because It Is so small, there 
Is no need to be concerned about the 0.015625 forward part.   In order to hold Reynolds number at 3.3 x 106 

with the reduced chord, we need to Increase   u«/v   to 3.3 x 106/ft.   But the charts are In term of   u0/v. 
Now from Figure 15,   UQ/U.,, • 2.1.   Hence,   u /, • 3.3 x lO»   corresponds to   Un/v • 7 x 106,   Then 
Figure 19 seems to be the better of the two to use.   Of course. Interpolation between the two Is pottlble. 
From Figure 19 for  m • 1/3. we find that separation occurs at (ue/ue)z * 0.17   or   U|/uo • 0.41.   In 
Figure 15.   (ue/uJmx * 2.1.   Hence separation should occur at about 0.41 x 2.1 • 0.87. a ratio that Is 
satisfactorily close to the measured separation point.   More care In the analytls probably would Increate 
the accuracy.   For Instance, a careful calculation of   Re   at   x • 0   by Truckenbrodt's method would be 
better than a guess.   Also, the exponent In the pressure-rise region could be determined more accurately 
by the use of log graph paper. 
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Tht canonlctl plot» contain Much uuful InfonMtlon.   For Inttanca, If load 1» balng carrlad by an 
airfoil In crwlta. tha prmuro rlta at tht trailing odgt 1» not groat.   If It corrtipondt to  Cp ■ 0.4, 
any n-curvt will luitaln tha protiura rlia. and thartfora lultabla alrfollt with all kind» of pra»»ura 
dlttrlbutlon» can ba «ada.   But If ono 1» »trlvlng for all tha lift ha can gat, tha pra>»ura-r1(a curva 
for  m • 1/4  or   1/3   1» tha beat, btcauta that glvat tha graatatt ratio and tha hlghatt man vtlua of 
7p  along tha uppar im face. 

Raftranca 16 glvat two charts for a different family of pratture distributional they are arcs of 
circles.   Results are not significantly different fro« those of the  fp • x"  family.   In closing this 
section, we remark that because of the analytical nature of our canonical pressure distributions   Cp • xm. 
It Is vary easy to apply Stratford's criterion.   That has been done.    If Stratford's predictions had been 
added to the plots of Figure IB and 19, the differences In separation loci would appear considerable.   Still 
they are so small that use of the charts and tha findings Is not negated.   Addition of Stratford-type loci 
would only causa confusion.   Therefore, we show only one type of calculation, the Cebecl-Smlth, which In 
general Is believed to be the most accurate.   Furthermore, It should be noted that Figures 18 and 19 differ 
from their earlier forms In [16].   The main reason Is that here we used the analytic nature of the  tp ■ xm 

flows to compute certain necessary derivatives.   In the earlier work, finite-difference formulas were used. 
Disagreements such as those Just Indicate the state of the art of turbulent-flow calculation. 

6.3   Limiting Pressure Recovery Distribution 

The   Zo ■ xm   families are very useful for almost all practical flow problems, but of course the 
shapes of the   7p(x) curves are arbitrary; the shapes are selected as a matter of analytical convenience. 
Just as In many other problems, there Is one shape that Is "best." Stratford's solution.   We do not mean 
to Imply that the solution Is exact, but as Is Indicated by Figures 13 through 16, It has acceptable 
accuracy.   Stratford has derived a formula, [17], for predicting the po'nt of separation In an arbitrary 
decelerating turbulent flow: 

(6.2) 
rp\/*("dEp/dx) 

no.6R)V10   "S 

where If   d2p/dx2 > 0 S • 0.39 

or If       d2p/dx2 < 0 S ■ 0.35 

Also Up ^ 4/7. 

Tha flows examined by Stratford consist first of a flat-plate flow, just as with the   Cp • xm   flows. 
Hence,   x   Is distance measured from the leading edge of the plate, and   R • u0x/..    If the flows begin the 
pressure rise at a point   x0   such that   Cp ■ (x - Xp)ffl, tha left-hend side of (6.2) starts from a zero 
vi'u*. provided that   m > 1/3.   The left-nand side then grows.    When It reaches the limiting value of   S. 
separation Is said to occur.   The study of   [14] showed the constents to be slightly different, but here, 
for our purposes, we accept Stratford's values.   See [17] for further details. 

If   S   Is held at Its limiting value of 0.39 for   d^p/dx2 >_ 0, (6.2) amounts to an ordinary 
differential equation for   7p(x).    It Is evident from (6.2) that the equation describes a flow that Is 
everywhere ready to separate.    Stratford presents the following solutions: 

£„ • 0.645   {0.435 R( 
ln4«DV5r/xv1/5_,ll 

o ikf"] 
|2/n 

and 

forZoL^4 (6.3a) 

n-2 ÜP ' ! i 175 forfpiHrf (6-3b) 
[(x/x0) ♦ b]1/2 P     n * 1 

In that two-part volution,    x0   Is the start of pressure rise.    RQ ■ UpX0/v   and   x   is the distance 
measured from the very stert of the flow, which begins as flat-plate, turbulent flow.   The number   n   Is 
a consunt that Stratford finds to be about 6.   The quantities   a   and   b   are arbitrary constants used In 
matching values and slopes In the two equations at the Joining point.   Up ■ (n - 2)/(n +1).   Of course, 
(6.3a) describes the beginning of the flow, and (6.3b) the final part.   The flow is an equilibrium flow 
that always has the same margin, if any. against separation. 

Two families of such flows have been computed; they are shown ir. Figure 20.   They correspond to the 
same set of conditions that were used In the   Cp ■ xm flows.   As has already been mentioned, they represent 
true limiting flows - the slightest Increase in adverse gradient anywhere should cause separation.   The 
curves assume the length of flap-plate runs Indicated, but Just as for the   Cp ■ xm   families, what is of 
more fundamental significance Is the boundary-layer thickness at the beginning of pressure rise.   Hence, 
a table of Initial values of   R(,   Is Included.   With the aid of those   Rg-values, the curves could be 
applied to arbitrary forward pressure distributions having mixed laminar/turbulent flow. 

Within the accuracy of the theory, which tests have proved to be correct and somewhat conservative, 
those curves show the festest possible pressure rise that can be obtained from a natural boundary layer. 
Also, when compared with Cebecl-Smlth predictions, the theory appears conservative. Figure 20, together 
with (6.3). exhibits the following features: 

1.   The Initial slope   dCp/dx   Is Infinite, so that small pressure rises can be made In distances 
from very short to zero. 
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layer is  thick, the allowaLle average pressure gradient is "-ucn  .ess.    Or conversely, thick 
boundary layers are mucn Tore Hkel/ to separate than thin. 

The unit f'.fynolds number effect is rather small   'see '"vjure i'C;. 

iheoretically,  100 percent of the uyn.inic pressure wn be  recovered, but the ai'tarce rtcuired is 
infinite. 
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The Stratford pressure distribution 
points A and 3.    See  [9]. 

the path of Stan.e sonrtct"' 

A Stratford flow has a continuous margin of safety over its entire  lenoth ■••■ith respect to separation, 
«hi.ther at the beginning of pressure rise or far, far downstream.    The "»rur, of safety can be adjusted by 
chan-jing the constant   S    In  (6,2).    Eq.   (6.36) shr-'^ that an infinite fl-starce  is  re'iuired tc (ring a flow 
in the boundary layer to complete rest. 

7.    REYNOLDS NUMBER EFFECTS 

In one sense Reynolds number effects are minor.    We have already  seen that there are no Reynolds 
nunber effects on the position of separation within a laminar boundary  layer, and this is a fundamental 
result.    For turbulent flows.  Figures  1£ and 19 show rather s^all  shifts  in separation when the Reynolds 
number is changed by a factor of ten. 

In Section 6.3 we presented Stratford's turbulent separation formula, (6.2).    Unlike the laminar 
separation formula (5.1), which does no* bring In Reynolds number at all, the turbulent does, but only to 
P   to the one-tenth power.    This means that a change in Reynolds numbers by factors of 10 and 100 change 
Rl/lO    only by factors of 1.26 and l.Sfa, respectively.    Normally, then, when  (6.2)  is solved to find the 
separation point there will  be only a slight shift of position with Reynolds numper. 

If the basic boundary layers have low separation sensitivity to Reynolds number why do airfoil 
characteristics often change considerably with Reynolds number?   The answer, basically. Is transition. 
As already seen, turbulent and  laminar boundary layers have widely different separation propensities. 
Perhaps at low Reynolds numbers, as on a wind-tunnel model, laminar separation occurs nea»- the leading 
edge.    But at flight conditions the scale Is so great that transition occurs forward of the laminar 
separation point.    Then the adverse pressure gradient is negotiated by a turbulent boundary layer, which 
may have enough vigor to avoid separation.    If so the stall characteristics may be drastically changed. 

A convenient method for estimating the location of transition is Michel's transition criterion. 
Michel plotted available transition data in the form   Ri,tr   vs   Rxtr 
a fairly well defined cur «.    If we plot the evolution or   R.;   vs    Rx 

The transition points established 
for some particular airfoil, we 
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find that   Rg   itirts out btlow thi Mlchd corrtlttlon eurvt.   But lattr n w« procttd dowmtratm In ttrm» 
of   Rx.   Re   crostts tht lint.   Tht crossovtr point It stld to bt thi point of trtntltlon.   According to 
[18] an Inttrpolitlon formuU dtflnlng Mlchd't curvt It 

Retr • 1.174 [l ♦ 2ijj*2S.j «O-*«        O.I x 10« :. «x i W 106 (7.1) 

Tht growth of   Re   nttdtd In (7.1) cm convtnltntly and accurately bt calculattd by mans of Thwaltt't 
formula which ca'i bt wrltttn In tht following form 

? (V\2._O^üC ;/e(M5
d)</c (7.2) 

whtrt   Rc • — 

This pair of aquations makes It rtthtr tasy to ttst for tht likelihood of transition.   Of course, a pressure 
distribution for the nose portions of tht airfoil must bt available if (7.2) Is to bt evaluated.   Also, It 
should be noted that (7.1) Is applicable only to unswept airfoils; on swept wings a leading-edge Instability 
may develop.   Furthermore, If tht surftet Is not hydraullcally smooth transition may occur forward of tht 
predicted point. 

This leads us Into the next commtnt.   Figures 18 and 19 together did not show « strong effect of 
Reynolds number.   But they do show a considerable sensitivity to the length of Initial flat platt run. 
Now the extent of laminar flow determines the effective flat plate run.   At   UQ/V • 107   as In Figure 19, 
If the flow for the one-foot run wert all laminar the equivalent turbulent flat-platt run would bt only 
about 0.13 ft.   Hence, separation Is sensitive to Reynolds number In an Indirect way because Reyno'ds 
number affects the proportions of laminar and turbulent flow.   Bubble bursting of course Is Reynolds number 
sensitive. 
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Because most papers art rtadlly available, there Is no reason to spend much time reviewing tht 
considerable literature on the subject. Instead we shall stop with occasionally pointing out a useful 
article In some aspect of our concern One Is an artldt by Thaln [19] which bttrs on the problem of this 
section. The paper reviews a large amount of data. It Includes not only a rtvltw of tht possible 
separation processes but especially a large amount of data on tht tfftct of Rtynolds number and Mach 
number on maximum lift at low speeds. His Figure 3 Is reproduced here as Figure 21 btcaust of Its Interest. 

It Is typical of the kinds of correlation 
attempted In connection with trying to 
analyze tht various flow regimes. The 
correlation Is made on certain geometrical 
properties of tht airfoils. Gault did this 
a long time ago. Now that we can readily 
calculate vtlocltlts for any geometry, 
correlations should be made on velocities. 

STALL touwowma The ultimate determinant of tht flow behavior 
Is tht boundary layer. The boundary layer 
equations demand ue, x Input data, not 
geometry. Up to the point of Initial 
separation the left and right hand extremes 
of Figure 21 can now be handled analytically. 
The middle portions remain the problem. 

Ulmpress of Boeing [3] states that for 
CLmex estimates on new designs they depend 
on wind tunnel tests. Then based on a wealth 
of past txptrltnct these values are ratlod 
up by a factor that mainly depends on wing 
loading of the airplane. 

8. MACH NUMBER EFFECTS 

This section presents a few special 
comments on Mach number effects. Section 2 
contained some, of course. In Figure 6 as well 
as Section 3. But what can be said about 
boundary layers directly? First, consider 
laminar flows. One transformed form of the 
full laminar boundary-layer equation 1s 
(3.1.9) of [20]. It Is here repeated. 
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Figure 21. Effect of Reynolds number on the stalling 
characteristics of clean aerofoil sections 
as a function of aerofoil geometry, 
according to Thaln and Gault [19]. 
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where 

C •■ --- 
e'e 

.   • ma« density 

P < 
P ♦ 1 

f • dimenslunless strtan function 

tie consider only two-di,'ien'.ional flow.    This equation Is a weak function of Mach number.    Its boundary 
conditions do not change with Mach number.    They are   y J 0, f, f' = 0, y -  ■, f'  = 1.    Next consider   C. 
Determine by boyles'   law and by tl.e common formula T^-76.    Then 
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•■.han this is solved tor    'M^I^^,^    the adxerse vfcIopit> dradiehts are found to be considerably reduced, 
in  tact, for   CP - l.C,    iue/.uO^    is 'j.lt, a considerable distance from stagnation,     'f the flow is 
b'ou'jht to conplüte rest,      Cp    re-- ■ eo a value uf Lib- 

Tne alterrate treatment is to    -'t    1 -   {ue/u0)' - x"1   independent of Mach number.    One case ha^ been 
studied and the result is shown  in Fiqure 24, taken from [3].    Differences between    "0 = 0 and    1.0    art 
STHII.    Again as with the laminar case this  is to be expected from examination of the governing momentum 
"quation.    like the laminar, Mach number only mildly changes its constants.     Figures 11, 23 and 24 were 
run earlier by a less accurate computational method and results do not agree precisely with those of 
Figures IE and 19.   Normally Figures 18 and 19 should be used. 
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Figure 22.   Separation loci for a family of canonical pressure distributions,   UQ/V ■ 106, H0 • 1.0. 
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Flgure 23.    Separation loci for a far fly of canonical pressure distributions.    Uo/v ■ 10', Mo ■ 1.0. 

Reference 1 contains an extension of Stratford's turbulent separation criterion to compressible flows, 
made by Gadd.   The author has not personally tried to assess Its accuracy.    But It Is worthy of considera- 
tion, particularly because of Its analytic simplicity.   Wooten [22] has a useful paper on the effect of 
compressibility on maximum lift of airfoils.    It Is a comprehensive survey of the subject, but entirely 
of a descriptive nature.    It Is useful In both showing the state of the art of the maximum lift problem 
and the complexities of the subject. 

9.      SHAPE EFFECTS 

Because this lecture Is id concerned with design particularly, it is assumed that shapes are given. 
Nevertheless it is felt that this lecture would not be complete without mentioning something about the 
Importance of shape.   As far as possible, the nose of the airfoil should cleave cleanly Into the flow. 
That is, for high lift is should have camber or flaps, which amount to the seme thing.    Figure 25 shows 
the effectiveness of flaps in reducing pressure peaks and adverse gradients. 

m—mm 
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Figure 24.    Separation loci for t family of canonic«! pressure distributions.    The 
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Figure 25.    The effectiveness of flaps 1n reducing pressure peaks. 

Thin leading edges are another cause of high pressure peaks.    To illustrate we will consider the 
ellipse family with circulation sufficient to fix the rear stagnation point on the end of the major axis. 
The values of peak velocity for    . = 10°    are shown below. 

Peak Nose Velocities on Ellipses with Circulation 
■j. ' 10° 

Thickness 
Percent 2 4 6 9 12 15 18 

c 1.113 1.135 1.157 1.189 1.222 1.255 1.287 

("e/u.U 17.74 9.09 6.22 4.34 3.43 2.90 2.56 

(r necessary formulas were taken from [23]. 



Slats irt an «fftctlvi mtani of rtduelng nost prtiturt piaki.   Figur« 26 »hows that a slat rtductd 
nose velocities squared from 10.04 to about 3.3. 

Shaping In general Is advantageous.   Discontinuities can be causes of early separation.   Figure 27 
shows how two kinds of flap treatment cause undesirable bumps in a pressure distribution.   Reference 9 was 
greatly concerned with ehe shaping process.   For more details consult It. 

m 

PERCENT CHORD 

Figure 26.   A typical pressure distribution for an airfoil with and without slat.   Note drastic 
change on upper surface pressure distribution caused by slat,    a • 13.15°   c. • 1.45 
for two-element airfoil. E 

-to 

DEFLECTED  25* 
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Figure 27.   Comparison of two kinds of flaps on a NACA 63A010 airfoil.    For the plain flap a ■ 0* 
and Invlscld   et • 1.78.   The airfoil with variable camber flap was set at   a • 1.06° 
In order to obtain the same   cl.    Separation points are marked by arrows.   Rc ■ 10'. 
Transition Is at suction peak. 
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LECTURE 2   SEVERAL SPECIAL TOPICS 

10.    STALL PROCESSES ON AIRFOILS 

A f*M yitrs bick Ami Gantry «nd Waynt Ollvtr of my group complited a two y««r contrtct for th« 
Off let of Ntvtl Risnrch.   Thi subjtct wis trintonlc mantuvtrlnj.   Btcaust of tht «ppllcablHty «nd 
timeliness of much of the Mterld, we Intend to quote from It tt some length.    The study Is the latest 
broad survey of the problem that the author knows of.   The work Is In two volumes given here as [24] and 
[25].    Its general purpose was to assess tht state of the art of analysis of this problem and Implement 
methods by computer If they wert available but not presently progranned.   Reference 24 contains 124 
references on the subject. 

Before getting Into the subject of stall processes on airfoils, It Is useful to get the complete 
picture of the aerodynamics and dynamics of transonic maneuvering and buffeting.   Figure 26 summarizes It. 
This figure should be studied carefully.    It graphically brings out the tremendous variety of problems and 
effects that must be considered in the compute stall and buffet problem.   The figure moreover neglects 
the elastic and Inertlal aspects of an airplane.   Two different size airplanes with different weights and 
rigidities but with Identical force and moment coefficients arc likely to have considerably different 
stalling and buffeting characteristics. 

1" •-^* 

•    ,   X. 

Figure 28.   Aspects of transonic maneuvering aerodynamics. 

Me shall now review some of the general stall and separation characteristics of airfoils.    In Lecture I 
we stopped with predicting the start of separation.   Now we consider the problem after separation has 
started.    Figure 29 shows the experimentally observed evolution of the two primary classes of separation 
at low speed.   One class is leading-edge separation due to the flow being laminar at the separation point. 
In the upper left Illustrations, the white portion adjacent to the airfoil Is the separated region.   The 
cross hatched portion generally depicts the boundary layer.   A typcla! evolution for thin airfoils begins 
with I.    There Is no separation and a typical pressure distribution Is shown by   I    on the right as well 
as 0 which represents a flow at still lower   ».   Then, as angle of attack Is Increased, a small bubble in 
II    forms near the nose.   It turns turbulent at the rear so that the flow reattaches and the bubble ends. 
It may be only 1%-chord long.   The accompanying pressure distribution shows a small flat spot.   At higher 
angles the bubble may lengthen as In III, with an accompanying larger flat spot In tht pressure 
distribution.    Finally, the bubble may stretch clear back to the trailing edge as In IV. 

Now look at the middle part of the figure, dealing with tralllng-edge separation.    This type occurs on 
thicker or more highly cambered airfoils.   There Is no leading-edge separation and the turbulent boundary- 
layer separates because It simply cannot make the grade at the rear.    In this sequence    I    Is unseparated, 
as Is   0    In the pressure distribution.    Number II has a small amount of separation.    It Is evidenced by 
the leveling off of the pressure distribution at the rear.   Numbers III and IV show Increasing amounts of 
separation and their characteristic pressure distributions. 



The bottom of the figure show» cherteterlttlc   C(.   vs   J   curvet.   As to bt expected from the process, 
treillnq edge septratlon produces a well-rounded peek.   The short bubble thet bursts utuelly leeds to 
t sharp steil.   The long bubble brings on a gradual distortion of the effective airfoil shape and 
introduces early rounding over the lift curve. 

Figure 30 Is a continuation of the process into high speeds.   Figures 30A and B are enlarged 
Illustrations of two states that were shown In Figure 29.   They could be at either high or low speed so 
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Flqure ?a.    Low speed flow separation 
characteristics. 

COMBINED EFFECTS 

Figure 30. Flow separation characteristics at 
transonic speeds. 

lonq as shocks had not developed. In 300 a weak shocK has developed. It has caused a separation bubble 
Cut not complete separation. As the Mach number gets higher the shock moves back and becomes stronger. 
Also towards the rear the boundary layer Is thicker and more ready to separate. Then full separation may 
set In as shown. Other combinations can occur and two possibilities are Illustrated in Figures 30E and 30F. 

Figure 31 is an elaboration of the shock growth and rearward movement process illustrated in 
■i-jure 30 C and D. The shock gets stronger, it moves back and the induced separation bubble grows until 
•anally the end of it is located past the trailing edge. 

Figure 32 shows still more variations on the process, and these are ones that should lead to buffeting. 

Figures 33 and 34 give still more information on the processes and possibilities. Figure 33 shows 
typical angle of attack effects at constant Mach number and Figure 34 typical Mach number effects at 
constant 

With regard to the fluid mechanics of laminar bubbles and their bursting Caster's careful investi- 
qations and criteria [26] are probably the best. Norton [27] however, has a very useful semi-empirical 
"wthod for predicting the length of a bubble and whether it might burst. It is interesting that if 
a theoretical shock is smeared out slightly (over about 4) the Cebeci-Smith method can predict separation 
or the lack of separation. 

11. CALCULATION OF FLOWS WITH SEPARATION 

In this section we will give a few comments on the problem and the embryonic methods. It is by no 
means a complete survey. In inviscid flow, the flow is normally assumed to follow the boundary so that 
calculations with relative ease become possible. A boundary layer is a thin layer in which pressures are 
impressed by the main flow. But when separation occurs, the flow neither follows the body nor is the 
separated region thin. Hence, pressures are not Just Impressed upon the separated region. This region 

rfMM J 
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then becomes en equal ptrtner with the mln flow In determining prenurei.   However, In meny cases 
velocities In » seperated region are low, and while viscosity has Indeed caused the separation. It may 
not enter importantly after the event. 

Klaus Jacob has probably the most successful method of accounting for separation [28] [29].    He 
assumes that the separated flow can be simulated by a purely Invlscld flow.   Figure 35 Illustrates his 
approach.   A separation on the flap is assumed to begin at   S   and the line   SW   Is the edge of the 
separated region.    The separated region is simulated by blowing which starts at   S   as sketched.    The 
basic conditions that must be satisfied in the solution art: 

1. The flow must follow the airfoil surface except downstream of   S. 

2. Blowing is such as to make velocities at S, W and L equal. Velocities at 
made equal because SW Is approximately a free streamline. Velocities at W 
equal to approximate the Kutta condition. 

3. The separation point   S   is found by boundary-layer calculations. 

S   and   W   are 
and   L   are made 

Figure 31.    Successive stages in the development of the separation bubble for 
a prescribed variation of pj. 
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AtOVC  riM HOOCLS AM CNUACTCRlZED IV ä 
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Figure 32.    Forms of high-speed flow separation. 
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Figure   33.    High-speed flow separation with 
■t   Increasing and Mach number 
constant.    Rearward growth of 
bubble, followed by leading-edge 
separation at Mqn   i. 

Figure 34.   High-speed flow separation with Mach 
number Increasing and    J   constant. 
Rearward growth of bubble, with 
continued aft movement of shock 
toward trailing edge. 

UMMTKM 
POINT 

Figure 35.    A potential flow model for separated flow on multi-element airfoils. 

In essence one starts the calculation with unseparated flow.    This gives a pressure distribution from which 
boundary-layer calculations can first be made to find an initial separation point,   S.   Then with blowing 
beginning at this point, a new Invlscld calculation Is made, and the process Iterated.   Various potential 
flow methods can be used, of course. 

Figure 36 shows one of Jacob's results.    CLmax   is predicted and there is definitely a peak In Its 
value.    At   Re • 2.7 x 10°   agreement with test Is good.    Reynolds number effects come In through the 
boundary-layer calculations.   The method now only handles tralllng-edge separation.    It Is being studied 
at Douglas.    Sometimes this excellent success Is found, other times not, but success Is good enough to 
justify further effort. 

■■■i 
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Re • 100   10* 
He • 17    «• 
Re • 10     10* 
Re • 04   n* 

— Re • I T    10* 

Tht time bask philosophy can bt 
followed by othtr approachts.    It Is 
thtorttlcally posslblt to iolve the problem 
of Figure 3i as a mixed boundary value 
problem, that Is given the shape everywhere 
but along   SL;   and starting at   S   given 
the pressure, find the line   SW.    That, In 
fact, has been done for special airfoils by 
Lang and Fabula [30], [31].    In connection 
with torpedo guidance they studied the 
concept of blowing some of the exhaust gas 
out one side or the other of the stabilizing 
fins as a means of replacing movable elevators 
and rudder.    The gai bubble formed on the 
side effectively changed the airfoil shape 
and hence the lift.   A mixed boundary value 
problem was solved, several water tunnel 
tests were run and the agreement between 
test and theory was in general very good. 
In this problem, of course, the deadwater 
region Is filled with a gas whose density 
is far less than that of the ambient fluid. 
These encouraging results certainly Justify 
further efforts along the lines of approxi- 
mating a separated deadwater region by an 
inviscid flow.   After all, on an airfoil 
viscosity causes circulation, but we do 
very successful analysis by neglecting it. 

Figure 36. Calculations made by Jacob [78] of 
CL VS , for the NACA 2412 airfoil 
at several Reynolds numbers. 

There are other possibilities. 
Klineberg and Steger [32] have Judiciously 
combined finite-difference methods for the 
transonic inviscid flow equation and integral 
methods for the boundary-layer part and 
produced good results for separation at 
the rear of a biconvex airfoil. Just at 
the time of this writing the author received 

Reference 33, which claims to have good success with calculating separated flow in a diffuser. 

12. BUFFET 

Because of coverage elsewhere in this series, the author will do no more than make some reference to 
the work in [24].    This report contains a figure that surmarlzes and vividly shows the complexity of the 
transonic maneuvering and buffeting problem.   Buffeting and maneuvering of course are inseparable, because 
as extreme conditions are reached buffeting is part of the motion.   The data apply to the F-4 fighter and 
were taken In connection with study of leading-edge devices to Improve transonic maneuvering and buffeting. 
The figure is reproduced here as Figure 37.   Along the edge are listed and Illustrated some of tht factors 
that help determine the final motion.   The complete airplane problem, indeed, is complicated.    The center 
rectangle shows flight recorder data.    If one reads the scales he sees that the pilot had quite • ride. 

Reference [24] gave a good deal of attention to Thomas's theory of buffet onset [34] [35].    In Thomas 
original theory he stated that buffet would comnence when separation at the rear of the airfoil moved 
forward to the shock, at which time the flow would get unsteady and buffet develop.   The theory is 
interesting because as Mach number Increases, separation If any, will likely move forward and tht shock 
will move back.    Later in [35] Thomas suggested that buffet would occur when separation moved forward to 
the 90' -chord line.    This criterion seems little different from that which goes bad to Pearcey, where 
he suggested that In wind-tunnel tests buffet would begin when there was a break in tralllng-edgt pressures 
as a function of angle of attack.   Thomas' first method was evaluated In [24].   On conventional airfoils 
it was found to predict very well but on aft-loaded airfoils tht predictions wert poor.   Tht theory 
nevertheless is attractive, because when the shock wave and separation art nearly coincident a situation 
favoring unsteadiness exists.   Other buffet prediction methods have nothing about them that Is directly 
related to unsteadiness.   Pearcey's method which observes a break In pressures at the trailing tdgt Is 
successful only because a separated flow always seems to have unsteadiness. 

A very g 
by Mabey [36].    It covers test techniques, dynamics, aerodynamics and even describes a buffet rating 
system.   Figure 38 from [24] Is a useful summary of the considerable variety of methods for detecting 
buffet onset from either wind tunnel or flight test. 

13. THREE-DIMENSIONAL EFFECTS 

Since a picture Is supposed to be worth a thousand words we shall start out by showing a good set 
of photos of tuft and oil flow patterns on an attack wing having a rather conventional ptaky stctlon. 
Figures 39 through 44 show the series.   The flow Is symmetrical so that we see tht samt flow marked by 
two different methods.   At low angles of attack not much Is setn txcept the expected outboard flow near 
the trailing edge.    At 8.8° angle of attack a shock can easily be seen outboard near 30t chord, and of 
course the spanwise flow is Increased.   The oil and talc wert emitted through small orifices in the nose 
of the airfoil.   Tht oil flow and tufts were fluorescent and made visible by ultraviolet light. 
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Figure 37.    Factors Influencing transonic stability at large lift coefficients. 
F-4 flight-test data. 
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Figure 38.    Methods of buffet/flow separation detection. 

In Figure 42 the shock is even more strongly evident.    It is clearly shown by the tufts as well, 
which suddenly turn at right angles.    At    i - 12.6°    the tufts show tnat some separation has developed and 
this and the final photo show very wild oil flow patterns.    They indicate the tremendous complexity of 
a true three-dimensional boundary-layer flow. 

At the present time so long as all velocities are subsonic the entire potential flow for shapes like 
this or worse can be calculated very well up to the first separation, for example, the Douglas-Neumann 
Program.   Work Is actively under way to analyze such wing shapes at transonic speeds but because of the 
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Figure 30.   An Attack wing with Convention«! airfoil stctlon.    M^ • 0.78.   a • 6.1°,   Cj. • 0.40. 

Figure 40.   An itteck wing with conventlantl airfoil stctlon.    M, • 0.78,   u • 7.4°,   CL * 0.51. 
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Figur« 41.   An «tUek wlnfl with eonvtntlonal «irfoll Mctlon.   M., ■ 0.78,   « • 8.8°,   CL • 0.61. 

Figure 42.    An «tuck wing with conv«nt1on«l airfoil section.   H^ • 0.78,   a ■ 10.1°,   CL • 0.71. 
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Figure 43. An attack wing with conventional airfoil section. M^ ■ 0.78, a ■ 12.6', CL • 0.79. 

Figure 44. An attack wing with conventional airfoil section. H, ■ 0.78, a ■ 16.0°, CL ■ 0.89. 
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nature of the transonic equations they require some kind of finite-difference method.    This Is much slower 
and whetner It can handle a complicated shape with the necessary combination of precision and computing 
time remalrts to be determined.    The boundary-layer aspect Is In about the same state, at least for the 
more complicated flows.    But for flows like those Just shown at the lower angles of attack good turbulent '; 
boundary-Iyer methous are limlnent.    Computation tine does not appear to be a problem.    But at higher 
angles of iittack where we wish to know separation patterns and where we wish to predict the oil flow 
swirls, practical calculation methods would seem to be at least five years away. 

Ihe literature and detoll knowledge on three-dimensional wing flow is very large and generally 
available.    Therefore, we shall only mention a few documents that help lead one Into the subject.    The 
first Is by Kuchemann [12], which still stands an an accurate exposition of the Involved flow processes 
that nay occur on a swept wing.    Another, by Foster [37] brings the subject up to date. 

Three very useful U.S. documents on the subject of three-dimensional swept wing aerodynamics are 
[3a), [39] and [40].    The first Is a comprehensive review of a very wide variety of data Including fuselage 
and tdil effects, all at good Reynolds numbers.    It is a 149 page report.    The second is a more recent 
report that is especially concerned with stall characteristics.    The third is unusual, for it reports on 
a systematic series of eleven wings at Mach numbers from 0.23 to 0.94.    The models were all instrumented 
to measure wing-root bending moments and hence buffeting.    Axial force was found to provide the best 
conventional indication of buffet onset.    This report, tno, is large.    It contains 265 pages, much of It 
tabulated data. 
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It Is Inpcrtant to estiroto St curate-! y '.tt  stal"  -.reed of a rodern Mnt-.-sneed transport since 
take-off and lamlln'- rer forma nee. iiMvt- h?s a IüI-T '>pact on ttw airplane's econcric success, is tased 
on this parareter. 

The rre-fll'-t-t estirates for the Boeini 7'''7 vcre tased or. wind tunnel data obtained at a Reynolds 
nuntie»" of approximately 1 rillion.    These test result? were adjusted to full scale flirht values using 
correlation factors c'tveloped fror- other Coeinr »rarsport airplanes.    As en independent check, high lift 
data were ottainct' in a pressurized wind tunnel ur to a Reynolds nurrber of 7.5 million and extrapolated 
to the full scale value of AC rillicn. 

Fllnht results show that the- correUticr. factors were roderately successful In predicting stall 
speeds.    However, extrapolating the pressure tunnel data to full scale Keynolds nurbers predicted the 
flight value of raxlnur lift coefficient vith reosonatle accuracy. 

The empirical approach taien to predict the 7f7 stall spteds does not lead to any fundarental 
unf'erstandinn of the physics o' the stall.    Therefore, a further analysis was undertaken that showed 
that the inclusion of aeroelastk and airplane dynarics In a stall analysis can explain (;uUe well the 
denonstratcd flight test speeds, and In pfrticulir the gross weight effect on the stall lift coefficient. 

The win'' tunnel data at all Reynolds hunters predicted satisfactory handllnn characteristics 
throughout the stall that were confirmed during flight testing. 



1.      INTRODUCTION 

Modem Jet transport airplanes normally fly at speeds well separated from their low speed stalls. 
There Is no need for then to perform extreme maneuvers at low or moderate speeds or at high altitudes 
that might force them near their maxlipum lift coefficient.   Only during take-off and landing, where the 
lowest possible speed Is desired, does the stall become a matter of concern In the design.    In these two 
critical phases of flltiht, the operational speeds must be such that adtquate margin exists for atmospher- 
ic turbulence and piloting tolerance and that sufficient lift Is available for necessary maneuvering. 
The magnitudes of these narglns have been established through many years of experience and are defined, 
with but minor variations, by the various certificating agencies throughout the world, both military and 
civil.    Usually, the operational speeds for take-off and landing are defined In tern: of thestall 
speed of the airplane in the same configuration. 

These operational speeds In turn define the useable take-off and landing field lengths of the air- 
plane.    The useable field lengths have a large iir.pact on the economic usefulness of the transport, so 
much effort is exerted in making the operational speeds as low as possible.   Thus, there is a desire to 
rake the stall speed low and also to predict it accurately early in the design stages when the initial 
sales guarantees are being made.    The Initial predictions will be made several years before the airplane 
flies, and even the detail predictions for the final production configuration will be made some two 
years before the airplane is certified. 

The inportance of naking the stall speed prediction accurately is demonstrated by considering the 
case where the airplane is designed to land with a full payload in exactly the field length available 
at its destination.    In this case, an error of only 5 percent in rrc-dkt'rr the stall speed will result 
In a 38 percent lots ir payload capability and an even more dramatic St percent loss In the potential 
profit available to the operator on this particular mission. 

The initial estimate of the stall speed uf the 717 was made early in 196f during negotiations with 
Pan American l.'orld Airvay^, the original tiiyer.    These predictions were steadily refined during the 
desinn developrent of the airplane.    Developnent o' the low speed configuration involved some 4000 
hours of wind tunnel testinn ever a oericd of ''■Aft years.    Many different configurations were con- 
sidered, but this paper will c'iscuss only the final configuration selected for production and the 
net^ods used to predict and analyze the full scale perfomancc. 

The methods used to predict the full scale flinht performance, startinn fror the wind tunnel data 
of the final configurdtinn, were not particularly elegant from the standpoint of theoretical aerodynamics. 
They Involved no detailed analysis of the boundary layer or effect of Reynolds number on the various high- 
lift conponents.    The approach i;sed was ore nf practical eiiriifrrirg, limited in scope by the usual 
restrictions of tire, people, and roney.    At the time the 717 was being developed, Boeing had already 
built and tested a series cf Jet transport having sweptback wings, different engine Installations, and 
largely varying gross weir;hts.    This experience provided a great bank cf flight data that could be 
correlated with the correspording wind tunnel data »s a function of configuration, center of gravity 
position, and wing loading.    These correlations served as the primary bridge between the wind tunnel data 
and the predicted full scale perfomar.ee of the 717. 

However, the 747 had a leading edge flap that was markedly different from those on other Boeing 
airplanes, and therefore, it was felt necessary to evaluate the effects of Reynolds number on these 
leading-edge flaps.    High Reynolds iiunhcr tests were made that extended the wind tunnel Qota from a 
Reynolds f'urber of approximately 1 million up to 7.5 nillicn, based on the wing mean aerodynamic chord. 

The flinht test results shown in this paper are those obtained during the Federal Aviation Agency 
(TAA) certification of the 717.   A to'.cl of f;f Instrumented stalls were conducted to get stall speed 
data at all flap settings and gross weights and to completely evaluate the handling characteristics 
during the stall maneuver.    A remote sensor of static pressure trailing behind the airplane was used 
for all air speed measurements.    Accelerometers and rate and position gyros were used to establish the 
airplane rotions, and a calibrated fuselage-mounted vane was used fyr measuring angle of attack. 

Subseguent to the 717 flight tests an analysis was undertaken to determine if some of the anomalies 
inherent in the prediction versus test results correlation could be explained in a rational manner.    The 
aoproach taken was to start fron the sane low Reynolds number wind tunnel data used in the prediction 
"■cthod and apply corrections for Reynolds number, Mach number, aeroelastic deflections and stall maneuver 
dynarics.    The results from this analysis process were then corpared with the flight test results. 

2.      CESCRIPTIOfC OF THE 717 HlfiH LIFT SYSTEK 

A diaaram of the 717 high lift system is shown in Figure 1.    The wing has an aspect ratio of 7 and 
is swept back 171/? decrees at the quarter chord.    Both leading-edge and trailing-edqe high lift devices 
are used.    The leading-edge devices cover the entire span of the wing except for a small region next to 
the tody.    Inboard of the Inboard nacelle is a flat Krueger flap with a rounded nose similar to that used 
on the 707.    Between the nacelles, ind outboard of the outboard nacelle, the Krueger flap is more sophis- 
ticated.    As the flap is extended, <■ mechanical linkage bends the skin to 'orm a continuous curve through- 
out its length.    Also, the flap moves far enough forward to create a slot between It and the wing leading 
edge.    This installation was the first time such a curved, slotted, Krueger flap had been used on a 
Boeing airplane. 



The tnilUnq-edfle flaps extend fron the body to approxlnctely 70 percent of the span.    The flap is 
divided Intu two najor conponents separated to allow clearances for the Jet eflu» of the Inboard enilne. 
This spattf on the tralllnr edqe Is used for the Inboard high-speed aileron.    The tralllnn-edqc.system Is 
triple-slotted. sIHlar to that used on the VI and IV. but tailored to the lon<i-ran()e rlsslon of the 
W.    TIT •■>kc-u<''. the 'liiti «rttlnn, as measured by the annlr of the irld-sennent, varies tetween 10 and 
?* denr'ees, dcpendlm on titke-eff velnht.    The rctlon Includes a qreat deal of Towler action before nuch 
annular deflection recurs.    Tor landlnn. the flap is extended to Its full 17 deiree deflection.*   The 
various settlnns i.crc snlrrtcrt aftfr cnnslder.itlon of both the lift and dran, and the correspont'lnn effects 
on fiel* leruith pcrfcrmnce, post-tuio-eff cllrl. and no-around after a refused landlni. 

Purlrn the desi'T. o' the 747 flap systeri. It was retnnn 1 .-cc; that flap system desl'in would he subject 
to sore ifrorla'jtic deflections, riirtlcularlv on the leadinn edqc devices which are basically flexible 
'Ihtr'ilass panels.    Thr flaps nerc drsinned so that under load they conformed to the amiles and shapes 
ilr'ine'' r'urir»] tho */'"■' tunnel development rf tho 7'.7. 

HF f-SK •,: TrM.-rt CAT« 

>r haste ICW-SOOMI wind tunnel data were ohtalned 1r the University cl '..'ashlnnton Aeronautical 
Laboratory v'r-J t'ir.iipT. vhich htis an ' f.'ct  hv IP  foot closed test section vented to the atrcsphere.    'he 
• c1!',  shrii   fr   rii-ur(   ". ras nn  .ft. scale replica of the 7'7 havino a wino span of approxlratt-ly P. feet. 
Thl^ -ortel uiiil icotod carefully <11 the flap supports and falrtnns as well as all the contours, naps, and 
slits tha* e>ist f;'1 thr rroduetim airplane. 

*hr Mm us ,»Hc ti.isttd to simulate the Btrcelastic deflections encounte'-ed durin'i flight.    Particu- 
lar rsre v.:1  V'cn,  v'nrr our ■.'xprrience h,is  shovn that rany o' the discrepanr.1'-'  tetween v.lnd tunnel and 
flight, if ten Cai'td or srMo efrrtr, arc In fart caused hy an inadequate rep rt sen tat ion o' the details 
cf thp 'H^t C, •!■ uratior  ty the wird tunnel rodel.    The data for represent Inn the airplane flyim 
rear to thr  '■r'-,i'u' i.i.ro nttatref u'itw e  'i»c;d oround plane. 

>. C^.TT'O r'  •.»"   f'.ita obtalntd frot   thi? rr.dcl   is shown ir. ri'i.rc  ".    ',nrt;al wall  and llockane 
crrrrct'Vr'  h.vo t.rrr,   •oilii-.'.    Pata is shoi;r   "or a  Iftnt'lmj flap cr,r'iriur;:tir,n of 33 denrees aid typical 
tair-'"''r prf*'rr<. of lr decree«;    and ?r dr'-r^os. 

'f a 

ov-r^;   '.',''.   icvle r<r,vtncrs 'ust te esti'fited fit.'   this  lift and pitching rorent data as  indi- 
:'•(•;    t. Pi ...ic '•. i.;kn jhnws '.'(   'V^li!   nccn's i.ltaiMd curiri ,i t/pical  flieht tes»  ste'l.    Tho 
"-rinci"!'   '*!■'   "   ti   (•'.•,ir?t<.'' ir. ♦.*'■ redcrj1  Aviatior Pciulatirn  fFA") stall  sreed.    This  sret-d  is 
.'r'M'e' .'S  fc -"i'-i.i-  sptr-d ottj'nci   durlrn i füll  stall  that is ^prrnached at th« rate o*' i  VLC. nor 
'.'.'.■' '.    'his rir.i'..    ipte'. occurr  durinn <- .lynd'ic rjneuvtr    -nJ •he cirrlane usually »ill  tr  snrewricre 
'•f'.!«'-  .r'   -<•'' ," "'s at the ti'<. f-is Mnirur   speed ir rtarhrd.    Thl' PtR stall speed is  ii'.nd \,  the 
*'■! .it   -J>T " r-,i,!{r,-,tior, ir   leteninir-   Mle-rff ar.-i tandinc sr«n!s  'or £irpl;jnes certified vithin the 
ni'c    '*atos.    '•■e corresDor.dlnn F'fl C, is c^efl'td at C. ' W - '.' vithout 

"•Stall 'Stall      l/rfV^tall-      iS 
corf .or1'-■ the n luted load 'actcr c«1stinn at tht   tire V^.j^ occurs.    Another stall  speed is the 1 n 
stall  '.rfc-l    '. h;rh i'  '-.e'ined as that srecd v.Mch occurs  lust as the rrrr^l  acrtleration treaks te a 
rr-'l'.rf ■ ■.,,' ,< .    This '.TOCI also Is 'fasured riur'n'i a dynwic -ancLvfr and rn> nr t occur at exactly 1 n 
rr.f y     r,: • ,_.i-'_'rr.    'tis  1   '■ stall  spend  is  u'.tt' a«  th(   htsis for scttinn the-  tale-cff and landino 
v. cc--.'.  ' 

■ " t: 1 i ' i 

'.off-1 ar.' 

•■ ""exe.    Thf rorrewrd'i 

iint.    .'Ist   to te '■■,»!• ;.tf■ 

»■i-.'c > icall'. hrn beor, used cs in the- structural 
•ax 

'. tie  true 
L. 

»chfevid dunin: the stall 'sneuver. 

'hi', »-d<iru   M"  coeffic.irnt usuallv occurs at a stt-ed telov. the  1  i stall 

-f«t ii''"'rl.  crresmr ':i"'  If. the one- ror.si.rrr'   'r a v'nd tunnel   tost. 

'..      rcippyir-.l'   rrcvi"' AM  ri.;>- n" IT'll.'' 

M   .A; C^,,,. «... Clr^ 

Fim re ü su'rari.'fS the tinh-li'f  flirht and wind tunnel data fror a series o* Coelnn airplanes 
t/ shnwin'i the  ra'it rf ft PAP r.. tt   the wind tunnel  Ci The data shows appreciable scatter 

i-Star '■ma/, 
kr-twen airtlw.es    ard the 'r.lifl line was chr.'.ei   nS ttt  value of the parameter to be used in estiratirf; 
th«  7*"' t» r'ori'v.rrf.    'I«. ;.'7 fli'tht tost rt-sults  'onerally lie soiewhr.t belov  this estimated value. 
T'-c    ata re irts shown i" thr unper p.-rt of the  chart  :rp "tr the airolcnes at the naxirur  ivei'ihts tested, 
''o lo'tr  plot presort;  '.he trord i»' t^c  rtall  speeds as a funf'.ior o* airnl^ne wino loadinT, and shows 
•.'■.;,   -i r rea'.-V'   'ro',', '.ri':nt decrrascs  «li^hflv   ttu Jt-'ll   lift coefficient.    T(i5 win" loadinn effect 
■ ■■: 'in   rr,r'•'.•ert t^rniifhoiit ♦'■c history "' lr'i i'   e'T'tti*.    The values ot vini tunnel  Ci        used to 

.i: '.i fin  ir  Piourr  ".    'he  reason  is that, there were no 
svirrj tunnel   :i''r. '.hown hero.     This was done   in order to 
family,  radt te'nn   Ker.la'c- cnrrectlrr.S were a norr.al  nart 

''rvlfT •►(•so | lott ',:'rtr'. sli"htly fror r.l" 
h1oc^''irf oryrreitlcns ;ir>n'I in redufim *hr 7.*^ 
eoinarp w't1, ttr prtv'cus test; of the Poii'" 
of the win'   tunnel data reduction procedure. 

* Palled    "ositicn '")    in the eifoht handtnoh 



A slrllar suriwry of th* 1 q C|_5t ,, Is shown tn Flnure 6.   Aqaln, there Is appreciable scatter 

In the data, and the solid line represents the value used In maklnti the 7*7 pre-flloht estimate.   The 
747 fllnht test results nave I q ^Lstaii'«   as r'uch as n P*rcent below the original estimate.    This fact 

Is particularly surprising since a test Installation of the 7'7-type Icadlnn-edqe flap on a 707 gave a 
correlation factor well above the other airplanes.    The 1 o Cu».ii    showed the same trend with wing 
loading as was Indicated for the TAP CLsta11. "' 

At the tine these estimates were bclnn made. It was reconnlzed that the 7''7 had a leading-edge 
devlcr that rlnhl render past wind-tunnel-to-flight-test correlations Inaccurate.    Past Ecclnn airplanes 
had a leadlnq-edge device, either Krucger flap or slat, that was relatively sharp, creatint; high pressure 
peaks and rapid pressure recoveries which would make the flow sensitive to Reynolds number effects. 
The 747, on the other hand, had a leading-edge device that was carefully designed using aerortynairlc 
theory to produce a fiocth pressure dtstrlhutirn havlnn no severe gradients at high angles of attack. 
'.Hth the gradient selected to give nn separations at low Reynolds number, no appreciable Increase In 
lift should be expected as Reynolds njnber Is Increased. 

In order to evaluate these considerations, a wind tunnel test was made In the 12 foot pressure 
tunnel at the Ames aeronautical Laboratory of the NASA where the Reynolds number could be varied 
from approximately '..? million up to 7.5 million.    These data, shown 1n ririure 7, are In icod agreement 
at low Feynolds njrber with the data obtained In the University of Washinnton wind tunnel when corrected 
to the forward center nf gravity position used in this figure.    The increase In Cin.„ with feynolds rtax 

njnber wa5 relatively "Odest, and the data showed cnouoh llnefrily to Mlcw extrapolation to the full 
jCale Reynolds nurber of Y' to 4f rillion. The flight test data shown are the maximum C. 's achieved 
In the stall   'Ci « n>.')    and indicatr «n agreement within ? rercent or less of the extrapolated wind 

tunnel values. 

?..2    CL'S *or Miniru'i Ln-5tick Speed 

FAA certified lift-off speeds are related to the ririnur speed that the airplane can demonstrate 
a complete take-L'f, ca'led ,.L.. The li't coefficient for this condition can be limited by either C^ 

or tv the ar.rte of attack existirr when the «ft Udy contacts the ground.    Therefore,  It Is necessary to 
e^tirate hoth Ue lift curve shane and the Ci     _ in gmund effect.    The basic data for making this esti- 

■■ate v.cre ottained in the wind tunnel  usin" a fixed ground plane modified to allow unusually hlnh pitch 
attitudes, as shown in Finure F.    The lift curve so estatllst-ed was checked at hirh Peynolds njrber and 
f0und to te essentially urrhamct.    Since annle of attack is such an imortant parameter under these 
conditions, the model  ust-d for this test had the wing twisted to rerrtsent the aeroelastic r''stcrtion of 
the actual airplane durirn heavy vjei^nt. flaps down, fliqht.    These wind tunnel data were then corrected 
hy correlaticr factors ottained on previous Doeinn aircra't tirilar to those shown for the free-air condi- 
tions.    Resultant pre-'lirht estimates and subsequent flirht data are shown in Figure 9.    The data shows 
a scatter o' * t percent, typical of flinht test information taken during the take-off phase.    However, It 
does straddle very v.oll f-e prc-fllnM estimate.    A picture of this rather dramatic flight testing for 

in grounf1 o'fect Is shown in Figure 11. 

r.''.  Pitct-iro '-'omentS 

The static lonHtudinal pitchinT ncnents rle) an important role in determining the handlinr charac- 
teri'.tlcs o' the airplane dui-irn thf- stall maneuver. The influence of aeroelastic deflections and local 
seoaratiors  on a swept win- can have lerre effects an wing pitching moments. 

Serar't'ons on the wirn, t.o'iy. and nacelles can  ir'luoncc the tail contribution to stability.    Since 
these separations car be strsitivc tc Feyt.old";  njrber ejects, it  is difficult to predict the airplane's 
'■iV-scale behavior if the win'' tunnel  data  indicate a situation that is marginal   in any way.    At Eoeing, 
our pMlnsnrhy ►MS heen *or i-sny vpar'j tr, dc^i'^ fnr good pitching moment characteristics under low 
^eynnVis  njrber conr'itinns tr assure- good characteristics in flioht.    .'. small pitch-up in the stall  is 
per^issiHe and tends to held the airplane to a slinhtly lower speed before it pitihes down out of the 
stall.    This permissible pitch-up must cause only a limited excursion in angle of attack, say ' to 6 
denrees, involve essentially no increase In fi   once the pitch-up begins, and must be followed by strong 
ritc^-down to assure a nood clean break away from the stall. 

The winf" tunnel pitching moment data at tnth low and high Peynolds number and the corresponding 
flight data are compared in Flnure 11. There is practically no chanqe in wind tunnel pitching moment 
data with Peynolds number probaMv a rc-sult of the -ambered leadir.n-edne flap. The flight data show 
slightly superior stability at stall entry than the wind tunnel data indicate. They also show that the 
wind tunnel predicted guite accurately the flight values for the angle cf Incipient pitch-up and the 
annle of recovery. These pitchinn moment characteristics produced an airplane extremely easy to fly 
thoroughcut the stall maneuver. 

MM 



6.      STALL MANEUVER ANALYSIS 

f.l   Stall Paraneters 

While the stall speed prediction ir«thocl used for the 747 was moderately successful such a procedure 
does not lead to any fundanental unricrstandlnrj of the physics of the stall.    Consequently an analysis 
was undertaken to net sone appreciation of the factors involved In the stall.    The paraneters that have 
been considered In the 7'«7 stall analysis arp: 

1. Reynolds number 
.". f'ach nurtcr 
1. Aeroelastic effects 
i. Pitchup chdra:terl5t1c 
r. ritch Inertia 
(. Stall entry rate 
7. Stall  technifjue 

Thf influence of the last four items of the list can only be assessed In a dynaric stall simulation.    A 
three denree of freedom digital slnulation was undertaien to determine these effects. 

f.?   Reynolds and KachJUjrtber Effects 

The Peynolds rurber effects were assessed hv usinq the  low Reynolds nurber data obtained at the 
liniversity of l.'ashlnnton wina tunnel ami e/trrpnlatlnr to full scale usinn the higher Reynolds nurber data 
cttüinec! in the IT font pressure tunnel at the Arcs Aeronautical Laboratory of the NASA.    This extra- 
prlatior was au'jnented by sore two dinensional h1"h Reynolds nurber data obtained en the 747 flap system 
at the 5 x C foot variable density tunnel o' the 'lalional aeronautical Establishment (MAE) In Ottowa, 
Canoda.    This two dinensional  data was taten over a Ptynolds r.urber ranne of 1.2? x 10^ to 13.1 x 10*. 
'hese data confirm the trend shown ir Fir-jre 7 which Indicates quite a modest Reynolds nunber effect on 
CL      .    This rlld Reynolds nurber sensitivity for the 747 is due to the careful design which produced 

a smooth pressure distribution on the fl.irs having no severe gradients at high angles of attack.    Reynolds 
r.urfter e'fects or. earlier flap systers with severe gradients can be much larger as shown on Figure 12. 

The basic low Reynolds nurber data at the l/niverslty cf llashlnqton tunnel were obtained at a 
relatively low Mach nunber of K = .It.    Lurinc a flight test stall the Mach nunber nay be as high as 
" ' .3".    Due to the very high relative pressure coefficients involved on the flaps at high lift this 
discrepancy  ir Mach number could be luite serious.    Therefore as a part of the test program at the HAE 
variable density tutinel  in Canada tht  influence of Mach nurtcr or Ci        was also investigated.     It was 

foun^ that 'lop systems which old not take cart- to protect against severe pressure peaks and gradients 
at high annles o' atUck can have rather severe ^ach number effects os shown on Floure 13. Because of 
the flap desion philosophy,the influence of fach number on the 747 CL       is very mild. 

'.?    Effect of Aeroelasticity 

The influence of aeroelasticlty on the stall was Included by correcting the aerodynamic coefficients 
'or aeroelastic deflections.    The basic linear unstalled portion of the aerodynamic coefficients were 
corrected using terms derived fror structural proqrcr.s which use linear aerodynarlcs to supply the air- 
loads. 

The most difficult parameters to obtain are the aeroelastic effects near the stall.    The basic 747 
wind tunnel data was otta'ntd with a wing which incorporated the aeroelastic twist for a critical flight 
loading case, namely the condition for a heavy weiiht airplane tut with only partial wlnq fuel capacity. 
This condition corresponds approximately to the heavy weight stall conditions.    To see the effect of 
the weiqht arn-l fuel  loac'ir'- on the aeroelastic deflections consider the followlnq cases: 

WEIGHT IK MIRfi FUEL   LBS UtmiEVED WElrHT   LBS 

1. 335,000 Q 335.000 
2. 440,000 50.000 390,000 
3. 699,000 150.000 wg.OOO 

Case 1 represents the minimum operation weight while case 2 is approximately the lin^t weight stall 
conditions encountered in the 747 flight test.    Case 3 Is about the weight and fuel conditions encountered 
in the heavy weight flight test stalls.    The difference In the weight deflection the vlng is quite 
apparent.    The aeroelastic deflection associated with these loads cause a difference In span loading 
which on the 747 and several other Boeing airplanes causes a reduction in C^      with Increasinf »eight 

on the wing.    This C^       variation with loading should be detemlnec' by testing find tunnel wings which 

have the twists and deflections associated with these loadings.    Data exactly of this *orm are net 
available, however the trends do exist In the wind tunnel testing of the 747.    Evidence of the acrcclastic 
effects are apparent 1n the 747 flight test data.    Ey looking at the actual Ci    „ values achieved in the 

stall tests, a difference in raxirur lift capaLility Is apparent as shown on Figure 14.    ';ote that the 
Ci        1s not a function of the stall entry rate.    The difference in Ci   ,„ cannot be explained in terms of 

^max •■rtjx 
Reynolds nunber or t'ach number effects.    These aeroelastic effects at the stall are part of a very complex 
system which is sensitive to a large nunber of variables and cannot be attacked except through wind tunnel 
testing of the rarge of variables involved. 



To dittrmlne the tottl itrocUttlc influence it leett three cases must be evaluated, the rigid Jig 
position wing, and at least two other deflected wings corresponding to the heavily and lightly loaded 
cases. The procedure used on the 747 analysis can only evaluate the increment between light and heavy 
loading with the total aeroelastic effect starting from the Jig wing still unidentified. 

M Effect of Stall. Dynamics 

The influence of stall dynamics on stall speed was investigated using a three degree of freedom 
simulation which included the effects of variations In Reynolds number, Mach number and aeroelastic 
deflection during the stall maneuver. The simulation equations of motion are defined in Figure 15. 

The FAR stall speed is specified at a stall entry rate of 1 knot per second. This entry rate Is 
defined as follows: 

"«In ' 1,1Vnin FAR entry rate ■ J2S- - -T- •"-'-"- 
TVmin ' Tl.lVm1n 

The flight test procedure Is to perform several stalls using a consistent technique with entry rate as a 
variable and to plot stall speed versus entry rate to determine the FAR stall speed. The effects of 
stall technique, pitch inertia and pttchup were evaluated using the dynamic simulation and the FAR 
stall speed definition. 

Using the definition of FAR stall speed it is apparent that any number of curves will pass through 
the points defined by Vn(n and 1.1 Vn1n and It is for this reason that stall technique is Important. Two 

of the many possible curves are shown on Figure ie. The 'slow" stall Is characterized by a fairly uniform 
deceleration Into the stall that is obtained by a gradual elevator application to a prescribed angle of 
attack at which the elevator is held fixed. The fast stall is characterized by a slower Initial entry 
rate followed by a higher final entry rate. This type of stall is obtained by a slightly slower initial 
elevator application to some angle of attack at which full elevator is applied and held through the stall. 

Two types of elevator application were devised for evaluation of the stall technique and were pro- 
gramed for the simulation In order to systematically study the effect of stall entry rate and technique. 
A series of stall computations were then performed on the simulator to investigate the Influence of gross 
weight, pitch up, pitch inertia and aeroelastlcity on FAR stall speed. One of the simulations included 
the elevator Input from a flight test stall to determine if the simulation was adequate. The comparison 
shown on Figure 17 Indicates that the stall calculation simulates the flight test quite well. 

6.5 Stall Simulation Results 

Typical speed tine histories from the simulation are shown on Figure 18 for the two types of stall 
entry technique with an elastic airplane. The minimum speeds and correspondlnr 11ft coefficients have 
been extracted ond are shown plotted analnst stall entry rate on Figure 15. It Is apparent from these 
data that the stall speeds ere oulte sensitive to both the entry rate and stall technique, but since the 
FAR stall is at a specified entry rate only the speed and lift coefficient at this rate are used. 
Similar data was obtained at llnhter weights and the effects of dross weight and stall technique are 
shown on Flfure f.    Also shown on Figure 2C are the 747 fHoht test results which are In reasonable 
anreement with the slrulator generated levels. 

The Indicated gross weight effect en the stall lift coefficient Includes the aeroelastic effects or. 
Ci   previously shown. In order to separate the aeroelastic influence fron the dynamics of the stall 
tn* Tight weiiht simulation was repeated but without the aeroelastic lift effect. The results shown on 
Figure 21 Indicate thet virtually all of the nross weight effect on the itall is due to the change In 
lift attributed to aeroelastic deflections. 

The variation of Reynolds nurter. fach nuirber and their effects on the Cj_  during the stall are 

shovn on Flrurc 22.    It can be seen that while there Is an effect of these parameters on the Ci 

neither Reynolds nurter nor Mach nurber variatiors are aoninant factors within the stall and if the 
aeroelastic effect Is renoved teth confl^uratlcns acMeve appro/Inately the tare lift levels. 

For a ilvcn TOSS weight and center of gravity a considerable range of pitch inertias nay be obtained. 
To exanine the effect of this parameter on the stall the pitch inertia was changed + ?V   fror the norinal 
value. The results indicate that the pitch inertia variations investigated hove nenlinitle effects on 
the FAR stall speeds. The data does Indicate however that slightly faster elevator inptts are rccuired 
to achieve the 1 knet per second entry rate and an effect could be found if the elevator becomes liritinn. 

As shown previously the pitchup at the stall is cifficult to predict and some variation in the 
pitchup should be anticirated. 

To exarine the sensitivity of the FAR stall speed to the arount of pitchup, a series of sinulations 
were performed with the pitching rcnents shown on Figure ZZ.    The resulting FAR stall lift coefficients 
are shown on Figure 21. Over the range cf pitching noments investigated, increasing the amount of 
pitchup has a nenlioiHe effect on the stall speeds v-hile decreasinr the amount of pitchup results In a 
rather serious loss in stall lift coefficient. The conclusions could be expanded into a more neneral 
statement that pitchup characteristics arc not a doninart factor in the FAR stall speed determination 
unless the elevator capability is insufficient to develop the final stall entry rate, "owever, the stall 
characteristics at the aft center of gravity nay limit the allowable pitch up and a strong pitch down 
after the initial pitch up must exist to assure a good clean break away from the stall. 
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The same simulations used to examine the FAR stall speeds were analysed to evaluate the 1 g stall 
speed correlation. The analyzed data presented on Flqure 25 show again quite good correlation with the 
flight test data with the aeroeUstlc contribution accounting for the gross weight sensitivity. The 1 g 
stall speeds show a sensitivity to stall entry rate similar to the FAR stall speeds, and comparing the 
CL, values with the previously shown Ci   values It becomes apparent that the 1 q stall speeds are 
notqobta1ncd at unit load factor. The 1™ stall speeds are the result of the dynamics of the stall 
naneuver Just as the FAR speeds are but at a load factor closer to unity. 

A sumtary build up of the predicted FAR stall lift levels from low Reynolds number wind tunnel 
maxlrun lift data Is shown on Figure 2f.    The predicted levels compare quite favorably with the values 
obtained durlnn the certification flight tests. The key Item Is to start with a carefully designed low 
Reynolds number wind tunnel model twisted to a specified loading. The Increments shown on Flqure 26 
Indicate that for the 747 airplane the major Influences In the buildup are the aeroeUstlc effect and 
the effect o' the dynamics of the stall maneuver. 

7.  CLCSINC REMARKS 

The methods used to estimate the stall characteristics of the 747, based on the previous experience 
of Poeinn transport airplanes, predicted the FAR stall lift coefficients within about 5 percent. 
This is well within the confidence band expected during the preliminary design phase of an airplane, but 
as shown in the introduction this is not adequate during the development and guarantee phase. A 
subsequent analysis considering the effects of Mach and Reynolds numbers, pitch Inertia, pltchup character- 
istic stall technique, aeroelastics and stall dynamics has led to a better understanding and a more 
accurate prediction procedure for the future. The analysis has also pointed out some gaps in the data 
required to obtain a rational stall lift prediction. 

One nust conclude that the prediction of the stall lift coefficient remains a difficult engineering 
probten. Cased on the results of the analysis of the 747 airplane much progress can be made to better 
understanding the physics of the stall maneuver. However there are still parts of the analysis In the 
area of aeroelastic effects and understanding the aerodynamics of stalled flows that should be examined 
in further detail to arrive at a more scientific stall prediction technique. The data required for 
this nore scientific approach will in general not be available during the preliminary design phases of 
the developrent of ar drplane and therefore the empirical procedure used for the 747 tempered with engineer- 
ing judgement will ;till serve as a useful and reasonably accurate method for prediction. 

mmimmmmmmmmmm 
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FIGURE  1:      747 HIGH LIFT SYSTEM 

FI&.RE 2;  747 HIGH LIFT WIND TUNNEL MODEL 

iL 

FIGURE 3:     HIGH LIFT WIND TUNNEL DATA (LOW REYNOLDS NUWER) 
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DLCOLUMENT ET LXCITATION AERUUYNAMIQUES 
AUX VITESSES TRANSSONIQUES 
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RESUME 

l.e detroehat!e el le Iremhlcmenl sont des plienonienes lies a rappanlion el au developpe- 
menl sur les vehieules ai'hens. de /ones d'eeoulemenls dicuiilles.  (es deeollements sont 
le siejie de renuius qui produisent des Hueluations de pression et exeitent la slruelure.   Les 
deeolleinents .ipparaissenl sous faetion des j;radienls de pression positils intenses. ils jinienl 
done un rule important Jans le retiime transsomiiiie ipii prounjue des reeoinpressions ires 
hrutales par les ehoes null entsendre. 

Les nuclations de pression dans les deeollements out line intensite 10 a 100 fois 
supeneure a eelles qui soul presentees dans les couches limites allachees.   La prevision par 
le ealeul de l'mtemit« du Inillelinti necessite la con.uissanee du eliamp des pressions msta- 
tionnaires ee urn esl un probleme exlreinement ardu .i aborder par vm« pureiiienl Iheorinue 
La vote Minie .leluelknienl conviste a eialuer les caraeIerKtii|ues Maiisliques du champ de 
pression en les mesuraiit.   Le probleme qui se pose alors esl eelui de sjioir dans quelles 
conditions les releii's etleetues au eours des experiences sut maijuelles som represcnlalils 
de ce qm so pas«- a '."echelle reelle. 

FLOW SEPARATION AND AERODYNAMIC EXCITATION 
AT TRANSONIC SPEEDS 

SUMMARY 

Stalling! and bulTetiitg are phenomena in connection with the birth and growth ol 
separated tlo« areas on the aerospace vehicle surlace.   These areas are loci of turbulence 
which produce hliih level pressure Hueluations and excite the vehicle structure   Separation 
occurs due lo strong positive pressure jiradients and so plays an iinportanl role in the 
IraiiMinic regime which proiokes steep reeoinpressions with the shocks it creates. 

the level of pressure nucluations in a separat.d llow area is 10 to 100 times more 
intense than m attached boundary layers.   The compulation of buffeting intensity 
reiiuires a knowledge of the unsteady pressure field which is very difficult to obtain by 
purely theoretical means.  The method used at the present time is lo measure the statistical 
characteristics of the unsteady pressure lield.   The problem which then arises is to know 
how measurements made on the model correspond to what occurs on the full-si/e vehicle. 



t - D 'l'.WiiJOflCil -

Le clecrocn~ et l e tret~~bl~t aont cleo phd!-..o appnrentoo qui, 1 1\Ul -.t l' autre, limiterat 
l•a poaatbilitP.s d'ut111aation deo avions ct autrec vchicul•s a~rieno. 

Le ch!erocbage 41 1& avion peut ltrc d&f ini caar=e l'enoe!llble de" phti~ qui appllfti-.nt 
10l'8qu. 11 011 cberehe • fail'f' croftre la port l.l!lce au.iell d ' une certaine limi t e en uu~entent 1' antrle 
d'111ei coe. 

011 conotnte nl.or::~ •:uc 0 contrclrc::lfln 8 ce qur pN voicr!it une t heorio suppo::ant c10e 1 ' ai r 
••t 1111 nuide plil"fait 0 l a por t moe, non s cul"l!lent eesse ae ero!t re 0 mnis :'init puo o'effondrer plus ou 
moino brutalement e t •:u'U a'en.,uit. ~vid~NC::~Cn t r nouvcs d•lsucr :-nP~ts pour le vchieule e t pour s on 
pilote 1 perte .: ' :.J.ti ude 0 i f f ieult 's co:ll .i r u:.le:; pour contr8l er l'aUi urie e t c ••• t:e ph~nomimc o t, 
Oil le ll&itt l io'- all fait que l'alr est WI nuide Yis(!lleWI e t, qu1en COriSCqlll!llcPt le:; partieW.es d ' air RU 

'lOis~ des parois de 11 avion nc oo ~tt>ntent pna de :: '.!carte r provisot rem<:mt pour l nis ser passer 
l'ari.on :2a1s ont t end1111ce a ~tre cntrafr.ees . Les pa.'"t.ieW.es flins i in!'luenc(.le~ oont contenuce dMS une 
z011e genernlet~ent trite VOi31ne de 1 'a·: ion qW. ent l c couch" 1i:nite. E:n !li mpli! i ant, or. peut dire que 
~que pcut prevoir une tt:.;orie d !luidt> p:.rf ·,it , ce con l r conet~ rio tiquos de l'ecoul<>me .t autour 
de 11 11\'io:l d~fomc pz.r l a pr Jsence ·e s n coucl:e limite. 

Or, U P- trou\-e que 0 ·w~ cert ... ir. s conditions, <>t not:.J:l:ll· nt lol'l'q..:e l'on cherche 8 obt l'lnir cies 
portMces .Uevee::. un evcncmer.t survient -.le d • collement ae 1 couehe l i.':li t e- qui autJDente consi cr · .Jl.cment 
l'etendi.M de cet t e oouche lioit e t 0 pur cons,l(!uer:t , moc i . i e , .' ::: f ar;on i aport n :e,la f o!'!!l de l' c. se!!iole 
nvion + couehe lioil.e. On cooprcn;! qu ' un cnl cul ne t enant pa." co:.:!• t e tic eet t e socii fict~ t ion :;oi <; en contra­
dic!ion avec 1 'cxplirier.oe. Le dJc !'Vch ··~ ~ l • avion e t !one provo~u6 pu l e ··!col t:!cnt de 11,, couehe 
l inite et, ans ces concii t i or. , l a . ort ,.c . t r ;::; i nf-' :-i . M u co U"l r r ;voi t une t hvorio c :'l W. e 
p2rf:U.t . 

Le bu.ffcti pg es t un aut n> typl' de lil:li t atic r: ui o f on !l:!l(!nt ol t>-::en! 1 al'ce CIJU!if' uc l e dccrochage 
l 0exis tenee de 1.<mes d1 ' coule:r.cnt Ccoll 1• n cor.s i:::tc c 'es vi ur a t i onc ue l' nvil)l!o rosl"er.ti e ,-&.l' l c 
pilote e t l e n passa&'Or.· , qui s e p ro 'uisent ::ns ee:-t l:.irl:!S con i tions ce 'lole 

llll vol avec un nivea:.: de bl&ffeting icportont est inaccept · l e au:: <' i i en pow- l oa ~:.ssace rs 'lui 
s ont 3 couus que pow- l a s t Nc tu.re ont l a . u:-k e vie cr. f ati ,;\lc s t l t it-* e t qui o.rrni t .tie 
parfois ltre soW!Iise ii des eha!lo:oes depMSIII!t la eharg<e de N ptu.re. C1 est. pour quoi l e owne ae vol e s t 
naoeosaire::~e!:t l ir.J. t c ;.c..r l' ap: a rit ior. ' un ce r t lli:1 niveau c oufCet ing. 

L .. ' uffe t in • on l e sa.i t , e3t •m pro l · I!IC pour lt>z vf hieLJ.es a r ieiiS dar s l e co::u.ine tr= soni ot..e 
od- 1J n'est pao e xcl woi:' u rio:::oin :r·.r.a::oni qu"! cnr 0 pc :- e x a ;. l e , U &CCOI!Ip~'! l e d~c:-oc~~ cs avi ns 
auz b8S- Cs vi -::s ees • ..;i or. e r. p!l.!'le OOc..tco~L ol:.~ ouvP r. ~ "n ~rans:-oni'lue c' <>:: t .u , '1~3 c~ e e,U .peut a• 

ra! t re pour a .., r.iv.-. . UJ[ e portanees BS:l" <: f~: i . l r.s , · i en avt.nt l e ccc:-ochi!GCe f't avoir Wle int P -'J i t ~ 
eons i ~mole. 

ainsi .\ 'or. Yale voir. l e - uf : e· i . - es t le re!lultn~ de l ' ex citat i un ·e l~ -t ruc :~r• de 1 1 a~ion 
par l ea nuc-w.t i or u· p:-Ps s i or. ar r o .lyr....::ri" uo !l!:soci Ek>s 11 l a p:- 'senee f':: ;:one:: u' : noul r:. nt <~ · coL ·s 
c' est done Ul'l pflt'flOr.lim~ !'ort CO::!pl cz !' :if:f.Jl : 1: t "' r'V ni r a l e fo i r l~ t !"'~ C ' U.!": <l t ! 1:: ' r :.:-n::.i 'C o 

L ' cvlllaa:i~ p:: J. cticul c c!l--- Ct · :·i ::~ i -ues <-C :;,uf;"et iJ, · e:; c·: :i : ! r: ·t , -:c :::"' f t·J. · , ·. :":: 
·i!' : i cile e t f ui t. l'o :>j . •e . r.e:c .. o:! :: c e tr:.v ;.z t :-?:n 110::1 ~ :-e l.lX ~ · ··1 " ;:Je:l :- l :-oir t r :-r c : : nc ,: 
au co:u-s de ce -: t e •1ecta.."'e s eric:J• . .. •o:;jet . cctte con: : :or r " " "t pl • c p crt icul H'. :nt'r.t d1 ·incl·- ..,r l e 
p GnG:!l' ne fon:ia:=entbl a l'orir;im: ~.o f!'r~ ir: - 1 l c r! ..:coll n::~t' n t -:e _• :cod ·n"'r t e 1 ,;; :" . • ~ r ":io:~~ "' 
p!'!lss ions u 'il E'lltl'"el.-r ... 

Un des points import6.!lts ;-o:u- po ... ·:oi :- ..:. :>pter une s chfi::u.·.i :n;;.i ~- r 'dic t a c r.i!; ;_u.- :: !. :. ·.., 1 .uc 
pos s i :Jl c u pil .:!:~ere ::; t · ::ctt re n :vL c::ee 6J". llc ::ecu:'!:' 1<: :touvenent •e 1· " ; !'Uet :-e in.."l ~ -=e 
l'a :ro~~que. 

Ce t t e 1aestion• no\13 l e verrons , ent encore ouverte e t n' pa.'l <>ncot·v re~u ·e r .; or."c · d nh i vc . 

Le pla.~ de l'c~pos6 est le - uivant a 

t - tntro uc t ion 
2 - les i v<: :·.: t ;;pe= c.e ':Juffetine 
3 - lea dceolle~~ents 

::: .t - e-~n&rali ~ea 
~ .i - ci reons t t:nee:l 1 a;mt.Mt i o .. 
' •~ - l es a6oollt~.ts en tr&n~s~r.i ue 

4 - l es a::oects ins t a:bnnr. i'!'e!' 
5 - l es r.~~· ·er.n a ' et ude 
e - ~elusi01l8. 
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- lllV'~"\S Mao;i ~ .w.or·.::a:::o -
A'nllt d' allc: :· pll.l! loill oMS l' wu.lyr-e <1 • ph~flGIX.n.-z, •lOIWOIIG quel1u~" oaC!!lplf'l! et rapr;fllOM qll(\la 

s~ t l··r- t;;pes pr1Jlci ;-t . ..x •.e md'fetillc :NSocpti:..lfl:; ct •l!trt! " mermtroo. 

Ai.Y~:".t quo l, : 1· · l e •·.nbr;:r n:·:.s ua pbf'ior r ·:-!!flt ou U r~t lc poillt ~· :.~.r lu. p:'O":.V.l:o?r· .•· .>u!'" :u.;· , ' ., 
lc t ct'""le .:c ..u"f t il ~~, , . · .!~ .!t no·. 1· !' ="~"lH~:'f! foio · :1:1 1- litt ·!'::~t ~~ "" ty;;c, lo r::> le l''lcdrlet.t ><urvct.~ · 
•• U."l ::or.orl..: • .;w-.l<AJ!'!' !.' iu .;;· ~•e a •une n~;>tt•.n r'o l' .. .,!JOnr.n -e rouvant ~troe attrio116e b ~ e~cit11tion inte.1.:;e 
,;:·o·::> w ·._ [I!<!' l'ent:- •• J ol oe i;: rr.i <> r rlt.!lr 14!' u · : ~ fortemer.t turbulftlt de l'aile er. c~!'i~retion dcooll~. 

rlWt ri~l8er.t, plus ieurs .;,mees lorE dcp p!WUeree e~§l'ieooes spal.blos 011t riYVle q~~e lee wet&i<Nles 
pstitlll& pouYuiNlt COf'.::nftre lies probl~a CftlYt':'l ck> uufreting a la tl"tlftrs~>e ci11 aellaine tnDSSorUnllee Qn 

prooleaes Ollt la .al'l8 ori~• q11e le ;.~ut'fetin:; ael' avi011a 1 l'edstenee lie z011es cl'~!o~Nl(!Mfttll 4Ucolldae 

~ buf!'etbt:; npparaft done eoc:tr: l e .r4po!'IBe de structure a WWI ezci tatiOII aO~que trowtlllt 
son or1g:1De <inn:: 1es c·:eoll~ts . 

l.ell' prillcipaiD types de ou.ffetizl.:; q11'011 pe11t ciC:gagcr 80flt, par suite, lids aua f~ de 3truct\lre 
et 4e aeCIU-t • peii1Nilt se prJsc:ntE>I' 1 on :ii::tir.l:l1(! a 

- le ::ufft'tillg ce::; r.il-:s a diiJ'IS cc ear: la ::one c• .;eoulcDEnt deoollc l&p!le.Polt sill' l 1a1le, 

• le :>llffettnc; ~es e:::penna.,""es cr.a le = ou l'~nnn;e ~c trol..'VO .1beo o MS le siUace d'un'! aile adc>llt:e, 

• le bu.ffet il. tle cant.: lor.qU'!! l P. ·leG\letlllllt ne I' ':;IA!te pas de COil<iition:- " !"Oc.Yil! • ."UflUE'll par:iC\Ilie!'f!S 
sais si:lpl llli'r. ·t , rovoqu.: •n.r l 'ir.te:-ru. tion volOilt tdrc de 1~< contir.11ite eM: la paroi, 

• le ouffetq df'S l •tr.~I4!'S . ec.~"in , "1Ui n'c:; t pr.a dirf&!"'nt -:e cel11i d"s 11UE'P sur le o1011 fonva.liE'nt-!11 111a1. 
'1111 po.-1; eae ce" rb:'ti-ulal'it~ pr:~p:"!ls CO!'Ipt .. tenu des fO"''IeS al1on:-9e- et <ie rtvola i:>n ;~ee 11' -,eurs. 

i.or.·:-u•.). €ott. · i~> l e : .ouv :nor.t l"'1utif ·•ua nui • r .:el e t d'wn ot~· t ·,clc , on : .ut, en ~w:rt•1, 
n • ,.1 i!;'E! !:' L ·r ; ~ 1'1." l "s : 1u • c <>o~ ~ ·Jt.t vis .:~eWl Ot;:U" N il•w len . ortion!l t:: ' ccol1le::~ent ui ont .;~e ou sont 
au oi~in -'~ i~., .. i ~t :e :· :-::ro · s a'! 1'o:l:: t • UC'e (lr1 de~iene p'l :- ,.oucne 1i::ite la f&i ole .:puisse\1!' ce 
:' l ..l. c --:ui e~t & : C- r.t· - t · '!IS . r'l)i r- " ~ ·~.slu~uell(lla vis cosi!.; joue Ull rf!l_, pr.: !JOnii ·~rt nte ;;;cpol't.:Os 
loi:o :ie l' o.,~ t&clf; p-, r :-!.&it(· •: -.o ,.vc::~r.::~ ::. :. t ife ce coucr.ns ll -. :iL~!': . or:. : t '"'1'"\.oltr. l n s illa£8• 

'-o!':· r: t. ' or. s • .;loi.-r." de 1 >< ~ ....: ie .:-a-.:: l <> .:o·Jc·.eli .it<J, h . •lit"'Sl:e :-clntive :11 •l ·li ·" !JC :' :'" J>! Ol't 
21 1 P"-PQi r..· - ~ c.- :" : :- •. i · c=en~ ··!l zl :-o n_. onb ct " 11.. nroi t. unc yoJ.<>ur Vc di tl'l vi tear-~> ener:i our'!, 
;, 11'1 on:. j:::~ :<> • • c:nc~ li.- i :ro• ;:.;1i 1 . ~ '•'.1• :• ~ 1. '- ·: 1 1 -. •.ri t'!S.:~J r ,; t • .::.si co!l. t~ te. 

Le...: :r:.:o ·i r ""; e coucr:e l:-.i lc c z_, ~~ t.. . t ~..; es ~ ... l'·l · ·LJr.!" pl ' ~i~: l ::!a .: t: 1 :;: ~~ue:i ns f?'t;ndr :?lcs 
: cs ~lui !c:; 'li .,. -: ·~t.LX O'l /.~~: ... ·. i · ~!': ..:c ~:tnt i · ~ ..:tolroo • .mP.s p•""~ N-:"tter : t • e:·:}Jli t.- f'r !u9• .~ ou :-ro -:uc l' <"•p!.i :· .. •\J' 

1 ~ .:o..t :ne l:_j 0 ~ ,...oi t pet. itt· •; i .. ...(;.~vi ... ~ ~:.-~· !0: ,(: cou:-~ure "le lt. !' t.. "'ie 1--- cr:~ 1i~n~ 'ie !l r-1 ~ .-~ior. 
... r.!. ·•· .r: :.,- : l · · ·o i .. !.:rJ l e:.:l 1r "·h · t! Oo? t 1: 1ec·~c, 1.- - l .... ~~:v~lo ; ..-.. lf'.t :c~c.:>uc~les 
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l.ors ,ue l o couche linlite a d 'coll e de la paroi, elle peut y roeooller un peu pl.ua loiD ei le ~ant 
de p1 s s i on l c p€nDet ; en cas contraire, l P. recolleJDent ae produit dans le sillll,!e, ll l'aYal., sur la 
nar. e f luide ui est pa11aee de l' autre c8t6 de l'obetacle • 

.:iP..loo que l e point de decollement ou de roecoll ement est situ~! ou 11011 au voieiJla«<8 iauediat d'un 
poin: ~ ingulier ce la paroi on dit que le d6collement ou le recollcment eat fu!S ou libre. 

::n a~rocinnt l es diYerses possibilites pow- lea points cle deoolle111011t et de recolle11ent on arrive 
e 'ta .:lir un t!l:>leau general des ems qui pP.uvent se presenter ( fi!! •re 2]. 

J.. • • ·s ooa (;':!n 'ralit 6s , voyons en quoi le dOIIlaine des viteases tranas0111quea pose dee probl-. 
: urticuliers. 

Pow· ccl:10 il es t ncoessaire d'entrer un peu dana le detuil de 1 1 aerodynamique triii'ISBonique. 

on transscni9,ue 

;,. Ct"\.ISe •c l a co:uple xi t o es ph~n0r.1imes transsoni(! ues U e s t utile a'aoorder le probla.e en eaeinant 
c• ~ l ' :m ~ro :'il Pn -'coulcment pl : .. n . On peut avoi:- une premi e re idee des phenomenes en obeerv81lt figlll"e 3 

J 1 ' •:ol.:tb~· ' e 1 J il'l t !'i tic.. e pres siOI SU!' W'l prof il syr.~ctrique a incidence nulla lorsque le IIOIIbl'e de 
.·,•.c:. c r ! t · -;;·.rtir· ~c z ·ro j u:J : ' uW( v:u curn t ranssoni oue!lo :li en qu'une telle evolution sott tonction du 
•• o · " OJ !'Of il :.oi :: i l es ~l'.mles li ,;nes de ce .ui es t con:J t at f: a un cnr· c t ere ~nerlll • 

.:.w: f:ri .,l _ v~;.l eur:. du nomo~ e :-~. a::ont l e r epnrtition des vitessea sur le prof1l est enti~re-
-: ... ur1 ;.oir.t ' ar :-llt p:-i!s u oord d'attaque, puis l'ecouleJDent se detend e t a'accel.~roe 
· Q..;..: ' i> ur. ce r ir. :::.:.:de ':l t :lfi il s t- reco:nprim., et s e ralentit a l' approche du bord de fuite. Pour une 

v (:~ :u no:: re Je ~:ac: . t..:1ont appel .:": nomore de t.ech cri t i que l a vite. s e du son est atteinte en un point 
: il . r'O . .. cias valeu.rs encore pl e r.andes u nocore de l'l&Ch une petite zone supersonique ee dmloppe 
~e ce oi::t . J..u · ~out 1a . coopres s i on peut 3t n> isentropi que IIIBis assez vite elle s'effeetue au 
0w 1e .ln.:e ae c.'1oc . ::e choc se :p1 ece VC !' 1 ' aval a mesure .ue le nombre de Kach aug~~~ente. et en 

~ ~~~e t ~:.s, son inten. it& n ~~nte. 

:.o :-:q ut> 1 ;" :>ofil es t place en i nci denc , on cons tate un dccalf18B entre !'evolution du choc d'intra­
lo.> " cell ·u c!-:oc d 1ext :- cos . l'o r •m nro!'il e ty~ cla:~s ique en incidence, lorsque le no~re de Mach 
· -:on: c ro!t w 1 ~~:oc p:ru :..!: d' ord a l' ~xtra os , mti:· cel ui qui appl.sl'ait un peu plus tard lll'intradoe 
:-neW. c1 " r :! i ·!!:! :'It ct atteint done l c :JOrd ·e fu i t c avant le choc d1eatrados. Il en r esulte une perte 
; e . o:-t~ ce lo~::.li ;e a 1' ar:-i · : "P ·u prof il :JOrr.Jl ativer.~ent un moment cebreur important. J. des noabrea 
e :•.ac:l ·:o l " i m i e 1 l r> c:~oc ; •enr a · o~ re 'oint l e cor de :'uite P. t 1e CO!DPnt cabreur diminue. La raison 

. o ::- l 1>:;. elle 1- c:hoc · •ext!' ,,;os ne recule pas r cgul : erecent et rapidement vera l'aYal., ce qui fiDal.-t 
e t l!. c ·us .u ::ooen t cabrecU" cor.s tat e , c 1 es : que 1 ~> couche limi te ne peut supporter la recompress ior. 1111~ 
s '" ;::...r· l noc ~t .u' il se proc:..i : u: ecoll :~ent. 

D ap~ardt :.iru!i ·ecoll,·:- nts sont t:::enes a j ouer Wl reJ.& t rlm important dQil.<J les ecoul&ments 
:r .:-.s )r.:: ".r;, . Lc- ,; .:yolle::~ nt qui peuver.t ~t re roencontrasur u!'l profil scmt 
. r -"-cntlis ::. ·-.u·e .; 1::. r ..:f .}:-cnce 2 Cll!lS l aquclle a recem::~ent et e effectuee une presentation 
1;,;rJ rcle ue> s>ro ~H:ces po::: ( s . ar 1 - &coulc:tt>nt:- tr!l.ll:Jsoniqu:!a z 

" ·~ coll ::J nt l a:'linr.i :-c ce · or ~ 1 bt<. .~e s~::; choc .ui est f on lll!l£;'. te.leoent analocue a eeua qui peuvent 
· e l'O ·uire er. 1-coulc::~ nt in o:np.e~ .: r.1e ; 

· ) j ~col ~=-n : . e l a co~cne lL~t ~ ' ntc ;:: . o•:uit par le c.~oc e t non ~uivi de recolldlent 

~ > .;coll ·::!".. " pi e du c: oc ~ i ·:i ~c rocoll,·::~ent , cai:- 1 . c uche li.::itc tres cpaissi e . ar l e process1.111 
p:- 'c ·.l em. d ~:olle ~ · .. o . v ,,u. l ' nn. r J c. "'.:: "o:-c c fuite; 

~ontre l' evo1ution ce l a cistribution de pression awee le 
t co:-r R;>On 'antes . Le dCveloppe:DPnt d'une regi::m decollee 
n:>c vers 1' a.-:-i cl"? lllais ralent i t • a. p:-og: cssion. 

1.1 'vol · t. i or t.: pi~ue e l !. ~lst.ri ;;· ti e . r-::s ion avec l' an:;l'l d 'ir.~.: idence, a nombre de Mach rue, 
:·, t de !'a;on si.miltire p:-..:o: ;;>. : ~ ii " '\H'C 6 . :.o :-q t..c l' .:;l e :i 'inci ·ence m~g:nente, cans un pNCier tempe le 
cnoc rccule et evient . us i n t r:nse . ;. caus e l' int e::d t e pl us gr"P.nde cu choc un bulbe de decolle~~ent se 
!'on:~e et ::c U'~1.'-. lop?e a.; pi ed 'JU ' ' oc et C<>ci • :\)vo: ue un 'paississement de l s couche limite et du s1llfi8B• 
Lo:-:;quc b :l14. oe de '-'(-coll•"::lcn~ ~ • e~ t ev lO!Jp: ,jus:;u' a·• bord de fuite le choc M met a BVBilCBro Cette 
.,i tuc:io~. pout ~t :-e oot cn :::oit p:.r l' cxte .~ io: . vers le rd de fuite du de..:Ol.lcll!!nt inuuit par le chOc 
ou par le ..: ·1e1oppemcnt vr-r' l' .::on: <.' u:: clccolle!Y'..nt qui a . ria nait s anc• au bord de fui t e. Pour dee an~n 
d'inci encc encore : l us t;run.le l ' ,';coul 'lment dCcolle ccpuis l e bord d'attaci'~e. 
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n doit ~t re note que dim qu'un hulbe de decollement de dilll<!!ns ion sensible 0 ete f orme, la pression 
stat i .ue nu bord de f uite, qui jusqu'olora restait a un niveau constant, ae 11et h dilllinuer. Ce phdn0111ene 
est utilis.~ pour d.; t ccter l'nppnrition dee decollcmente e t par suite celle du buffeting, on 1 1appelle 
" Ji~~L~nce de l u prcs~ion de bOre rle fuite". 

3. 3.3 - Interact ion ehoc - couche limi te et efret du nombre de •teynolds -

Dans lea evolutions pr.;c ~dentes en fonction du n0111bre de l~ch ou de l'incidence, on a vu que dee 
chocs, ))fl!'fois intensea se deplac;ent sur le profil. Oes chocs 0asent aur la couche lilllite et lea etteta 
t;\:i ~n re:>ultent, dependent des c8l':!cteris tiques de l c couche limi t e (dpainseur, par1111etre de fonne) et de 
l'intensi t e du choc. 

Dans tous les cas lo couche limite est epaissie par l'interaction avec le choo. Si le decollement ne 
ae produit pt!B lea effeta sont relativel'lent f ui l,l cc , mui s lf11 so produit, ~ dMa le cas ou 11 y a .recol­
l ccent, les cc~sequer:cel'l peuvent @tre importentes . !.n couche li~:~i t t> h 1' oval du recollement se retrouve 
deste.bilis Je ec f ortement epni ,.s ie e t one d!ll1s une ::;ituati on c•5r cvort!ble pour pouvoir suppo-rter la 
recO!Ilpres ion a 1' approche du bord de fui t e. 

lndirectement ccci expl ic_ue pourquoi 1 'eff<' t du no'!lbre de .tcynol s peut f!tre si grand sur lea 
ecoulemen• tr!Slli!sonic,uus et pour quoi 11 n' e:o: t pn." f acil " d1 llll.!li:l. r l s :Jituntion en utilisant des dispositifa 
de d.:clencilemcnt de l a transition 1 pour pouvoir s i ouler rle f <;o convcnaol e ce qui se passe en vol a des 
nomb~s de ite.;'"llol s ~lev.;s il f aut tt t re ca.puul c de recon> ~Hu., r u ... '1 cour:hP. lim:i te ayent unc epaiaseur et 
un nare:.1etre de fo:r:ne convem.ulii! DnrticW.ier '!mi'nt H l ' ~n roit ·es chocs. Si on utilise des dispositifa de 
deci.e r:chement il pcut ~tre necessiure de l~s !! j USt !' E'l! pos i r.i or. ct !imenaion pOur C.IJ aque COnditiOn de 
vol definie par un nombrr1 de •·iecn, un nombre de : e: 1olc. .. o l un !111~1 <:< ci 'incidence. 

La fi3Ul"O 7 mont1~ l' evolution e la di s tri oution de prennion en fonction du JUlmbre de Reynolds 
pour un prof il symetrique li incidence nulle. Pour l c nom· r e de rteyt1ol tis 1 plus bas il y a une interaction 
choc - couche limite lamiru.:.ire typi <;ue avec un d 'collemrn+. u pi ed ·u cl10:: W'Jse?. etendu. La l'eOOIIIJ?reaeion1 
de ce f ait, s• et .:nd sur !"lres de 40 ~de l a loncueur de l n corde. A pl us crtJDd no111bre de Reynolds (0,66.1<><') 
l' eter.due de l a zone d1 in ter nction diminue. Pour ue:: nomorcs ( C .t':!y: .:>l-'s encore pluo grands 11 y a une 
i nter ac t ion ciloc- couche limite sens decollement t lc r ipa1·t ition de prcs .:ion devient indcpendante du 
nO!!Ibre de rteynolds. 

Les e ffe t s du no::1bre de :v;r. ol :.i!'! pouvcnt "nco!'~: l!tr.-. pl u. . !JCCtacult-:.ir es dam: les ellS ou l 1eeoulement 
es t .. ur l e oint de :J~coll<> r a l' a :-ochc du oor · de I" i'-" • iJ •Jl!:: cette i t •:a tion l a pos i t ion du choc, qui 
e!'! t fonc . io: uo 1' ,;te ; ·c de 1:.1 ~·one ·l col1•1f> :.u oor d de fuj " o~ t ~:ussi depcml!'.n t o du n0111bre de Reynolds. 

~ n se limit~:t au cor. des oilea il es t tres diffl ci l c de pr~ser.tor des cons iderations gen4ralee 
sur l'!s ccoLllco'lnt:: t !'i :l im- ·r.::io rv~ls p~::rct? que . resque c .. ·•·1ue cas es t nr. cas pe.rticulier par suite du grand 
.. o:n: re de parame tres n~cess !dres pour cP.ract 'riser coaplt!tement unc aile 1 ollongement, ef'filei'Jient, 1111&le 
~ e fl ecie , Jo' ; • ' .' .t ·-"!!,;r, de car.:brure et de V!'i.ll a;;e. Le:; v.iles peuvent, cependMt, ftre cluaeeE en 
trois e~an 'es cat •!;~!'ies , en fonc t i on de l'un ces p r !:..·.' t res l es plu.o; importsn" l'onele de ~che moyen J 
ce s ont 1 

- l cs !lilcc b. n eche f b.ible ou nulle (a) 

- l es c.il -:J!>. en n eche (b) 

- lcs ailes ·~hnc::cs ou h t re:: fo :• tc~ neche (c). 

De- vel -' 1.!"!: typi .uee u 1 M l'ls de n ··cne pour c!.:;q e cet ·.!i>Orie pcuvent f!tn do!Uleee, par exemple 5, 
~0 ct G(; ·egr.is , ma::.s il est impossibl e de dcfinir des lil:d.tes . recises parce que pour lea valeurs inte me­
lki r .?:: "c l' a.!i~ de fl eclie C 1 er· ·. 1 ~ COl'.S idJra~iOil des e.ut res pcr!.'.metrc:; COI!IIIP l 1 aJ.lOtlgeJDent 0U l'M&le 
• :.:.cider.co: '!~ ::.lor:; d~ .-. -..ine lc t j-pe d1 ecoulelDCnt. 

~ uf Cl.S l e C:J.<: de:: ~lo:: r::_n:~: f ei::.les et des eilcc vrill <lee , les aile~ • f 11ible n .. ont dee 
con.fi o·r gt i o. !': :i' ccoul ::oom ·.ui ~ ont .rr.ti .uement oi di oer..s ioru:elles [ 4). '!'o~.; t ce que l'on vtent de 
d_c :·irc .<r:- l os ;>11l'll£:I'11Phes prt;c•5dcnto s 'applique done 1: ce type d1 v.ile. 

!:- ) %-ou:· l s:! :-cle:: er. n · chc l a ··it ~.:ation est beoucoup plue compli qu<::e csr elle comporte 1m 11el!ID89 ineJ~:trl.ca­
cle 2t 1!. - . ~nn-:::nt i ':lpr -:·:isi clc c 1 onues <ie c!Joc, de t ouroi llons o t " dccollnment s . Cependant, grloe a de 
no:"l:>reus ~ et pe t ientes etudes en eouffle !'ie r cpos ant sur h !!les rc des r6pe.rtitions de p.reaeion et sur 
l' util i . ··tior. de:: •t i £ · ~,lieations p:.ri~t!lles . on a TlU obteni~ une as:.:e:: borme co:lipruhension dee phenO!!Ieneo 

C" 5j o 

Le :~cr; C:l~ .ypi •·ue ':: 1 1 •:coul ~!a•) : t pOUJ' es ::.ile · en n ecne a de. FII ;l<'!' d1 incidence IIIOderets eat fi!Ontre 
:' i -•ro;! ext r· i t~ r:e 2j . ~~•est une confi :;ura ion i, troi·· ci oc··. l)on!'! l s pnrtie intemf! de l'aile, du c5te 
de l'eo_l r,r.tu ,.e , il :J a deux chocs 1 lo choc de t4te <JIIi part ohliqu'!r.l!"'nt de 1 1 apeJI: de l 1aile vera l'extre­
mi t r; et l e choc o~ · ·H : r<> ui emru1'! zensi bl,ment du hor a de ~·ui t n r.e J .. " se~tior. r. •empl!lllture et qui remonte 
l (.zi,rc:-:ent l ' t.!co..U·::r:~ent en se :i~·i -•·unt Vel'S 1 1ex i rE:ni tc • ..:cs ·enr. chocs sc rcncontrcnt et se l'888elllblent 
: our fa= e :- un S'~ul ·::;jc !'l u intPns~ l P choc exte me. 

I 
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l.oraiue I'lnci'jKMci' orott le choc .le tOto HC iaplase vnnt I'HVIU  tiir.JlM quo 1c clioc hrrii r«, ae  I'^lfOo 
VT'   I'unoni cie oort'' que IBüT puli.t il'lwtor'njetiaii i''.- ritp^eoaiw lie 1» necUon d'ftr;: lui.iuro el gu" In 
I'nio'.ioi. i\v l'idlä ir'-i'Ti'i1:!'• par lo ui.oe nxti-nie (lu/jnuiitf, Oevi enl tr',r Imiiurtm.l uar, ii eaufm cto son 
il.ipuiilö, If cnoc ox'-enie proiull LUI J^coli'1:!! ill dn 1''conirfijiviit qui «'■'■ttT.-l #?n g(5i.<Vr'i .JJJUJU'IIU ion' 
ue I'latc (oiui a el d Je lu ll'-ur*), Aiuii lora ;. ■ I'lUuie   i'limi ionc" MUIJII"I.'.<-, In  rv^ioi. d'/coiilr wnt 
di'OOllHC ilerriorf le oi.oc exterr.p a't.'d-elle pro/Tearivr-auot   i<- !'■ atr'nilc Vfr" I'.'iipliu.tu."" lie 
I'-iiin, tour io^ Rii.':if.' d'lnoi'iuTiOe encore [JIUH ijJevi'jH 1» \itm" m- d'-collpraont s'AVjiCf* jurtiu'au fcord 
d'nttoque {can b Je lu l'l'»ure) et In r^i'iot, äimliA umJ ii a'anwiiaer on uji touri.illon. ein! '.r. n irruidt 
InolJoiiCe IMoouXyffiwnt eal  uümtl^Lpaonl dJcolI ' et or^miin.- e« uii tour'jllloii qul part   if l'apix Je l'»iil'»« 

c) Pour len aile;. ii I'ort«» fl-'cho h i.orj J'Httui'.n idi'j t:ß®e (i fitiilr tr.ci'jf-r.c*', I'-'-couloii.-.Tt a-'rollo 'i'-ü 
le uord dfüttu;ue tt a'euroui-   ] jur i'otT<'r ur. to .n-illor. h l'ftvul üUfiU'1  11 >  b rrcoll»-3ieflt. le ■i-.'-colio» 
mert ent otüule et nior: or^-iiii. ■- jui'iu'ii c*:-   iuo, ii der inci ^Ti.-fj.- tröi   .'levf^ le tj.rLilLor ''elate 
au r.iveuu Je l'ail». 

4 - iaj AU-i.c.'-' i:,^'rA.ij!::j>i^~ - 

Jmpte tenu Je ah cosiploxitö, le j-o-l^m; ;u uafletii.,- u loiifT-oapn i»ti' >.u ;ii' J'UHB r-'/oi. .io;,iJ,o. 
D'U-llouro trio aouvor.t oi. CJO liaittiit & sun.otöi'taci' le:   olrcoi.ainr.eo^ ae :;or. nf; ■irl'.io:., Ii >    oi. ic 
salt k cello uea d<J-collcmeut3a 

Actii'.llomnnt pour oonoevoir «ec machine!! opliBiateii ayant Jea f^rfo.Tiraieen auu: ces'e rji'-lion/ea, 
on aouhnlto aller plu:- Isit. ct ftrn <Kip:;Ule Jo ) r''voir I'lntnr.nlt.'    du uuii'etit.;- qui peut ■" ! ro .ui rr- uv<-c 
une cont'i "urati^n ,jom.-e« rour eel1! tl fakl pouvoir utiliser If«-, mo!*!*'.'! sopiäßti u^s   lu au ;-olr.t pDur 
i''crirc la JjTiaaii .ur:   io.  n.i-actun;:: ut   IOI.C coii:.aJtrp ce qui ent h 1 *oriL'3.nc -^ne du tmfl'etln^  l»r. 
I'luetuatlomi de pro/sior  !Ui.   l,','souleESi.t. 

Ce pro'alfeaa qui  iu.a a', ^[it-ruiitv' eat oana joute I'ur.  iRr. plu.-  oonpliqu?s qu'or: ■ jis::« in^-ii.wr 
on a^ro^ynosiiquc n'a r.!-ellt'mnnt '5tv qu'fcbo:*^    juaq'-'a pr-'arnt,   >?pon'j^.t Im ru (n:;rf.'*x travuux en coura 
BCtuelleaßt.t sur le rujet de'.T  iTit JaiU!   .i. proche avnir an^lioror ie r's;or. nenni.lo 1^ cor-pr'5i:oraijn dea 
phönonenes. 

4«1 - fluctuaf-^r..-- Je rreeniofi   laiuj leg ^ucNes liait^r - 

;ilen que d'un nivoau tri-a f!.K.ii' vi.'-it-vis doa fluctuation::   1« prer: ion i>rovo .uar.t le    iuf:'e'ir.ft 
lea fluotuatiotis Je pros.dci. amjs Ivs* ooi.onpn limi'.e;- .vor.t inl''iwr!'-.n,.e:   '• •'••.■: :i»>r conrje point  '0 ooatr-'tJ.Ton 
avec celle.': qui r.e prO'j'jir:cr.t  i:*:.;: I*-:   iecolleaer.tr ; p'^r aillourn eilen ror.t la caur:e d'uiie uoif-n jartio 
du bruit a-Jro-yi.a3iique er.,r'f-ir' j or I'vcoulx^aenti Pour len caract ^-rlerr on a l'hntjttuöc   l*u'ili3er I 

- leur nimr ef.'ionoe   \fßt =  ^p   f pldt 

- leur ripeotrf de puio.rj.ee   G(T) qui eat la trai.:-;oroeo   to Fourier oe 1(. fonotiur. J'auto-corr. latioi    R'J) 

R(r) = X f p(t; p (t*r} dt 
'       0    ' 

v y0 Af-»0    üf T   J0 

- lea corrölatlona npatio-tuirij orelL?« qui pnrmit^W-t Je ju.^r ue la con-'-ronce ae-  t'iuctua'iono en 
livers pjif.ts de la nurface  I 

R t*,y,T) = if p(»,0 . fiy.t'Z) dt 
T 

liBS'."' le cai: cea couchea lindto." non J',coll''ca 1P;" r'./ul'at.* do r.rov'nancea diveraea rn.TnmLl'«    par 
C.i', Coe et W.J. Ohyu ^6J raortrent que la val"Ur efticac   Jer, fluctii: tiono eat rroportionnrll-' h la 
preaaion dynair.lque de 1'«Seoul'jmr.nt cxt'rli-ur" <ie .:> rU- -ue    vß'/ C a,     r.'eat prati rueinei.t ;'onc-ior. quo 
du nonicre de .'lach (figviro 9)« 

lUVt Lowaon L7] avnit propon.' une loi Vp'/'J = O.OMS / (l  + 0,1-; .'•: ) pour repr^BTter eette 
d<'-pendance mals lea ni<iul'.ats obtenua b H = ? ot 5,5 ä Aaea InvnliJent oette roprjaentatlor. pour dea nonrrea 
de Mach aupörleus-a it5., 

II eat h remarquer que lea tnr.tativea pour i^dier Kp^ ä une KTnnJeur caract.'rinti ur dc l^'tat ric 
la couohe Unite h I'endroit de la »«afc (le frotymont Je paroi Tß par exrp.ple) coniui ent h une corre- 
lation plut8t moins aatial'ijaante ':'■:; r'.-'ilthta L7i. 

Len spectre:: J^'ner^e (^ui inJiquerit coment l^'ner'.'ie Je:; fluctun: iurir- eat röpartie ruivai.L la 
raar.e dea fr^quencoa .;ont corr.'lü1 on terr.e Je ROniürea de «trouktl c'^st-H-dire en conaldr-rant lea 
fr^quorcer- et lea der. it-'r: apectnle? r'uuj t^-a  ft/ir   et    Gu/q*? »   V, •£  el    q   "ft^it respec'-ive:nent une 
viteaao, une lor^ueur ot une pre'^ -ion cnructi-riatique ue röfüf-nce» 



l'our les couches lic.ites il . t commoce d 1utiliser 1 1 ·p J.s~c r ·e l · c.::>nche l ici t e , l vit es ::e e t 
l n pt\!S " iO~, · vn.ctri. ·~· e li 1 1 ex t ~,.:ri le' 000:.3<:' ~1 ~:1entll .! r~<:UC ' i on . 

Lu fiGUre 10 cxt r t.i t e de • 6 onne un t·J .. ul t a t t ypi . u~ o 
!'pcc tre v 1 s !l:l c f r : .ucn~~ - e r or c , .<le l a f'or.nW. pt'O or 

b ;_-:t :·~ " ·c!"l r- l.l m 
''r t: . • L w::?r L 7 J 

s corr 'l e.tioru:; s tiW.P e. lo · t .S s par 1-:. r.: • .:lUl l _<. J ;;our- fo . ~· no~·li ~ 

R (JI , • f ,T) / R ( x, x, o) 

sont f r •.'sen t..ies . i -u re 11. i'!ll c!i: :not . rPr.t 
c i.u:u e t isotrope. 

1 LU VOis i n&~ i !Di!.i . .... r i . ~ 

Les corr; l :.t i o :;. ·t.io-t •' !!li>O:' llcs or!'e:-r.o Jw: i< r~ :."r l · ce::Jnn !" ,.1 
: oUJOl.. ~x:r · t~ ·e L J mett~nt en ·v1. nee "i . ~ro:os 12 e :. , - , l' <' Xl!: ~ f't . • , r' 
1 ;o:.-€ remez•;. Va:"i ~ ~l •: · V C l a :: t w:C t '< i. tC: lci V' :0::: IJ 0 f 25 Ua:> 

( "( ' d' • ) l e 

, s~ ..s .:. 1 ' -:~.'t ~ :.,.. r.t 
vj t~ .· ~ .. "'· \J - • ...... ;;t • • · o. 

Des ~tudes !"\Jr. .• a:ter.t W.cs ont C ' n rr'p~·i sC's ~u:- c ... """.O :! l ~ :- r· ~ : t iV' '!,I·':1 :;i~!'l ., nr ~coW -:-:-: ~1: 
~idiceneionnels ; ~bfi ou e r~vol · t ion . 

C. : .~ e t ll.J . ~<lhr.S l e out a 1 a rrive !" U W l ru~tho ~ e ct!l t;ul e - v i rr·~":: ion::t Ce .n.roi P. 
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presence e d 'col lemenl. Clllt 'tuai ' de f~on bpr rof on ie en s u . ersonioue l e:; fl tot · c: ' x•:. · rw l os • .o:!coll.!mcnt ::: 
en a::1011t e n~he!: asoenaMLe .e fo~s <tiverses . Les r ,; .. uJ.ta :1 des ::cau),':J ef "9c u ~op our 'l "S con:"i ' '\.tr­
tions de r :volution OU en ecouJ.eoer.t ! l an rr.:!:en~·1S !'i .--w•e 1-l !:!O!lt r. t 1 e los ni ~ W: ·c :·l ·, :~c ~ i <J! .S - O! ot 

t :-es 'levJs s pvciele:ncnt au vois ir.:;et> :t'-. poi:n e d~coll c:~en t ~>t ue rc.coll ~mont c~ ' il s :.• ' vol ucnt pru:: 
de fa~on s ensi ol e avec le C:l::lbre e hac;: ntre 10 7 c t ; , :;. Lc~ s ;,ec t :· ·s corrc>poz: t: .r.~ ::.lU m~::: . s cor.fi c."Uru: i .-;: ·1 
r<l~uits COlliDe pr cccdemer:t pour les couoncs l i::U. t c , se regroupen t de :'~on t rb oa i oft<i :: · _ :e , :.. <: ci:lle:!!Cnt 
ve rs les l&autcs f r .iqucnoes L fieure 15 J. 

L'anal;;se cetnill ..ie de l'ef et 'u nombre de ::n<'h f;ur cc~ , . • ectl'c:: i n'li 'ltlt' ur.n u ' c :-oh · .. w:cf' cie l a 
den.site ::pect r<-...le lorsque l e r.~nore de ..lach croft pour le f r i.-<J u<>r.cen r : " uite~ i nf.:rieur9 .• 1. v,3 qt une 
aw;:ter•i aticn pour le~ frc'!ucnceo sup.;rica:-es • 

.r.:nfi!'l en !.tt U :cant l u c.; t hoae ·':! :.: aoir. res cnrrt~s G.:·. t:oe ei .,h. ~IYU • 6 monti"'Jm, 1u'il e:~t . or:!' i l)l e 
d 1 & ·ooter ~.e formule e dt:-c!'Oiss nnce xronent ielle pour re. r -\cc •. t -· · 1 ' •\volutio cpe i ale dnc cit?r.~itvc ' !X"C­
tr:Ue~ orois.;es Oft qui leur pe!'lllet d0e T.prilner :::ous f omc 1111alytique lef: cnrnct •i:-i .. t i u~s ciu c. U."l:C e r~~ i o'l 
i r.stationnai "eo 

D. G. 1-labey 9] li ' t uJ i • les fl ucl:U:< ~ ions dnn:- le~ r ulbes 'i 'l Mcollc~:~Cr . t . -1'lS ce on~ ni l e p i. t ::a 
deooE ot:tent ni l e point rle recol l eo ' r.t n!' .:;,nt fixes et pro- connc·CluE'nt l ~;o jlO!':i t i or. ::rbP :lu o..l "l (':> t 

s usceptible t:P. fl uc tuer • .;o::~pt c te z.u ie 1 1 al.lu ro 1i~::te ocs oo r bel' cie reco:::prc:::: i ot. il en r ,:s ·l tl' une 
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s oit po:: i lors ue lc no:t re ' inf-:>nnu~ion c pet it o , r :voit 'nf ruleacnt un enr<1{;is trement 
analoci~ue es UJ: 0 ce qui pE' lT.I:! t ult ,; r L u: !:('nt : 'e!' fec uc r tou ~ l es O:pouillc!!lento souhnitc:~ . A ce s tecie 
l e principal p:-obl~ se s itue nu nivee~ de l o d :rinition ~e 1 . s t . ctw-e e l t. , · quette. 

ess "or e s 
naints :.om d ~ 

la 

c . 
i cnts :e ~ res ' J.Cr po=i i f • 
!'"OVO UC d~ "' rPCcr.~p :"eS ic :--~.. t .. "... 

e s avoir Ct.ll3 

t i..!'s tle ce ~ i s e 

ou.r 

. : 1m.: v a t ~r. 'rcl.e . •'nr1t8t il ne s~:mole pus 
cs mo-i fic~otiono : c l ,,l e au !iv ;.,.t.. du 

1110dl.fie c f o90:1 : !"ts nct t c l a r •:ponse s truc:u­
.u'iln ont rc :ro v.; ·,n:J l e !: spectres en rec."i.::e 

Coo. te tcnu de l'i::~. or .e de ce probl.cmc de 
evrni nt , er:Dettre dens ur. r roche ov nir e trancher 

li ;:J 1.. noritio . et h U d•iv lop :nent SUl' l e s 
oont 1 s i e" de remous .ui pre. ui:~ent 

"P. nrais:-~nt sous l' nc t i on es gra­
i ::1port ·.L ri · ~r l r- !" ~ ~n t r !1!! !'0 - ul~ ~ui 

' il ('\n r. .re . 

ont w.n i nt.en::it - e 10 a 100 foi o s upt: rieu.re a 
h t tach; s. l.a r .;vicl on p·.r l <! c ct.l 'e 1' i nt ou: i t 
p~a:: . i n:- ins -i or.r:t>j rc~ ce oui est ton nrobl.bme e:rtrf­
L· voie oui .. -ie actu:Jllecent con::- i !l t a t:val.U!'r }(OS 

-::n1:-ant. Le pro•l eme •ui se po-:e nlors est celui 
e!""fec , .. ut ts c01.,U'"!; f l'9' ~ cxp,)ri er c·.,s R .L!' mn .uet t e3 sont repz-."senta-



1) - ~~. • • I 
de,yacd t he our:· t ~oun nry. 
J. ' t'Onaut i cul. Jou.-r.t..l :;• 748 1 .. pril 73. 

2 J - .-.::!:.'ctY t J.. ::. ll1l • OL ::rt, 11 . d . 1 
lnve~tit,':IL ion of aero j-ru.u:dc .mal;;:> i s . ro l c:=> in transonic manewe,... · 
uou :lcrs Jy i.J l.!o .'t t :-ill..: - J 526~1 Vol. 1 1 e t . 71. 

~ "':.-r, r. . ;: . ; 
- o::w eff ct :: a t s! oc .: !lll. r<>:JJ' s pr.ru i n of turbulent bo!.lll a.!'Y 1nyers in trlll'l onic flow 
p ~ t rofoils • 
.. ~ 1: :;o 10b, 59. 

~ J - i ·~ , ~ •. • I 
- o:nc :.o t s on t i.c c : :::1 . .!:lie prou1c::­
... 'ec: . :.o:n • A ro . 1£: : ; ?e~ru.ar:l 71 • 

·oci u c ;ri t !l !.e phen0111enon o f buf eting 1 

I 5 ~ - :t J :.. · • ::: • . : • .,. . ~ .... - - . I . : .• I 
AI. i..t:-o uc:ion o t r.\l :10>1 aoo ! l t<J .e ::;w(' t - t,ack t.; i rJ~ at t r •. n;;Jnic s peeds 1 
·o ::-r.&l o:' • .. •' . o:; , i.e :-o::cu ic-u • oc •t •·, rot. 64 1 Au_ t b • 

.; :::, .::. F. ; :~ , 'Ji . J . I 
F :·c:; -e - t l uct ution · :: 
' ;:. c. rr:or.ic 1. .u· :~1&let. t t.o.m 
Ar;;,.~,_ ~ .;z- i 1 ·· pt . 7 • 

1 J - Lo.; .... c:.. H • .l. 

N ~.J rP~:o ~c o~ 

h:~· l e:;ers ; 

i :.iic :. i :! 0 . CO .,.!'.;~ l r~·c r :' I'C!:iSU!"'"' f l C ttA~: ~ions 

.r'iL.·. ;..;..,o . .;. . o~.- w a. =·~ - rrt - 161 . 

Bj 3ULL , 1-l.K. I 

separate d 

'.-l.il -p!'e ."~ <l! ~l..1c :.l.i 1 r- ~: - ··oc i •d wi t:l su ~·onic •Jr:n.l . t · oundary 1 yer flow 1 
J . n ui s i·.oc. ani :~ , v 1. 2 • .;.a.-t. 4, P .• 719 - 7 l ; '·c c 7. 

- nA.....t.Y • J o ; . I 
t'~.; ·:!'-: : 1 t c : un i onr c •,u:: 'J • y , . ., .. ~or · : d ou ~1e flOli:J at s ubs o1ic speeds 1 
~ ... 711 60 I ._'U(_'"US t 71 . 

~ 1 - ,.:o: :::~.,_lr .. , • a.r.rt ~~ 1: , .. · • a 
.i:m:a..is e · u.:" •• t i d 'un:: :..UP er. n i.•cr,e en t rtllls-ol i ~ e 1 
10' !!I<! coll o ·11e 1 a•~ t'O:lj'rl....:li ~ n "PPli-: u.'-e de l o MA:' 1 !lover.~bre 1973 (to oe published in the 
"af:ro:.;,.u:in~e ') :... tror.· 11<:1.que" Joun.al) . 



4-10 

C^chvll»»  lraMv«r»al*»   dilat*«»] 

?i.-^.-f I - dvolu'.ijr.    - r.roül 4« coucn-- li lt.   Ions du iivO0U"i»r,t. 

SEPARATION 

if    ^ P0INT t» 
REATTACHMENT 

 POINT' 

FIXED 

FIXED 

WJ ^=* 

o 

FREE 

*t»^»>>*»}m>» 

">}}}}}}}}>»} 

FREE 

.■ii^i"« i - i/i.-ii'r.rit^ typcc do nonos dooollJes, 

P/Pj        NACA 0012   PROFILE     e» WOmm 
i |      i      ■      '      i      .      i 

U7J      ■•i-rure 3 - H'rnrt,iM.-,n de preanlon nur ur 
J5J2 Proru i incidor.ce nulle. 

a»J 

0407 

0     01    at    01   0«   0.J    04    07   01    o»    to 



LtMNNO ID« LMfNMM MMMATION MJMLC 

4 II 

NO MMMTION 

NO MMMTWN 

c     s 
SHOCK INOUCeO TUNKM.ENT 

UMMATION MtoX 

.UL 

SHOCK INOUCEO SCnUMTION 
gUBSLt WITH SuaSCOOENT SEPM«TK>N 

COMINEO EFFECTS 

NMLL UMKtnON MMll 
HAVHM NO IFFICT «T TNI 
TMICHM COM 

l^^/fiS^NE^&Ut. 
MT «VIM «N «FMtCIMlV 
TMCKtd «MKt 

•UMLf »Tf NOHM KTONO THC 
TMH.HM COW   MOCK HOVtt 
AFT 

-SHOCK CONTINUM TO 
MOVt «FT 

UfffKIUIIFMC 

LOVftN "■*■ 
**®:t       MM1*9 

1 
0 l/c l 0 

NOTI    THE OWMMTt OF MltMMf TO« THE LOWtR SUKFKf IS * 
UINKOK IMME OF THAT FOK THE Ufttn IUKf«Ct. 

•10 

■ NOKMUMTIOM ^J» 

NO KFAIMTION 
SHOCK MOVES «FT 

a   «^F 

UPFEN SUKFKE 
-"\    SUCCESSIVE 

.■F'-'XY FOSITWHSOF     ,. . 

'        .,-i^n«l»KE 
»I 

SMALL UFMATION IMOLE 
mum NO EFFECT «T THC 
TM11NG  tOOE 

LMOCR IMOLC CLOSCD 
UPSTNCMl OF THC TNMLIN« COW 
NT OWNS »N KPMKCIMLY 
TMCKCN IMKE 

MMLC CXTCNOIN« iCYOND THE 
TMILM« EOSC SHOCK MOVES 
FOWMKO 

SHOCK MOVES FtRTHCK 
romawo 

LEA0IN« COSE SEMMTION 

K"     Ufftn SURFACE 

(^ TMILIM 
(F     LOWER      IB•* 
f     SURFACE       t 

0 l/E 1.0 

:-L -■.•■'   I   - Ar   r.rj'.i 
y.l'.ll I 

12 

11 

1.0 . 

0.« . 

W* 

t-. 

Re 12 .24 . 5 6 i 10* 

\    \     R..0 98.10* 

-*-^ ^^£i!K^C.  0 27.10* 
vft Y 

^=0'    Moos 0.865 ^!*^ 

02 04 06 

■'i -n-c 7 - 3f;>t   .«^T 
in np^.o!.:.' 

x/c 
OS 

!••. rY-.r-Mticr. 



4-12 

irncT or HKPfiN IMOIM 

IM» t* 
I «MIMU I ( KMUlWitt MM T# 
i «ten om* IMI» « «tr 

•»»«»•lid M'«*!« 
ut T« wrt tiau 

|/»'t 
IfflC? QT TAP» 0« Lt |i«0UL*)TT 

^ 

k"   ,<s/r 
^ 

VWTIX IYITCMI 
UM«i UM HMM'IH 

IT) ftp vo*fCl MMUTMN 
wi nar in« vemii HMUTIW 

V. 
MCMWIW • 
MO«««««, 
iwti« 11 uawt 
«CMMM 11 Mil» 

-^ 

iM'OKt uiwrn v«in|i 

Vx        V ^ 

KCWmM IMI» 
MCVCMMia 

asM*H mtttm HUMUT 

tf rut e» IIMMW« MM or «»IK« 

IT'IC P mtMMO» wen «MMH 

ri»       UNMTCQ ^ 
«HOC« '10» 

i"Ut v ri.ttiram IN« M 
WH«« IMOC« MS HMUTiff. 

-.-..;•.  t  -i'^.-lr 1« ;JOJ. -^.i   a.- 1 •" 'il- 

.00« 

^ 

.004 

.002 ■ 

O U* AMCS-TUNNEL WALL (II til 
U* AMES-TUNNEL  WALL  (9« 7 ft AND S<7tll 
13 WILLMARTH AND ROOS-TUNNEL WALL 
II BULL-TUNNEL WALL 
I« BELCMER-FLIGMT DATA 
U* XB-TO-FLIGHT DATA 

•UNPUBLISHED 

a 

8o o ko   o 
1 O^G 

2 

IO-'E- 

10" 

■x9 

äio-» 

to-« 

ATTACHED   FLOW 

M-,-2.0 

D, rn 8.m 
o .254 .0152 
a CO      .1041 

_t (Q-7 1—i i i mill—i  i 11111J—i  i i iiiiü i ■ ' uwl  

4 10"* iO"5 K)"2 ID'1 1.0 
fB/U., 

10 

'1 uro 5 - ?ij,™r 'I'Tii-o      ':■  .'Xua', iavi:: . ii;'o  1C -   .■■o 

!■  Ill 'V.r.      '•], 



411 

I J 

-   i \ 

¥' 

*  «■     -«tfi- 

i'    ;■   .1 

^ 



414 

a-m    t'tO"   h>.IOMm 

D.m h.m h/t0 

o   Oil 0102 2.9 
v .2M 0254 1.6 
a   2M OSOB JT 

t.\     * .2M .0767 5.1 
• 2032 2.0 

A *» 
1 »    1.7 

MIXED FLOW 
PANEL  LOCATION 

SEPARATED FLOW 
PANEL LOCATION 

r i-.irt V. - H'partitiono i«:-. preajioic 

oi'iicnecj -ie:: fluetaatiana d«. 
npe:",.ior.   J-JI.; Ic d'-OOU'jr.or.l 
en :iocn-- 'io -.•JTT'.M nceor.j'u.'-fn 

>'1.7irc lb - .-poct.-^r:  ior; nuotsa'-ionr do 
pmc. ion 'i-x-i 1c ci''collf.'af;n'. on 
ncOR*.   :c tt".ror,«a ar.ci nd-mtcu    •!] 

10-J, 

10"'t 

•o ' 

fa        I 
o 

f 

-T ' — 
4 S 1 

xl/h 

SEPARATED  FLO* 

li«'2.0 

%c, 

D.m 8 h,m J.tn 

• .254 SO .050« .0302 
• .254 30 .0762 .0414 
t .254 45 .0254 .0234 
• .254 45 .0508 .0264 
i .254 45 .0762 .0364 
• a 45 .2032 .2134 
• .254 »0 .0506 .0373 
« .254 90 .0762 .040» 

V 
\ 

CONtTkNT »DdtuHI 
»MEM   L»»t» 

•icovm 

10"* 
IO'« n-3 

f8/U 
i.O 10 

«tt>O«0 AND 
HAUCMAM» 

••.a 

MMMBMB 



S~ART 

ADCIUP'l' DYRA'-lC ISSPORSI ASSOCUTBD 111'1!1 
PLUC'l'UA'l'l!lG ~ PULDS 

by 

J. G. Jonea 
Royal lircruft !s tablialu:ent 

!Iedford, !n&land 

S-1 

An iEpOrtant f cn tu . c f sepura t~ t flow fielis is heir char cteris tic wnsteadi ness. ?.bia lecture 
is muialy concerned wi th t he interac t ! nn b•twe n such fluctuatinG flow fields aul the ~vnaldc respons e of 
U:e aircraft stn.~c ture gencr _l y known as b!Affeting. A b ·1si c fc:~ture of the 4yna&ical unaly:~ls of 
buN'e t i!'V ill he cl c::cd- Joc•· l. ntc r "lc t ! on b e tween the rluctl£utin,: flui d motion and the :r:ot ion of" the wing 
surf"lce. - "!'he r roble:t• of f~r=lu tin.; an appro, r late theoretical moiel tor atructl£r<tl buf fetin(j is 
dis cussed , toget:e r rlth t he an"ll ocous situa t i on involving respona i n rigii-bo~ codes, i ncludinG the 
oscillatory _,~ion kno. n a!l wint;- rock.ir.;J . 

In illust r a tion, buff ti:l ~ mea~u1·e::ents obt·•i ne4 frol!l tli~t t es ta of a col!lba t airc raft are 
pre~en~ed . These i llustr1 te the co~plexi ty of t he s tructural responae in t erss or a wide ranee of vibra­
t !on modes. The modal cont<?n t \' nries bo t h tri th position over the aircraft and with degree of J)f'netration 
bey onl bld"tet ons et. 

Other tlittlt-test l"..ensurecen t s ill us tra t e the characteristics or un3 tead.:f pressure fields on a 
buffeting wing. 

ln the ca s e or airc:~ft ri u~d-boiy mo tions, the possibili~ ia dia cuaaed of r el tins those unate~ 
characteristic:~ "'hich adnr sel y i nfluence han llinc qu·,litte s ancl tNcklng ability to <JYantita tive para­
eotera in an analytical model. 

1 • Im'RCDUC1'lC!: 

Pre\'ious lectures in thia seri es have 1iacu:;sed the fluid mechm i cs of aircraft stall. ln thia 
lecture :;e ahall be conce:'IU!i .. ith t he l!'..anner i n which the charac t er is ti c unateaiineas of separated tlow 
intcr~c ts with the dynamic properties of t ht> drcr'll't to produce tluctua till£ reapon:~e in both atructlll'al 
and rigid-body mo4ea. 

Over t he pnst few years, probler.s of butteti111 behaviour and handlillf; characteriati~a at hip lift 
have r t>ceive3 i ncreased at~cntion, particularly in the oontezt of manoeuvrabili~ of combat aircraft. All 
a consequence of t he occurrence ot r agiona of aeparate4 now on the wing, the higb-e pertonance ot a 
co ~llat aircraft mv be lioited either by vibration (butfetinc), mainly aaaoclahd with struotural nen• 
bility, or by l!egl'!liation in h3Zldling characteristics. Ph811011811a in thia l&tter cateeoey incllllle 
' wir.go-rock~ ne•, 'wine-dropping' anil •nose-slice'. Por ezaq>l!' 0 Pig.1 illuatntes a typical penetration 
to hich nomal force coefficient C!f ot :. fi~ter aircraft, auch aa aigtlt occur during a 'h1gb-g' tum. 
'l'wo t;ypes o!' oaci~latot)' reaponse are apparent. One h in the tlltered wing-tip acceleration trace, 
predomi nantly at the frequency (of order 10 Ha) of the tirat ayllll!:etric wine-beDding ao4e and knom u 
buffeting. '!'he other h pri a.~rll,;r in the roll-rate trace0 at a frequency ot sbout 1 Ha, in a rigid•bocl.Y 
tluotuatin;; motion uaually referred to u dng-rockin&. !!oth typea ot re:~pon .. , one in a structural and 
the other i n a ri~i~·body ~de, are aaacciated r. ith unsteady separated now condition~ above the wine. 
As aircrntt spee., 1:: 1ncreasett from subsonic into the tJ'IUl.IOIIic l'll~e, the angle ot attack at whioh these 
unt!esirable featllres occur tends to decrease; in.leed, at transonic apeeda atenl!y cond i tions may not edat 
even in the cas'! ot fli.eh~ at 1 e; (straie;bt ani level 1n the Man). Since such forma of fluctua ting 
~.ction cle ~ rl.i' have an at!verse effect on the manoeuvre cnpability ot high perfol'llllllloe aircraft, it is of 
erent practic 1 interest to be able to underatalld and prellct these charecteriatica. 

:i i ::toric·ul,;r, work on buffeting da tes back to tlle iavestigation of an accident in 1930 which led to 
wi ni -tunnel te :~ t.i n - of tail vibr~tion a t high ~ftllea ot attack due to im~ersion in the separa ted atall~d­
dn!; tlc"• Originall,y the PIC, rus ion 'buffeting' was applied to such tail vibrations, and e arly work 
concentra ted on \'.'ha t v.-e now call 'tail buffeting'. Subaequentl,y, interest shltW to the excitation of 
the rlng itaelf by t he fluctua ting s t nllei fl o01 above 1 ~, and this is what i.s currently r:;eant by the terti 
'b~~~tinJ'• ~ore recently, in the Gontcxt or manoeuvres ot combat aircraft at high subsonic epeel!s, 
buffetin~ 'lssociste.J w1 t h s hock-ln<!uced a epara~!.ons has beco:re ot pri:rary ilr:port!Ulce. A r ela ted problem, 
r:al nlj' o!lssoc.lr. t e i with :-rork on hi ::h ! erfor;;:mce co:-.presoor and helicopter bl:Jder. , is the oacillator,y 1110t1 on 
!' 11. st~llcd wine tn such a "''Y tho.~ t he na t :,1re of the flow sepa r.-.1 tion cUtfera &t different ins t •.nts i n the 

c:;cl e , po: sibly s d t ching fro ::. a t tached to r.ej>!lntei tlow or troll a leading-edge to a tr11ilint:;-cd!;e stall. 
!his phenom~non, kno~n as s tall-flu ~t~r, is uaually associated with a marked tors i onal (pitchinc) wing 
r:o t inn. -:'h e nrnn: t y be t "'e" n buf :'lltlne ~tnd atall-tlutter baa been diacuased by Pune1 who poin•.ed out th'l t 
there = y be sit.ua t b ns where i t i : ~lfl'icult to ~rake the dilltinction. 

;, b.:1sic fe "l tur" o!· such fluc t uating syateu h the interaction bet1recn the nui4 motion, involVing 
::cpar nte<t tl t·7: , an 'l t:.c n •. t !on of t ho will{; surface. ~e di:~tine-.. iah between t 1:o cases 0 iittering i n t he 
natu:·c n~ this i n;craction. Thn first we r ef<tr t o aa a p();t~ VISil!.1'1Cl!'f. '!'his consists of an irregular 
rm'iom !l:o~i on i n ?:hi ch • turbulent' . .rec::ure ~uctuationa :·:hich are independent. or win .:; motion produce an 
M ::-odynadc d rivinG f orl!e , ti.e consc1uent mot j on '>f' the 7:ine producir:g an acl<!H ioMl, additive, 80tion­
depenient r~= ~u::-e ficli. ~e n;~ro~ria t~ analytical model in tbia caae is 'non-autonomoua•, involving a 
r~nJo: forcin; te~. ex~l 3citly e x rc~~ibla as a fUnction of tir.e. ~e theoretical •odel 4eacr1b1n& the 
~::!nc r:oti "n, f o r a rr~ scri':;ed r ·,riio:r force o .. elfCita tion, m y often tnlce the ton=~ ot line11r equa tit-ns. 
~·o\".'., "rer, r:on1 j r:P.:~M t y pl :..:~ :. sm es:;entinl role in ..n o•1erall view of' the :Ji tuation a !l 1 t doll'i nates the 
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process or ener;'j' trnurer, r:ithin t.he a l rt'low, by whlch cnel'Q' h eJrtr~ctei froM the nta n flow M4 
channelled in~ the fluctu~ tion~ ~r th~ ~~~j~~~c ~rivins force. 

't'b01 seconi case r.e ref'~r t.o ae !l'~L:'I&.\.'1. ='l.Ul"!'o:R. Hel'l!l, DOr.-or-le :;s :-eculnr oecillOltions of a 
s t alle-! : in;.; occur. in which the ~i e-Y ry!n~ pn!ssurc field la ~ssentlnll:t 4eten:.lne4 by the paet hiator,r 
r ~he wine motion. "'he !lppro!'rhte ·mrtlyUc .1 mo1el ia ' •·u t ono1101.1a' and involYes no aieniticut tel'll8 

ex;:>lic' tl:; eJCilres se,. as ~ctinns of tiE. ~i s ty!)C of eotion is also known 'ill n lilllit-cycle. ud a 
non-1 ine:1r 1.11nlyt!c:tl !~ct1el . !s ess ~nti t!l. It includes :;t:ll1 -flu .tor !lS a pnrUcular case. In contraat 
t o 'force~ vibr·• ti o:1 '• the nonEn .. ~ r r.• chllnhrt of nner;:.y tr:msfer from the IteM a idlow now inYOlves tU 
r:ot.!.c n !' th:l 1· !n.; lr. n H:.~ : o:-: to t !: un:steniy r:o tion of the air·. '!'he essential 4 iaUncUon bet\•e•n the 
t~~.J rh~n !:Crt~ ·~ ~!nt !.n ~!.~ fo!'!!e:- c~~ 1 \.~ mn.:; s ·.y t h·. t the :·c ing motion i:; 'forced' by the fluctuatinjS 
flC',. fiel:l, r: i:c :·~a :; in the l 'l ~'-"r -.se 'he jo nt lr.? t ion o!' wine; .. nl fl o-.. !'ield 'lriaea aa a .ut.ulll 
i:1 :.e r'\c ~"! on. 

In sor.c situ ti :m~ t!':c u, H t u:l e of wi n;; MC t!on ia •1 rclevnn~ p•l r qlLeter, 1110Uon of a:nall an-.pl ttul!e 
l e~v:n.- ~h2 ~u--t>u1cn~ fluc~<~:l :i cn ~ i-: ~i .~ s~,.:.. r·· ~ -. -! fl c M ~ "\··n o r to thos e U1 •t woul:! occ~r in the flow 
pllSt ~ rici:! r:!r.• but lea •!in · t~ ~n •t!'i~ 've , ::;o tl n-.lopenllent , : •l'CSSUI~ field. As the llr.Jplitu:ie or wine 
·•r' ti on ill ! ncre·. ~d 0 h .;eV·' r, t .. e ;>OS:ibi] i :;,· nCL !': o!' the ' rmtr1i n""!Cnt' or the l a &·eer-scale irregular 
fl o .: !'lw:tun t ions into n de~n: .:Jn~:.tic rel uti o,at.i p r: l t h : e win.; mot.l ..., n. ~is t;,ope of resonance is of 
c:l · r~ e ,.. ,. t 1il:cly i f t. ·' !'~; enc" ' !' \Yin.; m tic n :::trnuh:tl nu"b ') is clo~ ·J to eoce n ,t~r~ fre'}\Minc. or 

r~:.:l".: · ~ . orlUn.; i n t !:c sep·:r:~ te:! fl "•· · 

\ohil::'. l'. i ~ cu• 'o 'l:.rJ ~o ,.,, ·· r! ~: in;; $t ruct.-r1l b.J!'fet!n~; a~ an ne rodyn:t:de 11y forced Yibrntion , 
ln .•l.i·: ~. ·' ro rcin~; teM c '" l n :·rin:: ' pl,. be "bt~ ' ne. rror.: ~,.s ur<'::> nts on a ri .:ic wi0;; , r.orc bnaic 
r ::' ·-u·c h ~ r\ ...... : r cl •c. !c~c a·!.~n~ t : .~ l:ti ~ .-; :: f · p: ~l i _-;b il! t;,r or this nppro~c~. !vPr. in casos where the 
b~;f!'et i n,: ·:: in,; _:. , .,. "·a· cb :;c: · :·c :· r ~c ·! '\!: 1cro.ly!1 'l!:.:c •-lY f orce-!, the relation~hlp betr:een t.'le forces on 
~ !: = d:-.. ::~:.r .•. y-r<' ~;'C!'l!' .. ;_ •:1.! · :1-n ·! " " " ::eor:etric1lly •i r.il , . but r ij.1 :d_n ~ ill not necesnrUy strai G)lt.­
!'o:·c,1 . :! . In pnr~: :ul .. , '.:!.cro: i _ t he !•O:;sibll: ~;; t h1t. the !:lo ti on of t he '• ir~G m..'ty i ntcdere 1~1 th the non-
1 i ne ~ r ~ . ·nee ~:; bj· .. : ! cl: P :': :y:' : c ~J"1n:.f•· r ><'I tr:> :: th : r.enr. !'1 ~ tJ~e flu c~ua tinc fluid rotion an! thus 
::1o'!:r:' t r.e n •. ·: t: =~:c ~h n c •p ,·j .: · ic n !' ti: c ,,. : ·· -!yn1:r.:l c P.Xcitinc; force. '!'he cl ·,rifi ca tion of t1 ese 
~~ 1cr := -- !" con~i.cr " 'l :1r · ... .:c.l : · per·• .. nee !1 t h t •.h"".f •'lete :"r."ine the c·rcu::-.:; tnnc"s in t:h ch r!ci 
. : :. ! - ·.:u •.el c o:b: • . :: b t> ::sc-J >S ~ '.o b·tci •· r " t iru ~ ! C'n of tntensit;; or bu!'fet.in · o!' f".lll-sc .,le nirc :·aft • 

. ~n :l!l :t; o tic-...~ 1 ~'; la:: co::.:~ r:~· .;; .e c~~i c n o r 'l;pt·o ; ri :l~ e thaor~ t i c . l ::to ! ~l occ~rs in cor.nection wit."l 
·:::n!:;•!"t.. =,:ln-3 • S!'l oul~ f\ :. ~t t'"' r !' ::tc ~:,· :. ~·-rc -: ·.;. be rc r;"" r""'le1 ns C"ro~./!': . :-::!c:1 1 1· · ~or:ci c r in ~emn of 
li:::!:-c]: l-: .::c~1w~· ~ :l~ n!' , :l ~ ,·c ·1-1 co;- ny:.t. ,- ·::'.a :~ ~ .otlon r c1in:J bouniei ~.hro~_;i. •.he ac 1on of 
-_ -: .. l . t~ 1r--l e t.o n:~:. :. -'!O!'~li n -:: · .... !"orc~s':' I "1 ~:-:~ l ;t • t -.: r C l\ S ~ r uni!'ic.! ·:-e "! tment or \'' i ne,;-rock:nc :ill~ tle 
.! !... '" "r..:~n~ r:"' tL , :ls l:!'lo ~::. ; !j • .... .. -..t :-o;J .... i =\,;' 1 .1 'n:>:.'.'!-~ 1ic~ ' C."ly b o po:Jsiblt'! , the t!"istin:ti on st ri ~ in r: 
. r :: ·lr : J;· ·.-. ·.:111 :. ' .u t~-; •· ~ : . ·· ~r. · n} jr.~ ""· : · ) " ~l:·c e :J ,_ t, l~l·~ r~:--l!tu.:'P., !lt 'lb"i1i:::ins i.r tha ens~ n f wina­
r . clt:n · ~:1:. no in ' · . ~ o ~:,c:· c ,5es. ..\:1 : pc. • ., ~t nre ·! n1" C'J rr~nt ~·::> rY. is the d'!t "= rn r. tirn li f 
··;r :-v: r::. .~c c ::·· t·~.:c '. : rl : ~.:.c ~ tl. . ~ ,~. ~~ b ~ -i dnr. ~ if! t.: -! u:;:. t,; rtini-tunrel zr.oc!~ls to L . i :i c tr the o:1oet f.' 
·.:: r. c•:-o:!-:.i ::: 01' t!~ ~ f\:~1-= :: , J r:.: 3!~""cr· r~. "' .o -..j· : ~ ~ crl t nJ·t ·. a:c po:sible , nne b 'l:iC~ '"'" the 
~- e ~.r c .-:! n :"' " !lif"l:. f i c ·,n r ··r. -l"' n -,r.··-:~ ·/0-:·· :: co -yo:l ... !'lt ·n t;!te :tcro:!yn ~Jc to:-ces (or r-.ct::-P.r.ts) :1 n:1 t!:e 
c '.:lcr, b 1.s <? -l ~:" t :1~ ~ ·.: : c,, -p-on~nt ,· r ' h';! '1°:-- r~"!Jr. 'l-:i c f'o rce s , iniic :1 ~ in::; ., : th~r a lo rs of :!.r nar.rt c st. bility 
!"or s::~C.ll . .) rturb t i r:n.: :l~ u t. t r -;e r.~ :_"~-1 ~ r~ e .u: l l briurr er n' :~ t .:.nr., or ·: l o8s o!"' e z:..: i libriur: 1ue to 
a!lj"ttl!"C ~ry. t'n ~ t:x 'l-;p c , O!":C: - ,s:. t t•Xp~Ct t,::_ -. :lp ""'~ ' t r'!nWP nf f}Hctu .. ttir b r or ce r o:• r.M) ~C~ts o n C.. ri ;J: !ly• 
tt~ 1.. ~ t~:! \ .. in !- t.:;r. 1 r::l) -!~1 to corre1&~0 i n ::!ner ·s l -::: t:t ·1 ··r:.·u::. :1l tu :tt i0r~ ar. r ::. ;-·rl · t;oly r.:o-l f)ll:::!. ;t: an 
:L~ ro.-~yn o;_;. ~:: ·tll:· rc- :"'ce~ ·ri b~~i "n • C c n'\•"r::~"~ :j' • · .. c ni !;h~ t?xpcc ~ tha r.''!asuror:~ :: t. !' me nn aeroi:,rrvurdc forces 
th ·! t i n ! :.._ ·· tc ~. ""o.; s " f iyn - i c rt bili~;,.' or f'"!J i l~b:·.l'J- t ·' corrcl~ t. e w 'i ~h , ~""·n · :·t c ~ivarc-t?nce o r, under 
thn 'lc t.i - n f ' ' ~;> ro - :-i q te ;;r.- 1! ~ -1cpen:! ent f orc•!:: 0 :·::th fluctu ti · r.oti ">n -. !' t iae li:-ait-cy::l e, or ncn­
l i nc 1r fl ttnr 0 ~Y!>Co :!?wever. exce ;>ti cr.s t'> t hi :: nssoc h tlo!'l or onset c rit."Jl'! ll rli t!. types or dynami c 
::. :J ~ion C'" " occ;:r. ? - r iNitance 0 th~ 11 . :> ~ ·u·1 nc c c f r anlo!"1 fluc~u tin;: fore ;; ~ O"'l n ri ;~cllj-:r.Ol ... ntei :nodal 
:- :/ co rre:a~c 17ith a dyn:1::i c :!itu·.t.l '> n in w~.ich ~h~ fluc tuation:; ·n t(,e tlo;: fi ell b~cc.~.c ! e ~ ' rrr.in'!. :~tic .ll:t 
rcl :.td to ~: l.n..; r.oti c:: . l~ 'l~ l:.t; to n nl i ne·.r fl u tter. " · reo\'t>r 0 ~ 1s 1u' te partible f r· t.i•e t ;·:o t;rpes of 
c:-itro rion to be :-:l t.;.~ !' iel !l i : ul'.c.neCJ::;ly , !"luc ~u .: tin:; ·:c, ·odyn:. ::.i c f orces occurring in con '::nction ;·1ith 
~ry s t 1.b:1l~ -t .... g ::t· ngA • ·n •;!--.~ ; .... : :-. fore,.. or ~ooen.~ cu:·vc!!. 

rt Co :-!:Ion elc:--e , -;. nf t ::c bu~~et:r~ ...: ar: .! •-ti rl t:-1'1 -c~-: ln · ? eno: \:n~ d · zcu :. ::: e~ :! n --.: ~ pro\·i r :Js sect:i Pn i a 
t:1e intenl c t :r!'! b '!' t'::e•!l: ~~ :;: ; l.e ::.-!7 flui' · c• t i :1, tnvolv i n · " '~ ! a 1•·a t e.1 f l o::, ll 'l~ th ~ :-:o ti r· n 'l!' •.:1e ··d. n;;. 
In thi:1 sectlon we c] 'lrif:· t :.e ·"Y"- on ·.:h: c h :1 ra llc-:·, tic 1 fo;·:.n;l'ltirn • f t.he~e 1;1 l rul ·: teJ phenomenn rray 
be r.:1:le. 

·;: ~ be ·l n 'hy con;i t!'lrln · · r.e i r:!l~ .. ncc (. f t:;/J-¥ '1r jr! n ( bnuni '1 r.l cnrl 1t ir.:ns , ~: -l i ed ·t t tho surfnce 
o~ e r; .!.n : , upnr., t~c:·, t;· ,, ., .: .. rl~ .. ~L::~ ·l. - c 1:;e;· c =- n be di .; ',i n :~ i c ::c '!: 

(a ) R :-:!"- flo .. fie1 •1 

Subst~ti'll1~, .!i.ff'!r~n'.. !""1"' .. +... .:.~ ·~ !tl ... tor:.c:' ~ol. o .. f'ror- no-r.: nnll:~· "~ent lc: ·:.l re .ll icJ t !o!l5 of th3 
b un] ~l r'.J CO!"l1 : t i'1!'t0:e :r.:u .. , C:O!"!'e s . O ... :in' ti'J ·:·; •ft b~u n -: l'":J C::Jrd " 'ti f) !'l~ t th~!! 'C '=!riWt.!! a who l e r :tM_: ly of 
cor:;:~ • .. :ble flr ., r:cll:; . :.~ ·..tnt~tu tl\t1! .. ~: 1 ~ · :._ 1:; :: ~.-,n ce t· .. e: l ,· : tJ. ~t:~ t.: :; ~i c .. l zj 'O:.,.,:.•tle.: , ~~ch ns ne.<tns 
ttr.a correl -:.. tio. s, nf :ate!: ;· f' 1 :l l j· . 

(ll) Dr.ten:..lnt s •.:c !'lo.; f .i e1 d 

':'be !'lo• !'laJJ ::. ·•r;; !n~ t;Jl'. 1e,.!!n is un! iud:; u; . .,u ·· :~ , ·t:.t hl. s to!:; ot' boun · r-J co:Jli tiom!. ,\ 
S~jJar:! Ulri n o;;; !'ie]-! of ~ht;; t .J:l._ ~. 0:1-in u: c~. ".h r r!e.·l;: •ile.l li n;; of Vorticity rror.; til'-' bou~bry. 

:::n t !'le abov<> :! • st: nc I. ' nn b'!t'lle'' :: : " ! :1::.o7 -.."11 .,e~n~- i n ! :;t:c flo;, fi.!:l.ls the tt~e-V:!ryir< !; boun_·bz:v 
cor. :Jl tior:.s MY ·"lt: ::~~ h':! "'"t" 11l.::. l"!y 1-po :-:,.,~, bj· r. reir:c; !!~~ ·.d.nj~ t foll o··: sen:: " rescribed ti::-e hl:..to~, or 
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!Lay anso t iu'Ou.:·h t! - stt~'.,U"'ll re :;or• n:;r n!' the r:n.; •o ·: "'ll'~-:'l ' l lc force :; , In ~.he l at t <'l' case the :.in_ 
::-o t : n bec o-:-o::~ C•n() :: "!'lc u · ·-''~""":: 1; t: e 1:tn .t::i c c ~u - L :1:l '1.: :·'! heve n ' clo::ort- loop ' l.nter ~ct.i :: n , 

~" ln~.,Mc~lcr. bct10oen f'luid motl<"n ·m:i :1ln ·nt.:or. ::l'I:J '; c !cscriu~i! i n 1 :l]:Stcos a . '!lysis' t :::rr..s 
(Pi c . 2) . 't'ho:l si plest •c· se-l- ! oo!' ' s:ta~e:: r ";Jr 'l en';·,Un,- 'l ·. :;f>s .:!len ~:" flow f ! e! i dct.-.r.;~lnbtic, 
Jepe:!lin.; uni;u.ely on th" -~ ::t hl :.~ory r nl ng r." t l • n . f ... l' lustr-·t'l i n 1'1~.2::~ ':.here nre in thls case 
two indepe. ler. t de~ 1- tn ' s!~c nol ~ ~1 <m~hi p:: b<Jtl'!t>en • .! •·: ·n~~ r.:- ~ion :m<! t!H; n;looiyna.-ic f nrce ( n :;e: . .,;J''Il­

i:sel t ore., , p· ro r .,~ •.c t o t!'! c l'IO-!" of re ":nn.· in IJ 'C:: t bn , •J: 'n..; th t om of :1 weie: .t c l i nte;: r l o1' 
pres s:.~ :- s etV" r t.'" s trJ c ';u %"' ) , l'ne r 1 U •n.:i:: . 3~ n • nei! f r or t: .c .u ·. tl ~ nn of ot' n of the 
stn~c ture ; .•no\ since t !'!"' !"lOIY flul:i :~. u:1'-:uc y 1 ~:enie t u:•on th() .a ~ t h: s to z:-r c f >l ine :::r t i on we c ·m , i n 

!'"lr.c!pl , de !uc e •t ~eon~ rel~~~ion:l.i p bnt .. f'( •• ·in.· Ml" l ion n ~ • · ro.!yn~ric f orce fro rr ~he e · ··~ ~· o.,~ of 
:to ion ro1· tLe flui-! . 7'. ~ ~ · .:n~ ti. i" V ~ :· · .. 1!-: o. !" ::in ~ ztot .:..o:: t tf" 

1 CI"f! 1n:ol"dc f t" rce Jt"ly thcr. be 0';UcC1 
<'\:, :.h·•t u-- ., ti ~ll ~ -::i.t~ :. s~ t ..., n .t·u n! ::~ . ~ ..-,t: ,.~ ~1:~i s . -:tl ~ l! l o .. ,.. l:loo ayatc·: :"1 ... "1. • P ~1'*" •·:-e ! t o 

s ' 'i ~on ... :-;._u • o:· · ~rl!·-c~c i t£.'! ' r:f) i : . : .. k r>:- t hr f C\ rr. ' f' ·~ l i:·'!. cycle . ·:,1ri l : ' t !: .., ~ ·. :· .. c tu: ... ,l 
r2 !"'pOnSC C ''lft :' ~ :! : ;. "" ! 1\l·· ·. ,'\: u 1 f:. .P~ j_ • J . _t t' 0 ' ! • t ift,:· , • hi"' f '"tC t t .. ·tt t i.":O :•"!)--:!"'-::.:!)~: :' fu ,c• .. i ..:r.u l 
r t.! : .t t. l -:.: !~.; ~x.: !lt b t .·J o:; 'lC :-'J :· · :: ·~: r, r C·l> t : . ! n i r. · __ o ~' tJ n ! • : t....: :·~ e t h \... •. the "'Cro Jy:r. C f c ,. l ~··· : lO O! 
ben n1! :-e -: !' ' ,,,, xc 1. :c · ~ l o . fluctu • -c; : nns t '\k() t . (l f r~ t. f si nu:;c.: lul 
r sc ' l .. tl <"~s or l' ne ·.1· ":-'· ..•. ~·i. l l .·<'f e r to 'Ill !luc: ~yr .. •: of : , • . .:. ' . · :: 
·· :::.r:::.;., I'Ll •. r,.:<. 

;, ~CC l1n! f'O p : ~e :: n~ 1 ~ : ( ! , .' ~}:') i n t i'\!'', · ';i C'\ 0 be ~W n n fl j! ";;C '.l .. · .. "tfl.; : ;_ ,. .. , :: >·· • r: :!C it: :1n C fe 
i":hcre the :·: o .. f ... C! • • : r~ : !t ... . . . f. r l . r: . : ! '}~ d 1 :"'•" ··1. d .. r· :. :- or ;; it ~ 

:-o tj~u . l'hc r:'\ :- ! J': ~!' •• • • rut"::l i. 'u:.;t!"' .r ' . r. ·-,: -. : ·, :!.e~ t_ '· Ct O:~en~~-

c f .. ~ . "!j •. ~ ret · : ··· o:~ ... 'l r_pa.:·· ~P! , t nt.: te t ~ · ·.c! t y , ·11l nr _ : .. ~ - : . :"' :: ~ :·, . :r .· ~•("l ti ; .-:o 
!'ll' ti u1 :· _ . o!' .. :~· _ ~or~rul t.l t'r . · ' t:." b :.:~ ·· ·v,_ · whci . ln '..~ ,.. f~: · t c t ~~ ~; . ... c · · .i. :n t.l. o:. ( ' !.l l · .. ,t d 
... r. : · • 2i" : "! .. ! !.:L -! 1 · ~c 1 :' ~ tr ct r ,l r-e : t n~e nr.J noti r :1- .e · t!o len 1.t · . · 1J· r. t ic f' :'C' f ... t·. !l ~"~ !jt blo 
s ,:;st" \::. i...:%, 1 ie1"t .. ,1 =~!"'-= - f , · . .::.uJ ! !:\! ' ~:- • J :·.r: 0 :.s ~ ! ..-t!.e c r e 1 ' l::ih r iUt • T r t:C .. ~ :;c~: ,.. n ~:lt! . t.hC .. ~ ~in-

iniepcn1 •:-: t co:.pora.: z:· fJ !' ae. ·~j' ! 1 1r : c / r r .;r t.h s is the- PORC?::> r · n:tu:': O: '" ! ".r.~ : 1 I" r :t: ' .. · c •. : :l . : 'h 
:-.,.. t.: · n- 1CJ; ~ ~ ~ n~ _r r"V ·:·~ ·· i ~- :·=':· to r.~: :,.~ ~: ne .r o · nl"~ !":~ .i nca r . : : . · !: ~ s ;') ;:c t.: ~ .. . ,. ~... f en 1 h ~- 1c c 
·!.. e l !" r "' ~ .. .:; · :-nl f"- ;!::c .: .. c '! ~c · l~ .t:c .. - '!\.r .: .. h :10!\l :.·t. r·.:. :. ~ · :· ~: .e tr.ot. > u- i . ~ I :t:r. t -"1' ;.. 
r o :--c t .:.; . ,.., : t ' r. 1 ~ ~ ::"<. r.: .:~. i ;} !'l l P :.1·1e ~} '! !""~~U '! t!.o . Ol' e !: C ~n._ .: 11 j' ·~t. toO" ' -...: .... ~ , ... ·: rtt.. ·~ . 
b:· r- n: ·· n_-:..i • · : -:~ ... ' •.:. · : • ,• ,. ~=-- ~":!.i tl r.: .! ,.. ~at . •-e ,~ t. l'!:tl':: ·~ .-.! ·n !" :r.: cc : ·. :.: 
!"'C .ui :·c l cc:·: o:~ t;.. · ~ - ::· 'i !"' • ·- .. :. 'i • c nr. llcr a cont~nuou:; transiti~n bet.; -, cn · c rvJ.:t n· . .: c r.. . : ~· fu :.~~,.~ ..l 
v:bt"tticn ..n:! norl'nc· r f:.· t <;:- : . 

lr. pra : 'ic ·, 'l:'"J 'c ~.,;, · ..... f ·: ..... r l .. ! 'Cf"! v:.br·~ !..~ on t: .!~~ 

oftPt: ::.·trlc ': :.~ :. r a . '"i l "t- c r-- ·n .. l i - v~- s";:;; tt !.on . I n ~tl9 ~i.r :; t • ... : : ' e •e :·t -
-lyn !:ic e ·x ~ .: : . : .i c . , o .· ' r r ' . .i r. :!"";.~ _ · · r. · c-n!. 't '"' J'Ody. t.r .! c- :-orce ', l ~ c ~ ~ n i. · ... 1 c n 1e t bt ~ ... nc:i 
fro r. : ~ • .:t6re;..c.~ r ..)~ !"" i X , ·: . . ~ . :11· !' IL" .5U:-~ . tion "'"'4Y t: j u:... tif.: ~, ·~ .·c r l o.. 1: ... 1: ~ :,:?!' -: ' • t.ruc tl6r· .. l 
:-!· tl r. but re .. u .:.:'-."' ·: :·· t .:::.. ..,r. · !· .. :. ':: cer.~r-,1 c'\~ ~ . ?o:-, r! ~ t the .tH .. :~v :j' J . -jc ~vci ~·· :.: o :l i' ·Lc s· ~te :. 
1,1~:.: ~ :· tc 1 ' n "~ : .2b ~~ ·""r. ·: c.n · .. ·.!n~e .. lc :~~ ln the !; t'o fl:_e t ~ H~ l t r. ·,y b·~ re-..; l·,e ! - ·tn ' c ·t• · ·~ : nc:~c 
t;..,. ::Cl'1 t r' t ~.,he ~ ... . .,: ~ · -: : :_ :-': ~ ~ ::!:':-:: . " iJCh :lS po·.-. c c !;' i-eCt !' 1 lcn:=ity of tf, ' : fc!'"~C J :_j · • f: t ~~ de .!nd 
or. :..l.c. :-e · ·~:· ... 1· ~ u:_ ,. o ;" :: t r~c .._ .• l t Y .. ~lon . 1'h1 .! p os!iioil !. t:,· appc sc ... to h :lV': bc ··n ~·: .. s~ i"CU:: !·-: ir. 
=-~ nf .2 , .:h _;·•- ;:_.. 1:'1·:oY.cl r- :- ·1 c _:-.:t:c "''<p~ :lll t io:t cf ., ~ren. i:1 t.!' .. c cx;.to r ir.:er,A .. "t l r :u] t - . 

!!' ·•() ! c. . ~ ~::e llS!!UI!.pti cn !nt •..:.c ~erodynnr.i c exci t a t ion :-J:"y b~ obtainc·1 f rom :-tn~ ur~mc. i.= on a 
!" .. .;:. ~ , i :•c a .~·: ~r-: l~o '!-lc ~o :/; t~ : :~ nu· ~r.: ,~ l'r. t ' r..:. tel' f o r t:1c rr.o~i n r.-~ pcn·l er.t ~~ ~ •· •1 yr. ·.::~i c fo:-cc (o1' 
:::: :~ . -'n t=: .... c ~ ... :· v.~ n; flc >ib: ~ :-e ::; . "H :; ~t , ~he most s!gn.ificnnt c o"Tponen t it u.:.u~ j' 'l .. ' t'O-: .'/:""tun:ic 

·.r.:; inc, ~: c J.'c:-c~ ·- \':\.>:- '.~ ' :. :::·.'!nl prov~ 1 c~ the b ~:;i:; of n oatho·l f o r p•e :icti:. ,_; tho a ;- 1~ ~;. !e of t ::e 
c:i. ;;o1- l oo,, r c.:,c ~ on t! c , , . ._s ~ : · r igi1- wint; l:le:!:IU.re;;ccnts . ~.is therefore 11lso o!' : r ·H: tlc 3l i:.port3 nce 
to l:no: .. . ct~.:-:1 · t •. a e"!stencc c.f ~cpt.nlt-:! :! n o.. ignifi cMtly a N'ec :.• ro'.;.lon-depcr~1en t f a-cer such as · ero• 
'yn 'l~.: c -! ~ r::: .:q;. 1'hc re is n ~· . s u!.st nti:.l cvilcnce) , 4 tha t there 't':Gif he ll sit'nif' c·t:'l t i an:;c nf d~ : .. ine; 
un<ter t hese cir.-:=t:~J¥:es . :::"01' ox-. .,~ 1 :,, ~ .. J c::se of \.inc :; tructurnl uffc tin_; n t hi ,-.. ub,onjc spce:!:; 
r.ca:;ure:::znt:- in-:.:.ct! te3 ~l ·,tivcl:t l o.r c.:c incre ·_t :;c!i ln Rcrodyna%i\J c damr ing l"OUn'! th~ ~u ~f \' t-onset ·on,i _; t.:.on 
( :1lth:>u ·:; ~ r .c to•· ••f 2 e 1·:·or n !"i::; .t O r-f R~f. 3 ex~ r.::or.~ to 3 the effect). J. posnible r.;ec:•·t:lisr: to eY;'l (lin 
thi n ! .e::m· . .:non , in t err_;; !' th~ (qur.. =l-::tntic) vr.r htio:1 wit!'! ~:in;; i nc !.dencl' n f t:.c -,re 'l ove r 11hic h a 
l ea1l ~ ·- ei_;c ~ u.c~i~~ force a ct~ , ~~= been ~J'Oposo1 in ~c!'.5. 

':' c nbo·te revier1 is l ill·;;ozl:t ta::an frc n: !l.ef's, 6 m .l 7, :.here :1 ror-e det" Ucd rU s cussion of the 
tluctu ··tl::-.t; ro · pon:~e of an nire r:~f':. :: tructure coupled to n !l'?p:! • · ~.ted flo·.: fiol 1 :-..~;; be f ound, 

3.1 pescript1on ot the nhenonenon 

'l'tle ::tnlct.lral buttetine of a nolriblo ai:·cr".4't i nvolve:: int er::ctiona botlleen complicated scparnted 
now f .!.clds anl COI'lplicate4 airc.r:ltt s~tures. !n t!:-.ia S•Jcti rm we t 1Jw:tr .: to this complcT.ity witl1 
ref'?rcnco to -, pr.rticula r investijSntion or the !'lit;ht buft'?till(; rcz:ponse of a cor~imt aircr.~ft (!'ic;.3) at 
subsonic and tM."laonic speeds, 'l'be cont.cnt of thi:: sub-aection ill l argely ta-ken trorn tJie text of Ref.B. 

;. ~r:U conclw:io:1 1:1 tb:•t l!!:.tzy n:1tur-tl v'ibr·1tion .,de:s can be elicited during n l'llllloeuvrc in 
7:!uch roing flco: separation ocours. Stud-J or tho LVll'l:f z:pectro obt~ined ahowed th:1. t ti1e spectral 
c:no.r·.etor ot the napont~c:: Ynrios rzith the t-.:rpe of een.:;or, with the locatior. on tl1e aircr:tft and with the 
nnc;lo of' nttack beyond buffet ont~et. 'r!11:: it !a cle:1r thut the ciJan~ nnture ot the aeroo:lpl!ll!lic 
fo:·c!n : function ia rtf'lected in the atnlctur:U I"'PJlOftlle and tllnt e ach respont~e 1 te111 v:1ries in i t11 01m 

uni 'lue way. 

A windup tum MDOeiiYN at :: : 0,80 an·~ h • 19,800 tt proTia-4 ao• particularly interesting 
resulta, Pigurea 4- to 7 ahow power apoctr ' tor a nominal indicated llrl81e or attack ot 12.2 degrees. 
The <l nt ·, aar11le length waa 2 aoconds. 'l'be richt wing tip accelero.eter dllta preeented in Pig.4- showa 
how cor:plex +.he re:sponac at ~be rln& c .~n be, r.any pealce in the PaD nlun occur in th9 band or 
fn'lllencio:~ tro::. 5 to 7e ••· '1'en of' those peaks are l"'>elled wltb auoclate4 naturr.l Tibration modos a" 
ldeatitiei tro1:1 ezoo~m! v i bration teat data obtllined 011 o~er alroratt in tbt bTtloa-ent procrac. !bore 



:trc oth" l' c~~.! "I t hl .;!.cr rr.: co~<c . l~ l c:. .~hi e: : cou l d n t h:~ cle:u·l .: l ·1ent~'lcd rrl;;b p:~ rticiO! ''.l' vi0!''\1.i?n 
c :t . 

1'he :tc c~l ~l· ~ ;; : ·tn ;- ·· :- t.. r ::! c r. ... he !'u:; t"'l t~ec :#ho~.-. --1Jcctr ... t.ht, t ~ e con:: iacl·ttblj• -l itteren t f'ro r. thoso 
.... -: the .:ir. !..:~ :i· ~ !. ·::.. 5 1..~ • ..: (.., ;' :OC:"" C:t t po:-:c:•· spcct :•·· r c r ver~ic·tl "lcecler~ tioL:. :· n:1aurod nc,r t.hc 

cn t..r2 o. _.r ,v.i :.. ..,-'-:~ _. •.r .... r ·~ ot • ~ ~c~t , re sJ .. ecti·:~ly . 'tt: i:! c. · . d lt·~ 3 .. 0~7 l!.,+.le rc::pon:; "' nt 
!'l'l!'l\lC!"tl;; c:; b~lo· .. 2: II& ~· . .1 ~· ;e -.:! 't:r· :•e ·~~a :>cc;.tr :\ 1. 2:· , 31, 3~ , a l11 J ... ~c :;eco:"l;!. ar. t! :;;r:1c ~ric 
r·ir c "!l c.1.: ~n,; , ';·.~ !:ol·i:;o:'lt · .:. •, 1l i ' ~ : h ~ ,\:! ':;he hod::or.t ·t! t nll !'lu.$ '""c c~: l r·i nt; '.o .·::i on r.cdc:: "l i'C n:;::oc-
.i. .. · ~d ·. !t:l · :.e::·c: :' .: .: ':s . A ~. : ;;. :1!"'ic · . :t '1- .• ur::. n.l' f'OWC l' i s ~ .. 0 . ! :;~ oc -t 1 tcd '.7i t ; !'C:·po. se:: , ~ rro !UCUC~ es 
"!bo\· 7J !Ia ·1 t ~::c centro o!' :r:!v~~y. . .t t!:c r ilot• r. ~C'!t., ~:e - ..!jC'r l 'C ~[ O:l :: c:: c <· ~<r bc~r.c<' r. 1~ 'U'.d 
j &a. :.t ; ' ~.:1 1[; Ita t.':c :-•> ~c:• 'Ire ~ •7i !"'l ... t · a ::-e-t c :i "l ' the :;c con:l : ;,orrctr ; c ~7il" ,: bcn4tnr l!' o ~c, 
:-:: :-r· -- c t: \'~lj·. !:o;- .... r-c: 1,. ~!.. ..,. ;,-, ~i,·""~ · : :-:c ~ors:i n i~ , p.:1 r~n t. "'t ¥ ;> ; to 25 Ka. ': l'!r J li~~l .! re~· onse 
(' Cc ur:- -. no·:c 4 H& n e ·':>!~ tr- ;~. t t.:.: .tc•.ivii..y .. ~ •.!10 c . ~;· o~ ~t! r. . r.ri t: :,or t.1:c c.c . ~r pll~ l ~c :1 t 
ve r · -'.c ~ ' C"c r : !~:--.c t.c!"':- .. ·.f'. :··•,;c:1 r c:- : n.,. : ~t t :1 r i •·:;t ::ir:c bnud1n,· or f ! :-:: t ru= ~l~cc vcz· ... lc:a l bc:1clln.-; 
rre uenc i :- t t: i s ~ .. · c C"! " "! ~ t £':: . 

I n ~· '"" c ~: <" ... 1 : c- r· t: '1Cccle:·i t.it"1•! r\J ,_jpon::c~ "l ~ the :-- i l " 't .. c ·.t , ~.c por.cr ~ pactrur.. !l t"C:r ~ .le~ in 
?1:.7 ::: .· . ~ ~1c :-• t~ r rc :·: or:ro to ,,,.. t. 20 :·n.! 2<' Ha ~r.J :;cvN<!. frco~~enc ics -.:.o,•o 55 l'a. ·:he 
- ~ ·~r · ;to "J:.: "\t ·~ .c '!. ~ t· ··:"C - ... c . cl: :· co;t"'C :;por.! to .cc nJ fu: el.l ~~ l ~ ~~:;.l Cen 1.in:: o.nd s ecor:~: anti!!y~~trj c 
.:i : b:.,.n.i~'"'G • -: ; : ' t "' r ; ::.:: r. !: ;;. ... ou . ~c-.1 r.o :, n :: l t: l '·crt:c ·!l • .... dl ~or~i l"" \7h ch probnbly n.ccount s for 
~ ::~ :1 · _h !""C!': f"\:':J~ !. 2 ' .. :i&. 

I ~ l :: ~: ul: • • :· •. ·• ~!: · t •.:.c rrc 1~<cn c;r contt•.r. ~ cf t..lf! :..cccl cr 'l t : on:; c·..n be quite di!'fcr•·nt <!e;;en:li r.c 
0:1. tl.e loc:' t :~n, l" ~: . ,.. : c t...:-·: : __ ... t ··!"tl :.• ;1 ~:· v r :..:c ~:l or 1 · ~cr· · :.l -.. .~ c ~ l 1 ·~ ti 11n: "lJ•c · ·p.:: :.u~J . ':'he t-;1nc 
;;t r · :::-· .to: o .. , . .. :..:..· ._c: t "'" ·· , ;;. r s : . .. d ',f~crc:: t. r rc ·!ucnc,t· c u::~~r.t.. R'lf. ~:-c:i "" .. t~ po~. ~ ,. :;F'"!ctr a of ..-:1 c; 
'l~r..l;:-:,:- · ,r ~ . .. : : ~-~ :.~ t- "' 1 t ':~ " 1"'..:~ !"f'f.-.. re:;: 1 

... :-- p ·'. :-t .J' ~,_ l oc .., tJ o;::- on t ::t; r.:..;:1 : . 7 r ~; . lt!. t!'.c in.;o :·1 lcc t.tt ion 
•: . .: · · .~ r: ·:: .. :: , . ........ :·n rr ' :; '"' t ~· ., ·,·:- !.. .: : ·.~ :; ..... ,, - ~re .~ ... t"!c: · :: .. t.:. : .uc: . !j : ... l"'.. cr rc!'"::or. ::cs "l. t ri ~:; t ·r:i:: 
~ ... r::. : ... , ~ .:: c.~:,,;. . .:. ..;_; : 2 " ~.: c !· ~ · ~, . :~r. ;.; "".:·! t ·.:o i•c r.: :.o~ t : l ·~ .. 11 _, ·~c:. :.-: ~t c :- . ~r' .. :1. r ot tbc ;: r-! t here .l: 
s .:: .. .., " :t •4 ::::! _,.. ..... · ~ir: t. .. ~.: b n::~· n , · ''..!. :;c (!~~::' or;;; , --. t !'"ccor.: ~:1' : c tr.: c · ~~J benU! n ~ but.l_ t.tlc 
rcs;-c!'l:; ...... !; :-: ~ : . t' ." '!"<! : ... c. ·. :.: .;:- . · · ~ r ~::o ·: .; ~v • i: ~ ~he t':! l r t. :41c r _. : 1 o:1n ~ ·.t t:~c 'x:o 3.:r .. -et~jc tdn,s ber.l:..ns 
f'rc :Jc::c : ~ : '.· ~· - 11 ;,n: •; c bu' :- '>1' .. ..:,~ :-o~ : c r ':: j :"l ·1 r ":l(;O ~~ fru !IOC,:c : c:- c t .-ccn 23 e!"l;i 57 :!a r:l t h the 
: .. jor ! ~· :: ~ ' ":c ::c t-- on..l · :t ' . ~ !.t~·: c t!.·~c ) 11: b r.? r.d"'.. . ... • 1'!'\: ."''-' CJ• ~ u:; , :· :- c c th ·~t. til .. rre: l.eoac ie:s of 
1-Q S .~0 !' 3C C •• : 1.0 · .c~~.'"'C' •t ,:: •..:. c · ~ .. .': Ul'"C.:: .. :-- t.: -:. c.: "; ..:: cr. •t t : oin~:; !.oc ·. !,c . f ·· ~t :lC :" r.. , ! f _;-t,; ,c t· O..:!.boa,...-! On 

t £·,e ·.-: ::1~. ::, ~ 1nc:-e·t:.c ·n ~rc:u l!.: .... · c .. b e "l ··.,1jo.'" !':. cto1· i n -! c~": 'L . ."n ! .... · r: ... t~ -ue :1 ·::~ ·c in cutbo:lrd or 
::.~ c-<' : 1 •• ~ . ·r:.:: :i t:· ... c'.ur~ . •·"r c ·1 ... t .. ·! 1.: on t ;.\.' ~ i:1 · lvu .!~ · t l"C !_: i\·~n i. n ~~r.c. ~ 

I t :-:·1:. ~1~ r ... ·: ·~ :: .. '; ~· : ... ~rc ~uc~ c;; cont"'nt 'J f ~ :·.c ro~ ! ~ n::::!J ~" f -lJ.Il~· of' ~he scn~or:s chl.'1GO" t:ith 
~: .t;1 c or "ltt .!).c!: t .b o•.tr- bt.a"'r~ t C' :lZ ~ t . ;.:, "' · c:~ '! p~ ... , 1l _;. C !iho ~ . = ::;:cct:··. !'or '"'!-.e: • ilot• s sc:· t vcrtlcnl 
.'1C C:: C!l~ :"'H''t'· l~ ror t--. .... - "'! :~:-: • r 'l~ <f.: rt c- ! · . Sl" _::-. !=1.:' ~bov~ 'lu~ra t rnsc t. (c i rcu1. ·· r :i:l r bole). 1 hC r.".l:jor 
!"'e:i :"'"'~=- ·"' : -.:-:· ::. ~ :.·c L t:-:. ~ ~l""1 ..:• i. , il , 3CC::nd ~.:rr.-,.? tr.ic "':1.: :;~con ·t :1r.t.:nyr..:-- tric ·.:in,:; ber.J.in.:; r.~dct. ..t 
tl.c '!1::·.c1· ~ :t,). e -.; ... :: t !. "t c:: (s ::... ·1 l'e ::j·:..bcls) ·~ : .c rcl ... t _: ,.,.. rl')!l ;,on~~ ~ :; sl!i ftc1 t o :lJ C! J •r rrc !uenc i es :;o 
::::_~he rio:-.: r. ·.!"'.!. r · ~~ ~ ~CCO!'.i rtnti:;.:,·r-.~.;tric ::in~ bcr.~i.ng. ~U~ ch-:r.c:;cs -'n r.:!spon~c rre r~e nc lcs are 
'l ~tri~t..:c '" to c:: J-: 0~::. ! :1 '.. .C "l Crt: :!~{n"l=-.: (" ~CW ~ .!.C, l ~. hj c :lr"'C Cur rlti1 '"triblC' Of !l 'tt 'lc~:. ,~ fluct.u:lt:_nt: 
;:-rc!'~~<r~ r :c, ,.n• c::- r..;c ·:; t~c !"I Cpr!r ·• ;e~ flov; cyp·,:::. i n ':i .e ch,::-!- ;;i se a:Jl spon .. ise ~ircc '.i .m:; . ':'he 
!'ie: i r·,:"l a lsr ch:ll'.[ e i n int "nsi t;; l evel:: "l. S ·, fWlct!on , f fre1uency ani i n th" p~a s !.ng rel!.ltionah1pa 
betr:een di~erer.t ~pn ti !ll l·c· t.:.,na qJ ::o a :. "~ f\mc t i <' :"l -,f fref!Uency. !:xnr.:pl es of ~eal!u::-P.i fl uc tu·· ~injS 
;res~ure. fro:- M:i g:·,t te:; t s · r : o!.l scu.s ~ c <'. :n <1 l -1 t e r :;ectior.. 

3.2 !:odell : n .. of str.;ctur:.l buffe t inG 

: t i a uzua l to a ssu::c t.h!.tt, ~ ltodel the s truc';~<r: o l b;offetint: of a flexible :lircr9.ft, a l.i.neur 
'!'ore e o! vi bra t-: on' ::odel ; :: '!:>pl!. ::nble, 1:it.'l aeroeyn~r: i. c exci t atlcn "btain.tble fro~t r.:.t;U-winc Jr.oaa~.~re-
r-er:ts. In thi a sect: or. r.c :-evi e · .. ~he =nner i r. w!:.ich the force:l vibration t.h(l(ll"eticul mo:iel may be 
appl le·l. ~c!'ore dcinr ::c, ho1·.ever, -..e P.mphao!.sP. th(l t ~he limits of uppl.i c 'lbi litj' of thi&l approuch &1'1! in 
need ot fwrther experiocnhl clarif.ic 'l tion. I :'l p:.rticubr, it !..t lil;cly th:.t tile applicability o!' tilia 
';ype c !' t.heo~uc,l rJoaeJ ~:nl be l !. ::-...!.t.ed a t hi ;;ll-:subscnic nnd tr'lnaonic S,I!Ce:is. In t.'le case of flexible 
!:!Odes wi' ch e~<us~ sic;ni!'i~: ·•nt :-:in.:-i::cidence VAriations , there b evilcnoe'l ":.hat oa;cill:~tor,y wing motion 
r.ay i n such s.i. ~ ticna cou:;-le ir. ._ nor.line··r r.".a .. ~o cr r.i t :1 fure-un: - , ft r.otion cf the shoe;: wave 1 <ell•1int; to a 
for.:. cf nor.l i new fl~<tter ( rc1•~irlr.t; " l!.J:li ~ cyel11 reprc~cnt:l !:ion). ll'or a 11int: rat s'""ll awe~p anc!e:s, this 
su.:::.;·Jst· t ha t t h<:J :no:lcl w!ll p1'0b:tbl7 be v:.l::l for· ;:\ :1:.; bea11n,; but poa::ibly not for winc-t.crsion r:uclc:l. In 
t i ~ c::.se -: f a hi t;hly-:;;1ep!. 1·;:nJ ';;,e aituatlon io1 l ess elc ·•&-cut, a.a the berA in::; and torsion ~.odes nay eacil 
co "!t:-lb~<te si.;nific ·mtly to win.; l. :~ ci ·!ence cll·•nzcn. 

'("he force '! vibr.:J tion linc :1 r ·,r. ralytic .• l ::oi " l fo1· rluxi hL a i:'Cr·.i't r er.por.:;e rn;...y be exprN.se! in terms 
o!' ~ncrali se~ ::o-or'lin:.. t.c:: . :'::c :lofor:r·•tion of ·u: :. ire:· !'t. s tNc turP. r:.'l.j' be repres ent <!-! quite e;ener-..1lly 
by f;he !iUj>er posl:.ion or : ·:·e~ l': •mad V4tc tor r.oc!e f;;ncti on:. 0 in •.he f o"nJt 

.. 
r: 
r=1 

~.here ~<i(I',t ) i:; the elastic :lefo&~ticr. vector :: t polnt P anri tii!IA 
or:iinatcs, a:-;tl fir(P) 1.11'0 llS:Iuc b b.h! mo-'!e shape functio n:;. A;>::lyin.: 
e •u ' tiona t i.(.n r:!C.acc t.o :t oet "f 'l rdi!':a ll)' difterenti'tl e <l'" ·· tion11: 

+ 

t, tne ~(t) are gener-~ised co­
~hl cr;:i n • s technique, the d,yn'lltlic 

where ~1'3• D,.. nnd In aro eenerqise! was, cla~:pinJ• an:i :~t !. rfneu matrices, :tn:! 'bl(t) :Is a 
c--n·~l"'ll ·l so:! fo rec • 

.. e cons tler <>nly visccu.a ir~!'ln~ for ti.e p10rpo~e f t h<> prea"ftt :iiscusslon 

(1) 

(2) 



5·5 

J. cons i'le:roble :: i:" vl:.t·c~tion f:D:J be obt'l inod b~· eli::ri n::!..:.n.:; the stn.otur:ll inertia aml elaatic 
rros •-cou: Un;; t crQJ. 'l'hia ; .:J,i· be a chieved bj' cilooaine t l:e l!:lldos to be the \lll(lnr.ped na turnl vibl'lltion 
.• <' <:tc~ cr tiH• rrec ll;·st~ : i n ., V"l.CU\1!""• • 'rhc!-o ro1n:li•1:. , ho::cv·~t·, croas-couplins or tbe:~e l!lOies due to 
s truclyrr l .i - :1f l r..:; , ~:1.! due t o ·" E' roc!.:fnardc inerti;., <!a;,pint;; an:l atirtnoss. 

~1c cou lin_; due t o ~ tructur1.l rh l':!linc; i:; usu.:Ll1:J bot.!} 4!!"~•11 ani diJ'fieul";; to r.Kln:;ure and 
co!lllc- -:u"r ~ ly 'le _::. ~ c ted. ProvHed t..~ ·t t ·ode rrc .uenei es nre reln tivoly ~'ell tl)ptlrn'.:ed, nn~ the da t!pine 
1· ._;:!: , t ' .e "\Ct'(J l ;,-.: -· .,. cro:: s-cou:l! .. .; t et-ll 1'1 :!.11 r.lso be !!Mall a nd n .sinG].c-do&reo-or-rroeiosn nnal;raia 
1•:!.:! " be Ju::tli'Lcl. 'k• .~· \"~. · , 3i .c.:e ~ile:'Cl .re !niioationa th::. t nP.r<Ylyn:u:lic rl:\npin.:; of n nxiblo :::ados J11i1oY 
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The  luantity cVj'q   thu» ypcirn us i usoful  ro euro r>r ntpoi^nnitlo «xoltitiir. lorivibl« fron seuun . 
«ocolemtlfn mnjinnon irU totil  lin^ln: mtl".     SiUitlTi (7)'nXustrite» t'>o lumtltlo» PB-julroil in a 
tlioofntlo 1 >ijff»tlri ■ iipo'lictl^n rrtV)! b.-.s»!, for rxarjilo, on wlni-tunnol neniurooBnta,      For wi «ircrn-ft 
fly'n.: •'•■ ^Ivor, wint TeniiVu, i?t»d nt»!  tltltul», tho noTOiynan\s-HeponXnnt (ju ntltles ar« B ond {. 

On« Mthol for th« ev.iluation of   S    Involvsa th* naaiurmont of fluctuatlnt; prtsaursi on rtlatlvaly 
rlglct «Inl-tunnol modalt anl t!m tlerivitlnn of the Ranorollsal forot by aoana of eroaa-corralatlon taoh- 
nlquaa'•1"»^^.      ThU approach )a diaouaeal further I.   aaotlonl>.1.      Alttmatively,    B    aiay be larivad 
from wlnl-tunnel teats on the baala of aiju itlnn (n) uainc andala for which the relevant nod* ahapa la 
npproxlTately correct (note ttvtt tully-wltd aaroelaatlo oodela are not neoaaaiiy).      To obtain   B   fro« 
«qu'ition (P), wind-tunnel aaaaurainentn of «ra    and total daBpim; mtio are re".ulre4,  topsther with a 
knowlelc» of node nitur.il fraquancy   «o   anf ci^nanliaed saaa   Bf. 

The othor ciumtity reiulred in a buff^tin,; prediction nethod, baaei on eijuutlon (7), ia the value 
or th«  total   limping ratio rnronriat« to tho full-aoale aircraft.      As nantlonad in aaetlon 2,  the 
ir.voatlg-itW of effects nf s^ptr'itai flow on the aarodynumlo component 4 a    "f aaopin« ratio la a subject 
oi   current reneirch.      Porhapa the moat proirialng approach   o the nroblan. of predicting aerolynasio 
limplnc, for uao In oonjunotirn with the forced-vibration Bo^el of buffeting, equation (I»), ia that baaad 
nn the uao of atitlc exporlront.il iiti an  in  Input, au aug^estii In Sef.S.      Qualitative ajroeaent with 
teisure'l ch\njoa  '.n linplnB of the win-bending rx>ic In tho vicinity of buffet onaet have been thown ualng 
this  ippro'ich, ajthou.-li .;oo'l qu mtltntlve prniictloria have atlll to be deoonatrated. 

Tho laaat-nell understuol aspect of structural buffeting of a flexible ninj; conaema  the responaa 
In . ir. • torsion nodes «t hlffh-subsjnlc and tnr.cunlo  speeds,      Tliere 1» sone ovilonae that fore-ani-aft 
shoe:    r.-tlfn tenls to couple with torolonal  oacillatlona of tho wing, provHinj a atron,: meohanlam by 
«hlch  the I'low fluctuitlor-o oocurrin,; "n a rigiily-oounted wing rdght bo fundainentally todifled.     Indeed, 
If the flori-rioll essentiiUy  'looks-in'   to  the wing torsiond motion, tho forced-vibration type of 
anilytlcil ruiol for buffetlnc (e^u ti'n (U), or, itorti Generally, equation (2)) io no longer appropriate 
ar.i tho phanon-on^n boonres o type of nonlinear flutter.      Hie appropriate nodel  then takes the form of a 
llir.lt cycle, prBahly »rith a aignifloant amount of additive noise.      This Is an area where oonsiderabl« 
further work ."•er.alns to be done. 

3.5       Heaponso to tn-nsient buffet excitation 

Me end this nutlino of theoretical  nethols for the dynamic analysis of buffeting by mentioning that 
the   'forcoi vlbrttlor.* nodel (Pig. 9) has bean used'^ as a basis for the investigation of buffeting 
response occurring lurin • a tranaient Incursion Into  the buffet reiiTe, due  'o either a guat or a manoeuvre. 
Using the theory of non-station iry ran'."? nrocosses, obsorvei lags in buffeting build-up and dec^y can be 
shown  tr bo of slrllar siso to  the preilctei delays in tho response of win»* structure.      These delays in 
structural response are in a-Hitlcn to Tag» aasoclate-5 with unsteady aerodynanice.      A particular applica- 
tion  diaouaaed in Sef.l? conoema tue buffeting Inlucod on a subsonic transport aircraft by a vertical gnat. 
Such   m aircraft oft.>n cruises   jult" clone to  Its buffet onset boundir-y mi, in severe turbulence, may be 
expo^tel to Intermittently penetrate beyond  Its buffet bound iiy due to fluctuations in incidence. 

The dynirlc milyslo "f thia sltj-ition may be basei on the model Illustrated in Fig.9,  in conjunct- 
ion with the theoiy'-J for the tr-'.r..;iont response of a linear system excited by a ranioir input.      This 
thoor;* ray bo    oc-1 to evaluate tho recp-mso of   the sy:;tec. In statistical teraa, when an input signal such 
is    x(t)    (Fi'',9) is either suldonly switched on, or groivii oooothly fror, zero aicplltude in sore prescribed 
ranne r. 

For instance, supposi that     x(t),    e-juatlon (4), t-iJcer. the form 

x(t)   = o (t)n(t)    , 

whrjro    •l(t)    Is  'white noise" of unlj'orr spectral density    ♦   (per Hs) and   a(t)    is a preacribed function, 
relitod  to  the Incidence penetration heyor!  buffet onsot,  satisfying 

«  (t)      r      0,t      <     0 , 

Tl'.un it cm be chov.n that the equation for tho (enserble) Tern squire response ff, at time    t is given by 
.t 

<J2(t)      .   '»/Sft,!   I     C|2(T)h2(t-T)dT , 

Ü 
whore h(t) is the ro.iponse nf the syatee to a unit Imulse. Practical applications of this result are 
lasoribel In »ef. 12, ml include, fr r Instance, the effect of the length of a gust on the alleviation of 
r-iXlnur. buffetln.;  responae, 

4. FLUCTLMiT'l PRÜS^IS^S C". nUPFTTIT": VariSS 

la this section «o consider tho Interpretation of neasurei fluctuating pressures on a wing, on the 
basis   of tiio force! vibration buffetln/; isoiol,  and briefly reviev; the manner in which measured fluctuating 
pressures ray be used to predict buffeting air.plltudes. 

4.1        Teasured fluctuating nressurea on r'.jid win« 

First we consider ayplicatlona ,-.f noasureoents ibtalnel using nlnd-ture-.el modela which are rlrii In 
the oonss th't no model responae Eode occurs at frequencies In the vicinity of the (sealed) frequency at 
which buffeting intensity le to be predicted on the full-ae.ole aircraft.      By taking meaaureawnta at a 
auffioiont number of points, and integrating pressures to obtain overall forces, it la in principle poaaibla 
to uae  fluctu"tinf; pressures on n cclai molol   . 1-i 1  ivln; in a win! tunnel as the basic of a atatiatlcal 
o ilculition of buffetln;- roRponoe.      "IIB baclo   quantity required for such a calculation is  the power 
.v.octrum of th" aorodynaric e;;c"tat!'m    x(t)     (Fig.9), which arises as an integrated product of the aircraft 



bul'J'otln.; in t.ho molo In ijuaitl"« If in «.itlr.ito  lu uviiliblo fnr tho tot il -limrln- rutln f,.      Thl» 
approieh hi« previously beon oEnlnyeJ1^ t«' c.ilculato burfoUn,' of a olenler i:\nr with   i le-illnc-od(f« 
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: trjctuMil r.nln ah»]» unl the oroos spnstri «r presiure fluotuutiont«      As a result,  those fluatuatlng 
; ivn.Mires   .;.loli   ire oorrvlntel over 'liotunoes if the orler or a '«nvelen^th' ol' tin structunil Dole «111 
f.r»l<"Ti'n'tt»  In   tliolr contribution to  the excltiitlnn.       In th» cueo of tlie flrt nynjiotrlc  wlnl-benJliif: 
;    lo,  roe Inot.iu'o, only tlioue pressure fluotuntlono which Intni-ritn to provlle  - I171II loint fluotuutlon« 
hi clrcul itl'm *!11 be rolüVint,     Thic »Huutlon 1»  in contr'iit to tlie »«ültit..n of win,' pinelt by 
roii.ns n'   uop.'inlol Mo»,      In thin  Titter eise,  th"  r»loviRt prei.iiiro fluetu^tl'ns «re conoruted 
'i'!' ii'Uy  in the sho if Isyer nnl aip<"ir ulmoat oxcluslv.'ly  llrnctl? W.o.itu  U10 r«'Ion ")' »opnrnteä flo«, 

.. ■ 1 . ■  riifur t"  this n«  1   llrot offoi.-t of tho aomritol flcn.     Cr. tin- othorhml,  n sicnlflcmt 
c-rionen". ■ (' fluctnitln^ clrciil ition ro.iy -irla-  %i\ m  Inlltrct ofTnct of  the nipinteil flow,   tlirnu.-h  Its 
Inl'lüonco ^n th"  Kutt-i condition which   Int'-rfT.ni.'s th» c Irculiitlon.       "ho basic unste 1 lineso   In  thl» ease 
Si-  In ti.i   ontontl il Hm, tl»o  v'.coiiS  .-ffwin nrlrli.,'   ia n 'clrculatli 11 control'   mac .ml.-r,  ml «e cannot 
noconsirily a.iou-.c th it th1' ■'..■•<.    'i to!  prosauri' fluctii.M'ns •11-; lotnto«! only  In  tho i t: o 11 • t.f: vicinity of 
tho sop-intol flo.v r>-lfn.      Inloel,  It Is porslhlo f'T   '.ho v.holo flon I'lcll  nr'mni   tho ■.•.In- to ho 
inh-M-ontly u.i.iteil.v, ml  tins  ri-oor^ro j'lwetiiit.jona which contribute  >ja fluotu-itin- lift miy occur 'it all 
roints whom ti."ro are l'ir;;e spatl il  :ic m-nroanuri" cradlcnts.     Such melons appear beneath  rhock i'ave« at 
trins-tnic spools ml ray nrloo   In tlio vicinity of the  leallnr ol.»o at subsonic speeds, 

Cn tho   issuTi'tlon that  the power r; octrum of    x(t)    Is availabl     fnic. f-ros-.ure fluctuation moiaure- 
r.cntf.  on a  ri-il  win.-   i". outlined nbova, »iju.tlon (it)  imy bo uso'l to calculate the riDplltude of structural 

ffetin»; in tho molo In question If in fl.1tlr.1to  la 
.iproach his previously beon oicoloyeJ ^ to cülculat 

vortox.      Ilotievec,   In the ca.io of  1 Mvopt win-  at hli* subaonlc sposds the posribllit./ of ui^in^ flxel-wing 
prosauro fluctuitl  ns aa r, b 13U !'or tho predlctloji    T buffollns:  i;-.olltudes rev.'.ref. critic-.l   Investiga- 
tion,        üie occurrence o;' roparatel flow on the win/' not only loads to tho  appoiranco of  u fluctuitin,- 

lorolyninic excitation but may,   In iddltlo:.,  slgnlfic intly ini'luence tho aem^yLamlc  component of 
li.-.pln- ratio    '..,,      In Hel'.J,  fllf'ht-teat    reaultJ arc  deaorib^i which indicate relatively lar^e 
Virl iti'ns with    C;i    of aerodynainic   lampin.1 on a buffeting win/?, particularly lart'o vilu^a of apparent 
iar; ir..* riti'»  aria int; ar.'L.ai  the bul'l'ot onaot condition.      Knre informition is required to  see whotlior 
the.io  r-'aultc  arc of (jemral applicability, but tminnhlle they laiy ir.ply a sifnirio.int limitation on the 
luantit'tivo uao if pressure fluctuations »aauro'l on rlri 1 wines. 

'».?        ''easurel fluctuitinr pressures on structurally-resnondini; Anm 

„u turn n  11 to thf caao Äh»re flue tutting preaouros are measured on a buff «tin ■ ftin/r whicii Is 
: truotunlly ^■■Epon!^ru• In   1 floxlblo mole.       "his situ.-itlon arises in both fu'l-acilo fllctlt experlcwnts 
anl  in wini-tunnol exp"i-ln"P.t3 usini: rolela ■.vi th prierly scilcl noie frejuoncies.      The  interpretation of 
sue:, mr i.'utv".on'..-,   it' ta/o:i in isolation,  ia   in fenoral   coipllcitol by the fart that the fluctuating 
prcssur"   liatrlhutlon Is the sun nf ovnrlappin.' aero lyn IT.IC oxcitatlon ani response fields  (Inuludine 
aorni/r.air.ic   (•irvln.-},      "S alvocato!   in ?.?!',<',  consider tbly Bore infonr.ation may ho obtained  from wlnd- 
tunr.?:   tests  1!' fl v.'tu a tin,: preaauros  on struotur illy-r-'aponliiii; win^a anl on ri^i 1 wines with siirJl-.r 
.■•."-:;;'»tr7.'  arc cur.pared, 

Kiratly,  wo note thjt hich intensity pressure flu. tuitions of relatively hl(;h frequency orlf^nate 
fror  :.opitr ito-J  saear layors an i  c in 1« r.easured on tra win- aurf ice directly beneath  the separated reoion. 
.l.ii.-t !. ivin,- littlo r-'lovjice to tho dynas-.lcs  of winr biiffotln,', since hirh frequency pressure fluctuat- 
ins irairo ne-l'.fTlblo contribution to fluctuatinf; circulation and lift, such measurerents cm niTvide 
Viluablo  Indications rerariini' tho oxtent of separated  flo. ml,  In conjunctioi with nhotoenphy of winj 
t'jfta,  cm enablo full-scilo flow patterns fror flicht  tests to bo cor.parod with  thoao obtained In wlnd- 
tu nol  oxporir.er.t.-   iivolvlr;o flo    visualisation techniques sue 1 as oil flo». 

Ta:     ■  • tr   pressure fluctuations  in tho  lower frequency ranfe, directly related  to   the dynazics of 
loaor ufler :..o lea of MIB,; floxlblo re-pon^o,   r.e suppose   that wing buffetln/: is appropri jtely nodulled as 
an aero iynimlcally forced vibration.   In which case tho  fluctuallnr pressure    p(t)    at an artltr.aiy point 
on the win' ray bo exprossoi ac  thu sum of two  ooriponents:    a 'ootlon dependent'   corponent    pd(t)    and a 
'n'.tl-n  independont', or aoroiyna.Tlc excitation, co ponent    Px(t}.      Tho power spectrun of    pJVt) will 
consi at of a narrow-band potk at the resonant frequency "f response anl the spectrum of    Px(t)    is 
a. sur.el* to be relatively wide bind.       ITiese differing characteristics allow a qu .lltatlve assessment of 
ths relative contributions oi' the two pressure flo] is at an arbitrary point on the wine on the basis of 
moasuroi powor spectra.     For inst.-tnee,  it points on the wln^ where the priioar/ component of    p(t)    is 
piCt)     (this probauly Includos  points well separate! in  a span.vise direction froo ropiona of  separated 
flow)  the spectrum of    pft)    mill be dominated by a n.arrov.—liand peak.      In general, however,  the pressure 
fiel la    Px(t)    anl    Pjft)   ivlll overlap, and  the shape of the spectrum of    p(t)    in the vicinity of the 
resonant frequency will de pen I   critically on the decree of correlation, and the phaoo-relationship, 
botv.eon  fieae  two co-pononts. 

In f-efs.  6,  7 it wir, shown that   tho total aerodynamic force    (y(t), Flg.9) on a struoturally- 
responiln,' win,^ with ln-i structur-il ■tirapinp contains relatively little power at the resonant frequency 
of responso,    (*y, Pi?.10).      This is due to  the cancellation of ths aerodynamic excitation at this 
frequency by the oorrosuonlinc motion-dependent aeroitynamic force (Includinf! dampinB),      Now,  although 
this result h .s been derived for the generalise! aerodynamic force associated with the structural node 
in quostlon, it ia relevant to iniivldual component pressures.     If we consider the extreme case of aero- 
dynamic  excitation and response fields  each "f which consists of a pressure distribution varyinr; In time 
but Inlerondent of spatial poaition at each instant (the   llmltinr case of complete spatial   correlation) 
then tho   Instantaneous aeroimar 1c forco Is a constant multiple of Instantaneous  pressure anl  the energy 
c-.;,0'j]la»,ior. -i-viront  1 Pi   ♦ y    .'Iso ari.ro.i   't,  ».ha spflctr.a of iallv'lual pre.-.:-urc fluo tun'.ions. 
'?TOov«r,     t!:*£  r"pult  lo^on'T.- cr cor.plote enrrolation h;t"e n üorodyn iilc  f TCOS  ml  cotongnt 
.Top.-uro. . 'r   '.'■ .   i-jvics'y.  ovtro-e :■:' I';,  carrel vt''>n b-tivo"n nerodyrr.-lc  force  and  individual 
preaau:»).', auch as ar'ces f'ien then'  is low corro?atlon tetv.-o.-n 'nilvMu-'T flictu it,lr.;: pros u.-o:   at 

Tho assurptlo.n rale h3ru la that no purely anrodynamio resonance exists.      An exception may arise in 
the case o," flows  with osoiUatin,- shock wivos.      In this   latter situation the forced vibration hypothesis 
should  be used with extra care,  as there will  be a stronp possibility of the flow fluctuations locking In 
(t'. fortr, a limit-cycle) with a structural response mode of similar frequency. 
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llfferMt pnlnta on the »Ing, th«r» «111 alto b« little aarrflitlon b*tw««n th« ooapomnt pnajun ritlli 
PjCt)   and   Px(t)   at my arbltraiy point on th« win«, nivl th« powar ipaotrum of   p(t}    «111  then consist 
approximately of th« tue nf the ooaponent apeatrn, thus taking the for« of a broad-b/ml apeotniB «1th 
«up«r-po»ed peak. 

Thus, in general, the power tpectniB of fluotuitlnc preature   p(t)   at a point on a struotumlly- 
reapondlnt; wine oun in prinoipla tika ar\y fom bet«een a «Ide-band apootrua «1th auparpoaed iurro«-biurJ 
peuk anl a »lie-band tpeotrua «1th a 'notoh*  ainiltr to that in »y, Pi«.10,     Hoeevor, the latter 
phenoaanon require« alnoet perfect correlation beteeun the preaaure   p,iit)   und the '■otion-depandant' 
aorodynoBlc foree   x(t),   an) bateeen   p,i(t)    and the 'notlnn-dependant' aarodynoalo foroe.     I'/hllst th« 
latter correlation 1» to be expected (alnce both   pa(t)    and the a«roJyn;ialc daKplnc force »re each 
highly correlated «ith wlnr aotion) it i« doubtful »hether th« correlation between   px(t)    and   x(t)   i« 
ever sufficiently strong fur this oonlltlon of pressure cancellation to be realised in practice on a 
three-diaanalonal «ing. 

In Refa,  6, 7,  the above situation,  in «hlch energy cancellation occur« bat«eon tho excitation and 
reaponse pressure fields on a ■tructurnlly-respondin>: »Inj», is contrasted «ith that »hlch occurs »hen the 
tiae history of «Inc; »otlon is externally imposed by neon« of i ["♦'--lal forces (as o «Inn surface nilEht 
be forced to folio« some presc ibed time histoiy In a »Ind-tunnel exporlnnnt).      In this  latter case »« 
refer to the »in,; Botlnn us '«xtemally forced*.      Aa an example, Plc.10 llluatrate«  the difference 
bateeen  ♦«,  the epectrun of aerodynamic force on a atructurally-responline »inc:, and ♦j, the corres- 
pondtnc apectrur. "n an «xternilly-forced ninp, both asaooiated »ith tlie srunc speotnia  *i of »in/; aotion. 

In Illustration of the above discussion of fluctuating pressures on stnjcturiJly-reoponiing win^s, 
pressure fluctuations Beasured during M^h    g    manoeuvres on s »mall conbat-trilner aircraft are 
Illustrate'] In Pigs. 11a and 11b.      Tn these figures po»er spectral density of i'luctuatin ■ pressure   p   is 
expressed in  terms of    (p/l)2    per unit bandwidth,    q    being tho dynamic pressure.      Pollowinr the 
quillt.itlve aethoil of interpretation described above,   tho dashed line in each case represent!! an estimate 
of the intensity of the local broai-bond aerodynamic excitation and peaks rising significantly alive this 
level are taken to b« ass'elated »ith motion-dependent aerodynamic pressures.      In particular, by 
oonparinc the apoctra at the Inner upper-surface station anl the lo»er-surfaco station, under cmltlrns 
of II«J1UB (Pig. 11a) and heavy (Pig. lib) buffet, it  can bo seen thnt the r-.lifve contribution»  to the 
nctlon-dependent aerolyr.aiic force (including dar.ping) of nartlcular points on tl.e upper and lower 
surf ices cf the «Ing can depend strongly on the level  of buffeting intensity, 

Plnally »e note that «rhilst measured fluotuatine pressures on a »tructur;.ny-respcndlne »Ing can 
provide useful inforaation concerning the spatial extent of regions of separated flow,  and qualitative 
inforBatlon concerning the spatial distribution of aorodynanlc excitation and damping fields, tlie quan- 
titative separation cf thete two pressure fields,  and subsequent integration tc provide both generalised 
excitation anl damping forces, pose« severe probleas.      AasuBing that the only effect of »Jng notion is to 
produce a line irly dependent -resr.ure field, the properties of the ixcitation field may in principle be 
deduced fron Beasuremente at frequencies other than those of structural  response.      If the excitation 
field is then assured to behave smoothly,  in terms of frequency across atructurol  resonances, its overall 
properties nay be deduced by interpolation »ith respect to frequency, and results cooparable to those 
described In section 4.1  (rigil »ing) nay be obtained.      On the other hand there appears to be no 
satisfactory way of extracting the aorodynasdc  d-nping field.     As explained ear'ler, the shape of the 
power spectrum of fluctuating pressure    p(t)    in the neighbourhood of a atruotural resonance depends on 
the degree nf correlation, and the phase-relationship, between the two component pressures   Px(t)    and 
Pil(t),      Thus  the properties of the doBplnd field    Pii(t)    cannot be obtained from measurement? of    p(t) 
alone.      "oreover,  the cross-correlation of    p(t)    and  the srtion of the »ing cannot provide a «atisfactoiy 
«.uans for seporating   px(t)   and   p(j(t),    as wing Botion is correlated with both pressure fields,  the 
correlation with the danping field arisinr directly through  the aerodynamic response and the correlation 
with the "xoitotiin fieli arislac throagi. the flexible response of the »ing structure. 

Throughout the above discussion we have acsumol slructupi)   laiping  to havs a negligible effect, 
'eVhllst on the basis of current information this appears  to be s reasonable hypothesis for mar\y flight 
conditions,  there renalns soire unoert-iinty In this arot,      B.itimatec of atmctural   iaeping an» noräolly 
based on ground resonance tests, anl such tests usually ref r to »ing loadint; equivalent to 1   ;•.      At th« 
hit;h valuoo of lift relevant to buff'tlnr, hoeever,  th«  appropriate Jr/aUng may be as hlfh as  7 r., and in 
this situation structural diiiping is not generally measured.     Novertholess, whilst a large static load 
will probably have an effect on friction at joints, etc.,  thor« is no obvious physical reason »hy th« 
structural danplng »houli bo systematically greater in this  case. 

5. PLÜCTUATIX RIIID-BODY KOTlOtlS OF All AIHCSAFT 

5.1 Introductory rCBarks 

We turn now to aircraft fluctuatinc laotion, associated »ith »ing separated flo», in rigid-body 
response modes.      The frequencies involved are lo»er than tliose associated »ith alrframe flexible 
response, and can have a direct effect on  the controllability of an aircraft and the ability to hold an 
accurate flight path.     Prom the pilot's point of view, whereas aircraft flexible response may be «aid to 
influence 'ride-quality', rii;id-body fluctuating notion also adversely influences 'handling-characteristics'. 
The most important example of rigid-body response in this context is the lateral fluctuating motion kno«n a« 
'»ing-rocking* which is known to have a detrimental effect on air-to-air tracking capability.      In SOB« 
situations, however, longitudinal rigid-body BOtion piny» • «ignificant role, either in  the form of 
predominantly longitudinal motions or by coupling «ith tho lateral degree« of freedom. 

5.2 longitudinal Botion 

Pilot description» of aircraft fluctuating motion at high lift include the expresaion» 'bounce' and 
'porpoising*.     These refer to types of longitudinal motion at frequencies primarily influenced by aircraft 
rigid-body modes.      Tho former is a description of a type of motion perceived as fluctuations at about 
2-3 Hi in normal acceleration.     Ttie latter, porpoising, probably involve» both normal acceleration and 
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plU'hliif- Bntinn «nd tukf.' pluoa 'it a rithcr Inarer fraqutncy. 

frrm the pilot's print nl' view tlifrc  Ic  probably no claiir llitlnetlon batman  the ^/pes of motion 
nentipnec!  ■ibov»   iM nlrowft buffrtlnr  that takas plaoa prisarlly throuch tho raifirnis« of the flexible 
structure,      II. »ever, frr the puricscs if theoretical analyiln, the appropriate respunaa m'le for 
ciilculiitli'tir of bulTitin/- inti-nslty (in '«nrs of nornal aceelarutlon) dapcnJt upon the frequamy ranee 
In AMC'.  tli"  r'.'Ji i-n."  'j  to be "Vilu'itoi.       Ir. «octlon i »o r!ioir;0(l how huffetlrH' in utnjctur.'il  m'A'H «y 
b-! mnl^il'! -ir .:■'.].■ flijxilile  fefjnos«,       icm'-V'T,  If ..e arc concornel with nn'onca fjuetuitloü» 'it 
f ru laai.i; lea  !.■ ' -v,   'MI rf  tl" Flrat wlnf^binllni; r"ln (aiy belcr    uout 7 H? on   » cmb-it nlrcnf t)  11 Is 

i- '7 ."noläor alreritft ricl'i-b"!.v t«tion,     J'oreüvr,  If we «re-  concerr.oil vdth buffeting In 
»..■• nolos cf the flrit >vlni~-beniing noin (an! tho pilot nay sit at a point «hero the nirpll- 

i.iln,- rcjpnr.110 Is relativly airall),  i cl^nll'lcant part of tie nr.irj in tho fr? luor.cy rin;;a 
ii:'j  K !Is cculi ■«;'[■£. ir as   i  r'.i;H-bo4y notion, 

»i simple api n xiiwtion to loncituilin«]   ri^iil-body aircraft inotlrn may be darivod by neglecting 
pitching action ar 1 ocnsiäerinf; üie response In heave (translation) only.      fir. 12 illustrate::  the bloci: 
.ilj,TiB for the heaviiv mritlor; (of an aircraft with oaso    D   «ni wine """    S) molellBil In thic  mannnr 
(a sp"jial  case of Flc, ?b).      The total  aerodynaclo forco    ",(t)    is expressed as the f>uD if  two 
eorprnenta, a fluctuitin^ aBru.lyi.aBlc excitation    P(t)    having no feedback froir aircraft » ti'n,  ami an 
:ieroiynanic   lumping ccntrlbutlor. expressel in terms '1' lift slope 'a'.      The oorresf'.'riirr -Jiff'mntlal 
ejj tion Is 

B||   ♦    jpVSaw    =    P(t)       , (5) 

.vhero    w(t)    is aircraft ho-ivlr.g velocity.      Thf equivalent transfer function equation doocribiw the effect 
cf    F(t5    or norn. .1   iccolfrati en    *(t)    is 

"    -   T      , (10) 

W.t ,-.   ,.;ix^ri   f. 
f.. vleir! t ■  c-f 
t.l •■• .:■  win,-!-.- 
ai »;,   ir; r.-K.^i 

As 

where    D     »     \/it 

B     =     .pVSa      . 

A 'break frequency",  relatel to  the  tliro eonstant -f  the above first orlor equ'itlon  Ir.  ,-ivun by 

? = k r   • w 
For frequencies above   f,    the effect of das^inr on the heaving acceleration dw/dt    becomes small.      More- 
over, the effect of unsteady aerolynamics reduces the influence of d.irping still further at hipih frerjuencles. 
On the assur.ptlon that the power spectral density   tf of   F    Is constant over the frequency ranne of interest, 
and introducing a dlmensionless parameter   E,    dependent only on flow geometry, we may write 

•r  = |B2 (qs)2     . (12) 

The root-mean-square intensity of acceleration corresponding to an arbltrxy titui pas:   band above 
frequency    ?    then satlsflei tho proportionality: 

_  1 a;     ä^F 

-      ^y ^S • C13) 

As a numerical exc/nple, we take a typical small militnrj- aircraft, say 

z/S =    60 lb ft"2 

lift slope a =    4.0 

Mach number =    0.7 

altitude r      10000   ft 

f    5    0.2 Hi      . 

then 

At frequency    f    the effect of damping is to reduce the amplitulo of fluctuating aocMentior. to 
about 66?   of Its value without damping.      However,  at frequencies above  1  Hz,   tno ancclcr'itior.  amplitude is 
at least 97/'' of its undamped value.      Thuc ,  in rl!uations in which heivin • notlm: naker  a nl-nif leant 
contribution to buffetin.' intoncity, for example   it positions vrv clocn tn ivii:--bon line nodes at 
frequenoies  in the  range 1-10 H",   the effect of   torndynariic  damping is no,-li,-ib.in and bul'fntir.g  intensity 
satiofien equation (13).      A particular ronse mor.ci'  ia  that at a givi, v.luc "f    ?.,    for oxa:.!1." fur flight 
at constant Incidence or. the asouirptinn that RoynnMs number effects are ne-'llribl   ,   Utu buffot'nr rocponse. 
at fixed !'ach nuirbor ar.i within a fixed frequency  r.-u;,-'.',   is directly pro'-ort!   r J   ''' oxcit-'tloi   and hence 
to    qf     and  thus  at constant t.rue alrr.poed varies  linearly vjithair donsit;;      ,      Aldn-.ving for changes in 
airspeed with altltule the va-lation is a;   roxl-rtoly wltia  n '•■'■      This  contrasts1' alUj  tlie case of 
response  In a  flexible mole, where Vaffoting intensity at constant airspeed is  proportions   to  p i-: 
allowing for r'-.an-Bs in airspeed with altitude  this beoor.es  p 0,°. 
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,.. ~s. ,....._. Ia Wa MOUOII la U.e rip._..., ect~lnlen\ ot tile hi'MMiV.U011 QIJe 
ot ~la .... tor wllll atftotllftl ... ,.... 1• ... u011 ,.2. lo...,.r, l\ aa..ll lie nout \Mt l• tM 
c ... ot alftnl't riel~ ..U. U la •n Ubl7 tlaat \he .rtHta ot aOIIllaaar •• .. ..._,,.e 
,..._. ..._. al8llflo•t. Ill paftlcular, U. n.,.tart~ ot \ha •,...,.lallll' •U011 augeeta U.\ tllf 
poaaU1iU" fll a lllll~a (-ll•ar tl~wr), ln wtdoh tlla perlallc ftuctuaUou la tilt now tlalt 
lleco• owplM •terrdalaUcaU.F • U.. 8Dtl011 ot the wlft«, cMnot lie l\lle4 out. 

tile Jlft•J.pa. .-iaa1.-te rill._~ eUou la the contewt ot Mncllllll ohanoteriaUca ot oo ... \ 
a1rcntt a\ ld&ll Utt ... tile wilte-.-kll!l, wl~ppl .. , Mel noae-alloe pMMMMo lll.,..roclrllll 
.a.o-14 lie Ua\bftul .... hoa wl~NPPlar, ancl 8Dae-allae ln th!lt, whlllt \he htter \WO •Y p .. aeat a 
naJnr ....... , poasllll,r les.UIIf! to loea ot • alrcntt la e•tft• cii'O\I•tanoea • lfine-I'Ocldlllll! altoull 
AWMn117 lie nee ........ la t.e,_ Oft •i•-· le!!ftcllnc ~>eapon aimnr, accuracy •• aot •oeaanl'il7 
Ueitlat, a .. talae4 _......... a.naa ri~I'OP!'llll ancl aoa-llo" uoe ,.laUwly wll llftderatool 
~~M••aa, taiar; U.. ,.. .. of a 419el'eenoe auooiated wl\h loaa ot late,.l or llftctioaal ata\Utty, \be 
pi'IOYlalOII ot • appl"8pr'lat.e tllfonUcu ~el tor Wlatoi'OOkins il an out.ataa4lac pi'Wlea. A principal 
oiJecUYe la a •.-a tw ftlatlAt: \he ~..So eUon ot tha tllll•acale aireraf't to ••au,.•n\1 tllat can 
M .we ualac riciill~~ wincl•twu~el ~ela. 

'l'Wo Male ~pea <'t an&!yt.ic'\l IIIDdel uht tor at~kiftf!, analogoua to the ayateaa 1lluatnte4 la 
Pi ~a. 2a •J 2\, - .,.pn-tin - an au~ua oacill •tlon, or lllllit•oyole, ancl tbe oU..r • ae ... ulc­
ally torcel .. aponae. Jt wln-roc:klne \Mea the to,. of an ntono~:Y>ua oaclllaUon, the a,yataa 1a unatable 
ower a lllllte4 1'111&'8 or uplitu:toa, but conatr:tined to aotlon ot tinite ar.plitule thi'Oudi the enat.enoe ot 
nonlinear aero4.7ft-ic torcea. (:;c 111e the e~~preuion 'unatallle' (above) in a \ro 4 aenae to conr llo\h 
~ic.'\lly-..m~ ~:.blc e'T~ ~ libr!.u contit11lr:ttiona ·on 1 a~yii:!Oletrlc nl confi "UI'Uti ona which are not even in 
ll<'\tic equili !ll'iur:). 

'fttc si -,plett an·llytic ·. l -seta tor ~he cue o:' autenol!v.'Ua nacillationa eJrelude h,yatereall ancl/or 
tiP.'Ie-131" ·f'tects and <trc Nhtecl to a ch~ fro• roelti" to neg.'\tiYe <IUII'in«o It 1t 1a .. (JIIln4 to 
~cl conlitlonc ~r austa i ne1 wln~rook, in which th~ nacll1atlnna oontinue with appro•lJDtely conatnnt 
ar· ·lituJ~, " nonl i ne . r DOrtel b c·•lleJ tor, It r:JJf3 be r.eceaaary to inclucle a aouroc ot acl:titiw aoiae u 
a oe:lfts of int"'ducint: 1::.."111 erturllat iou ·obout t he b ·taic Urdt cycle, If, howeYor, it 11 I'OlJtliNd to 
aotel conditinna ot tranalent winr;-rock, t.en!l i natcJ by the pilot re4ucil'lf': tho alrcrul't anele-of•atteclr, 
then it r..ay 'be sufficient to c:JIIlloy linear eqw•Uona (111th ne«a tlft d!l&pinr,) to cleacribe the 1'1'1\e ol 
growth of the uplitule of os cUla t i ona, :'tie edatence ot ad litin nolle 1a 1a ·ain likely ., 4btort \be 
oscill •tory mt · n, p:1r cu l:t r ly ~n the lnl ~ 1 :• 1 pttaac vhen t he &lllpli tu :cs 11ro IIIWlllo 't'eata d th wlnl• 
tun::el aodela 11re in i rlnci , ~ e c pa le ot predlctln the on~ot o!" t hil claaa ot aottona th..,ueh \be 
cnl:c · t1 .n nf a leas of aerolyn .:~ : <ia~:.oin ··· P'or thto "·' lic ·• t~on, thtt aoro.lynW!I. •" !'llt31UrvM"'Ita alanuld 
b"! ::-..s :i n co •"lll"!:P """!"l a a 11 t o i nclu le ofCcc t o o:' >¥lnt: : or·· r ·•tod tlc"" on t!:c ·r n ~fllae:!.:. , P nr tail. 
~o&ev ·r, t.l)e pn~ · "cW. '>r "ll fi ture f t ·:c c:e t ~"u cu~C JUOn tAl in t tl:U. Uvc c·~ence 1!1 11110h.,... :Uttioult, 
T ~ H la le ci re J o ··re tj c t t 'l!! c ;>1"!~ w:tnr'•...-lrln · aoU 'l fl ttn a n autonoa-.ua oacll1 r•t1rm then the aei'O­
lyn..c i ~ force ~ ( nc:ll.li ·.,; Lo:; e deJ:cnit'lnt. "n alrcr·..r t r ·· tca or IIIO~ion) need to be no.m all f'wlctinna at 
.ircra.t' t nt;\4 'l r· •Uapl'.lc ~ .,.~: ':.ll 0 :m:i CC l'lln~ • hould abo be t :.i<en <'f title poaaible fiXilltf)llCO o( hyate .. lll, 

f o r :~ustllnce in A~ll :-: -IIOit!!Tlt ~earure!".en~e. "l'hi. ~ tyvo of :'J I'811ct1on hao n'> t aa .vet. been atte L•: te:l, "Uid 
i nleel t i3 cl c ·.r t :~ t -. co: , l "! t(' .a ly • is ;:oul ; be ono 6!' 01 .0 co r~Jlew i t.y. 

'l"!'&e al\cm '.l\iY" po:..:l ; .~ ' l l,;' :~ tl.-l ·' r.,,-roc:.: i r.: tV.e th•• !'onr. ot ~·. ·• ont l;;:u:-:~c ,ill.:t•torce" 
wibr.~~ , ( : n tl.c t •c r.ni ~ 1: JAnae cuU~ ne 1 :> uct~o'' 2), excl ;.el h_, tl .. c ~lj. :ln.; n ·ro lyna:~lc t (Jrcea whioh 
ar-~ il.niepor~l\e:.t <'!' o:i "lb 1 l 4. r !l. ~ .. c t 1. . ~r:.:; roll~n,;- an: .:.-•v.lr ,. .. CIC :;;col.a h·,vo lr. t h o;- f•oollf. been olla~rve-1 on 
r:G:cll;,··t:~ "nt.o-! •l r...i-~r · ~l· ~ "•ls, 'w•. ~ ~ :· r.t t ~no.~ \i~:or . h .f; c .: !'C U !: :~~ .. r..:tUJ cou?l .. n,; (l o c4c.~ n t..•ln) 
tet7 0~ ~"lew ~iel~ !':1 Jntion t ·.:-.w:l :;1-.ce : n ~\~ eor"~S IJO'l.lln.., i;; n·•r ~ :.1 ~~~~ ti on . Cn tho ll n u• U ":'l t.'l:. t 
:: : .H'!c - ~.t r-, ~ .. i.o:.. fc:-.e • r ~,. .r.t co:. ,: ·--1~ .~ . ~e rc l;ot t<•ro~t'lv· ~:. ·' "<• tier .• ' he • n1ty~ic ttl r o1e1 then 
rc :.eli.!..lea : :-~ ~aer'l : tn~etur<J t h . t ua.•! to •, , :r~liP bu(foU ,; ( nl : U cn !>.2 1 , 111 ~cro~,vnar ic eJ'cit::aUcn 
~ore•• , ·~- o~-o. ;; h• >t(t) ·~ e 0u · ~~·J n .:., ;ro!~•"lt: flyc;~ t ~(·n ~ tr. t:. ·: ror ;:cnl'o •• f " " euentl 'lll.Y at•'ble 
:.;_,·c ~~"~;.• :. V ; ·.:_ ;.n t. (" ~ ~ !.\D r.oi r•! o ::C Ut"~ 'u l:1"" C "". ~"l of 1crl .. ~C fl l t.uo• Ua i!.C:-l~ Of '! 30ft t .o1e' (R.er.J),where 
the ~·. :•f'O:acr. te> ' conl l tl on ot "ls c.rs-~ ·· l""l n;:; s utt'llen 1ettJe to "" "!lpliflc · t'.on nt •.'lo torcecl Ncpc!lae. 

Z'l':pe ""i~ ce • i t.h n ron ~-;') nf' h ! .. r.-pcrfoM". 'a nc~ '\irc! .. tr t ovn ~ ~ :! p·,&t rcr: ~·,J :lrs h'l s pr v i t!e ~, n w Je 
·: · :-: ~ t.:· r f !11 : · !"""' : .,nn r !' tr.e t "-r..:· of · h . ::en- o tlln .:d "IOOV" • ~'11 · . · :>1 ~:: inch ;: loa:: "lf l r~ ternl 
~t : !'rnc~:, , 1 ., l1 r ·cJy • ch n,;'!:. in :.e ny "!'" i V1t i Y ·, l"1 ' ~ n ·· t 'yar·-ort' or 'n'la .. ::li c 'l ', ln1111 ot 
:>ut~l:•roll ! !"1:•1n ; ( 1uo f c !'" · no t ance t•> chw':fl~ '!. n tr.r. l p :111•! nil der lvc t l vea) le ·oll nl" to -.: in.-;•rockf5 0 
ar.' tt c·,Je of win~roc !r: v: h• !-e n'> l os= or et ' il t.;; t :: ··! l !"·•• ' f'roe • .. 1e Hn:~urnclat:tbil l :y i ~? l"iv11 t\vea and 
tho hcn:>~:~enon h:.s •.hu :; befon re ,.. :--iel s •• •rorc61° r o t l nn, c.o soc i r t -,1 ,·r.. th (1 r :..n·lorly nuctu:. t l ng win~ 
tlo" f'1eH. Yt !.o c: o"l r th'l•. m ain.;le pl. r"lccter, or cm:-h ln 'l ~; ., o f p:oron;:tt!ro , c,lrl provlie a r.~tnaure tor 
-:.ircrd't h1nJl1nr; qu ·· - ~ Hos • t hi )1 IVl t",l ~ nf att . :it. Yn on cllae · tht'O pb<momenon or wint,;•rock h 
ro r: rded by plot : n: m ~·l""pc "t t·. i c , in ' he ll..,n.:;• th·.t t he ll "ll:le "l lrcr'lrt flo.-.n by the IQIIC pilo~ in 

, 'lt.., ntl:' tile :::"l "C con.d "tinn :r. ~y o;· l:.llj " no t flJrhib i t ·.o; i.n.;-r"f'CKo 't'tw exrolanatlon :'1:\Y ~that rollira~ 
m r. nt 'beh :>viou:- ! a aen:; l tive to aa"lll ch"llll!"':> in alt1e::l t p :tn ;l c ••f r:'lich the pilot h not aw::~ re, .A 
f'IU'0..h" r co r.:,,Ec t ion i:.. t he e!'f ct on ::t"lb i lity oi" r llo ~ control l npllt.l'lo Por e..-tll1:ple, in tho ubsence ot 
control fo:'Ce~ tloe p-;m -:-l! t ':- c c:~tr-,lHnr Outcno- r-nll :: tlrrr.asr; I s ny • ein • lvi.fi•• known aa '1ynaaic ny' • 
l!cwcv• r, the use !' '!H e rons by t hn ;>llot, tn fl :• n U.et:pt to Y.e.,p '' in"'l lawcl, c ~n lead to d!Yerr,ence at a 
l r:J -:ter ut;le o!' 1 ~t·t~: : : on n ecc:. nf. or ~ : "' y 1wln · rtn~.ol!n t.:. i nt" ducei by ail"'I'OII letlee~ion:;. 

6. !ULA1":0 1'0P!CS 

'!'he concept:: u~e1 in prc:;crlbi~ ll ,oproprillte 'lr• !yt t c··l m-t"b t or ~he nuctlllltin : aoUon or a wing 
l.n tile preaence o!' :;epr.u•r•t-,1 flow Ill"! nppli.c ."llll e ~ n o'l Wlro t.,:tOral r ant.."' or fitllllt; ona. ·.n lnati\ICtl•e 
M1[1.q>le l:: th'lt nr ra ci i'C\I] r cy l 1-me.·, ~l'l'ln:sYen:e to ~he rtl 'l~no~·; tt irec t l nn, 11 hed :ing , rc ,~ar yor\ew 
streitt. In ~h c ·•:se r'" a ri;-idly•::.~unU!t1 cyltn<!-,r, 1e,;pit'l t : e hich dey,ree or orcler in the •ortici~ 
dtat;rillution, L>e hAY!! '"n e•~pl t: <'!' a 'rUilo::' tlo..- riel tl, ainc~ the phaae ar the floot fluctu:.ttiona 1a not 
clet•,r'Slloo~ by •.he bow:d ·· ~ co, lai c na. i!'lu tvPr0 if t t e cylift'ler 11 ll•'llnte 'l on elaatlc llllpf!Or\1 ao th11t it 
j I fre'l to J'et rw;r.d 1:·n .11: c ·.ll y ln , lire, ti en ti"UllY.,rse t rJ t!le !'l011 0 the ph.Ue of tho tlCJI f}IM:tu 'l tlOn3 My 
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be • O' d t"~ i nlsti •lly rcl a t. 1 t.o the cyltmler· r~o t ion if the atructul"'ll stirfnesa is chosen an that the 
-~·1 :nler n·. tu n l f"' ,uency 1 ic • sufficiently clouc t o he Ynrte x shed·linc f'requency. 'llhen t.hla phenoM­
n n occur • t he c u.plci 110t.1nn is approprlll tel.v rc,-. •·led o ~ a llau t cycle !ln 1 t~~tueu"'llierlt:: of . res a urea 
1n l forces nn t !l rl ;•i !ly•cr unted C.flind r C'Ulnnt be aens b1y rel ·•t 1 to the motloa f th <tyn:uaically­
J:IOunt.-,.3 cyl : n ie r by •torcet•rcs t:onso• c ·alcul ot ions. 

In thto 11bovr aituati n .e cny s -3 th·, the cylinder i s ' e tructurally reapon'ling'. A r-.latcd 
eJrpPri~r"ont may be ~e~or111eJ i n w~1ich he c.vlln ler 5 'oxtemally forced', by aeaM f iapo:ed conatr11lnta, 
t re~on: sinusoid .I oscUl tions o!' pro s ·ribed 'llft .•litu '" und frc'}lloenc.:~. A a in, if' the aiiiJlli ~cle ot 
r.-otlon is slolt'riciently lar~ ... , .1a i the !'or I n~ frtqu ncy { ~trouh!ll nuaber) lies in the nellflbourho d of the 
n'tur-,1 Yort~•-ahe4tin g tre1ue ncy, the ph·one of t.he flow flu c tuta U '> ns 1ny beco&tO controlle1 by th e 
cylin•ler· .otion. 'ftli s h sn ~lftl'lllle ex ~:c.ple o!' the r henoaenon th"l t a ch,.ne eo•er troa a 'r:Jn:foa' to a 
'!etenr:inis tl c ' n ow ti el:! . ad 11 corrc !JO!lHn;- neces ·• r y ch .. no-e in the Mturo ot usociate-1 dyn11mic 
ntl!~onae clllculllt! na, c •r. oec r as he IIK' 'lll aaplt t:J:Ie of struct.unl 110tlon incl'f!ases. 

"~rler •ntion ':!:ty be .. -te here of th r el ' tel t. p'c (in t.h-.t. it involYea tl " !'luetuationa and 
win.• ~t: < n) o:' panel v ibra t i n. In:.te1i of fluid llO t l n involvlnt; eepolrJ tej flow , th" ~blell us~o&lly 
stul ei ln•olvtta t r.e mo t i r>n f 11 , .,nol in t he presence of Muc tu~ tin~C turbulent toun<br y l ayer. A 

or.o:only uae:! ;>ro e1u~ it to J!tC ·:sul"" nuctu'lt.in p"'szu.re on ·1 ri cid panel, an<l to ulie thene In con­
jur.c ti n wit . 1<:!:-oiyn'l:'l'C ··m:o!n>" .. s•lll l h { t o c alcul-.te the mot.ir n of n M t> rlble rn nel n:; n 1lflrolyn3o-
:c , , h -forcc ! resv>nsc. U t e m'lt i V" lY • the panel o s cill a tion:~ 80me t.1 r.:c. oc ~ur nonllr.3 'tl" flutter. 
~·'S". C! l' ... m i Y!'S luv~> ben !: ::c ~ao l i n · Pf.16. ~nth l u tter ca ae t he l;u-ee~ c1le bounh ry-layer 
f L. t: :tt: <' ns , • hl c <•!'!' r t."llo~ n t h ri 1;1J panel, b!'co:;e cou led 1et·' n:ll r.:.s tic 't.l1y to U1e 'lne l aot.ion. 
~ t! .• Or'J or L·l.rlillhl 17' in whl ~. thr 1- r e-sc ·tle urbu.lenc cor.ronents ln {j bo trr;hr.v l llye r o .. n rl~d 
w·tll ~"" c1l c lclte1 aa the llO: t. 1 ~htl y d tt1J)e1 "it'l!ft!I:Odcr. r>f the a s . chte i 1tne1 r ahb Hty problea, 
::~ ,- ·e s s tho • :· "" cl' nonli near couplin~ couH arise t n whic the 1 'll" nc-.le flu c tuatin~> coaponenta 1n 
. ... ., tub1.1ler. fl ' .• past rl xi l e psnf'l a re rebtd to t! ... ei~n110<1es o r the line1r stab1lity problem 
' rc! iinr W1ll nex!bi!ity. 'I'l \:: ; only to au,; ... at poasl llitlos 1 h •ev!' r 1 d t.'l t neo r_1 f o r 1 I"L'e-

. ,: 'lli' turbulnr.ce fl uc t 1.1 , t i cos ! ll r.o t yet rto~ched :l!\Y ~!l" Mlly ac ~ep ert ~~ r.~, n f ·1c t wi lch serv·11 t o 
~-! " ~ :.OJ t l. 'l t t e y ,.e ..,r p.l . le!:' 1!s:~o~ :se1 i n t hi.:; paper c 1:1 at pres en t only be •rc t.c:l by :> omi• 

~ ::. Ide :l r.:-: lyttcl.l ~ :1. <:> r los , 

'le ~:..vc rH~ cuue1 111~:; l'1 wh'.c ~ . t oJ inherently ur.s tolll,; nut~ of •e;;ar~ter! tlow inter. eta w1\h 
'l rcnf~ !yn'I:".~C re :; ~, on;e, ar.:l Nv i eowe:! the roLle: of fon:Ula lnc appro priu t e theo retical cr<!el atructlll'ea 
for a .. h ccn.li U o:-:a. 

Pr ·· ~ : c : l ~u.,, -;~ ir LL ~ lr : r"lft hu:·re ~in~ ··r.l w'n l"• rocki:-:r . ~c ! r.port'lllc e of und.,ret~inG 
t.: .· .. ~l! ;-~. f'r. c- .. "'r.~. l:.e:: : r. ~!:1 .f 'l t~ c. ~ r: n ! m r. i~ :;.-y~rfo r:~·tt:Ct:" l rer!ift 0! ' ten hav~ to ope r "· te in such etatea 
i: . ~ r :er • o 1'1.;:1 ~· rv r l,.; ~ "h• : r· r.: •<J. <. e ' VI'"" fl ~ -h t•t!!':V!'}Op8 0 ,\fpJ1C'l tion:l r f tt.ecrft t:c:..l Cl:l:!ela of VIe 
; i:encr er. ! nc .. r 1·mnln- ... int !"i'r"t.ll t i l" n " f 'ipJrcpri:l e dn!-tur~ . el t c · h, llfl 0 b asis f or rrediction 
·· f f .. ~ ! - :; c'· l bch,\i r r, •r. ' r rc. •r r:::r.!n e; 'lf ' ' "''" r.l·b~se1 d r. l~< tif'flll cf ear.oc uYel"i n~ con:iitiona. 

~ ~~ ".U'tl :r.t" :- · . • : '•n " h"Cfl ·. J :;n . ically•resp n.!in~ • i n 11ni II ~ ep~&rated flow rid l can take 
t wo for. - ~ i. o:.e tl OJ wlr. · :::~tl <- r. i :1 ' f o rcel ' by !.e 1'luc t:.. •• ting fl ""' fielJ, i n til<> ot..'le r the Joint 
r- ~ t ic r . of .. 1 .· . :. '! f l o f jn 1 -. r· ~c~ ~ 1\ ·ut.n l l n t r ·, c t : ,. n . ~e ~lr;~.' nc~i n 1a tuat in the fo""er the 
n - ~ ·~ e,r f l "' ; !!!: ,.~· ol fi ': l § tr"lfit~fn!" !'. ~tho f rt.! otr• "! :-. t o t hu fl ctu..ation ~ is i lor.~nnr.tly a flow•t1eld 
;he .. :::er.r •, , ' l r c. ~ o r. " l' f ~be dn,- pe a. il-l:' sc.dityins: bu t M t fun.l'Uil(' t oll:; interf' ~> r1 with t hia proceaa; 
~r. ~:. l ·s t r; •· c ·,: c t n'> nc n i n"'l !" !'r.er .:y r ·,r.:sf . r : c l'• . ni ~r dcp nir f c. . ,tJ:ientul l y on l. ,. coup11ny, between 
:'1 • :'~ell , .i •· n.- co•i o,-. . 

:r. !':e :·t." r f' S ~N.:t ] ~ o .f1'f't .n;- o f Melf !J le ... in. it ~ 5 u.eua l t o a~&UilC t hll t linear torcea 
vi~ nti n r::c-! ~1 , wi ~ !\ •e •' l jr ..:ti c cxci ~-. : ~ n nb t ·. in sblc fro:> r lgi l•wing •uuromentll, ia applicable. We 

u.•., !'""v:<' .. • l the !:: .no r ~ r w!.tcr: t . '::: t · pe o ~· 10n:tl .·:is lll'l.f bo lie~. At ~he ::1lJ!Ie ti~ .•• we haft 
c_; r.~ r i ~~' · ! .. • t H :- i '. :s <' f 'l fll :., 'li ty cf tloi:: tt:p•c ~o c h u•c 1n nef·1 of .. llpori oon t ul cl11rl.ficat1 on. 
;ti s L ;.., y tJ , t tlt o: :::<t·· i<: .:s ~ re ~;!'!! t ~~, hi.•h ~ u'tr r.::ic speeo! s -. n i f or fl xiblc llnclea which 
-'' 'l~r · - t. •1 '!'. : f ic · •. ntly ~ i:lcBera:e Ye&r !tl U or :s , -.~ ~t.e r.J i.D l'vi , r.cc t ha t the win e motion m y in thia 
::! ~'" "~ ' . ' ' Ct> .pl.: : .. ta n:; r. l:ne :·:-anne:- .. . t fore-unJ-~ ft !ll t i er. uf the ah c:.t w Vflo 

;. :. to1re <::: ·, r. ir. re?s!nr trc~.j tcnru- lli t he ll5" of fluctua•. inc p"'aeure lilt curPmont tor the 11tudy 
uf , l'f" t · . - , .. • hwe · !l~ ~ ~~•!! t he inter.,~h\ior. of auc:: :.c .• ~ ~.oreumta. A cone uion dra'An t~m thh 
tl : ~ - '" - ~ ~ un t:, ·. t ~.~ , ~unl • re~ .ur nuctu -•t.i on:· en " atructllr-.l l.f•re · por.Hne wine, aa !n flight teata, 
nr·•· 1 t~· ic lt t i r. tr , r·•· t 'l r. a J.U -L i~t '. i~ b ·• ·L , o·::~:o: to t he ::11l. rr. l c :~ ell 3 t.!on of a ro1ynadc: 
eY..c : .._ 1t :! r. ·~r . ! ·u rc.!.1 r ~ : c l .... ; i .. , r r- rc L rt .._ th~ na ~t.tl' Jl f requ,enc;,r of winr. motion. 

tn h . ·oc·c·. · ·- ~ 'l n ~h . t :r._ force~-v ' br:stio:: an... lytic u ~r:>clel ror b4fet.:n( ia approprhte, •aaurec! 
flu.ctu · ti~; p~s ,~.r~~ un a riri~ •i~ ~ $ 0 in principle , be uaed in con juncti on wlth eati~atea ot ~ro­
'!y-. ·ri c '\:- .i n .; ! n ro sr.o:: ,. c •leu] t irn f or lNtfett r.r v .pl: tu:!es . Ho ~~;eftr, tllght t.eeta haft 1n<ilca ted 
rir.n j!'j c ~ t c .1: . .-'l~ l n :~.;,rolyn.nci c b-:; i nt as tcp a t"•t.e1 flow clevdopa on t he •in«, 1n1ic ntine the neef tor 
rurthcr re ~e ·u~t. i n this .. ,ro ·~ . 

!"ne p'l::s ibi lity r.as be!'ll :i ; scu.s • e 1 -,f r c lllt.i r.r; t !':e -. ine-rock ;::her.c r..rr·cr:, .vhiel'. ia l!n an to de;ni• 
fic • r.t..:~ dr·,::-11e pre !.::;ion tr>tcklnt; ribil' ty 0 to oeosur·-,blr. ch ~I'IlC tP. ria tic• of· a th_oret.ic: 1 .,del. Aft 
i ::.r-c rt mt b ject1 •1<: f thi:: '~"rit is ·, u·.r.~ t· ,-el:lti.n:· .fe.,-:vhtion i n oi rcr'lft h:.nJlint: e haract.eriatiea 
ur.dcr -.a::ce~o\· er: n,- c r. ~ ~l ..,.r.s to M 'l :;Urcl!.ero t s ·hat C'•:: be ::~ao!e uaing winJ•t.unnel r.~lelll. '!'heo.Nti cal 
ci ... r cte rls~ic· -.t:.!c!-: o r . · . .,u··ht o h"vc be er. n~:so c i 'l t.ed i n the paat dtb oacilla to r;t or :Ever~' 
iherv,"'!'m 0:1 :.. r.•~.;c c:' ~ !rcr'll't ~ncl161e lo~ ! c f I>utc .. •roll ~ -,~1ngLloar. or 'ut:h-~11 2:tlt'fJWaa 
\ d.Yn't;:::.c nv} • .. 1 roiif11: '! !lutct.-ro:l rc:;r-cru: e forcei b)' ·, r:J.a1"i:ll.Y·:-~uctu , tine wing-now fieU. '!'he 
conc l u:i on h :; be" drr..rrr. ti • . ~ no zingle p!ir·~ter0 or co"!:binatloa of :lJ"tl::leterz, can provide an oftrall 
r:le&l t: re !'' 1' '•ircr:;,ft t:·.Y.. l 'i·c 'l '~· ll ti es • t hi&'l ~e or a ttack. 
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Pim-STALt. BtMAVIOUR OF COHBAT AIBCHAIT 

by■   D.E. Shaw, 
Principal Afrodynanleiat, 
Atrodynamiea Dapartatnt, 
BBIT'.r.H AIHCRAKT CORPORATION UMITU), 
MillUry Aircraft Diviaion, 
Warton Acredroa«, 
bARTON.    Nr. Preston, laaca. 
PRif 1AX 

SUIWABI 

The general "atate of the ait" with regards to high- 
incidence pre-atall behaviour la discussed in terns 
of fluid flow characteristics and the corresponding 
flight dynaaic phenomena.   Particular attention ia 
focussed on the results of recent work undertaken in 
the U.K. on two very different phenomena, each 
separately described by pilots as "wing rock".    The 
first is associated with a "collapse" of the dutch 
roll characterlBtics to a divergent rolling oaolll- 
atlon and the second with the rigid airframa 
response in the dutch roll node to the low frequency 
content of wing buffet. 
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A Rolling inertia   g£   mmptct ratio 
b Wia« apan 
e Charaetoriatio laagth 

C Yawiag iaartia 

CL Uft coaffieirat (of nhel« win«) 

Cu Local Uft ooaffieiant 

4C Inertaantal praaaura eoaffioiant 

f Frtqufney [Hi] 

f(t) Tiaa dapandant foreing function 

1A Non-diaaasional rolling aoaent of inertia 

ie      Nco-dimnaional yawing noaont of iaartia 

1^. Non-diaanaional eroaa coupled ncaaat of inertia la /M/^VI 

1 Separation bubble length 

1 Rolling moaient due to rate of roll-non-dinenaionallae 

1 Rolling nonent due to aide alip 

1 Rolling moment due to roll control deflecting 

H Aircraft total naaa 

n Non-dimcnaional frequency f ■> •^j 

/NFÖO   Power Spectral denaity (• 'V'qVe where e > bandwidth of neaaurlng apparatua, if/f 

and p • RKS pressure fluctuation in that band) 

n Tawing aoaent due to rate of yaw 

n Vawinr moment due to aide slip 

n. Yawing moment due to roll control deflection 

p Pressure or roll rate 

p RKS pressure fluetutations 

q Dynamic head (• ?p V*) 

i) Yaw rate 

RMS Root mean square 

S Wing (reference) area 

t time (seconds) 

V IVee stream velocity 

y Side force due to side alip 

i Displacement 

a Incidence to free stream 

., Natural frequency "o 

( Relative damping 

fi free stream density 

r Aerodynamic time constant 

A Sweep 

t Phase angle 

ß Side slip 

A Taper ratio and winr 

1 non-dimensional spanwiae ordinate - based on semi-span, /2 

(■pTv) * 
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1.    IMTROPUCTIüN 

^ny current oonbat aircraft have very aimllar wing planform« in terma of aweap, aapect ratio, and 
taper«    These alinllarities lead to a number of oorreapondini; similaritlea in their «tailing and buffeting 
charactcrlatiea.   Work recently undertaken in the U.K. at the S.A.K. and B.A.C. - 11.A.D. (Brltlah Aircraft 
Corporation, Military Aircraft Wvieion), hate extended our knowledee of the phenomena Involved« 

Die fluid motion charaeteristica of the type of flow met on combat aircraft win^s at high incidence 
will be diacuaaed briefly« 

Thie will be followed by a general dt-acription of soix* of the flight dynamic phenomena aaaoclated with 
flifht at hirh incidence« 

The main part of »ho paper deals with two particular phenomena, each aeparately described aa "wing 
rock". 

The first is aBsociated with a development of the negative "dynamic nv" concept suggested in the U.S.A. 
nr. an exi lanation of "nose Blice".    Kor only slifhtly different variatlona of the lateral derivatives with 
Inciuonce, it is poscible for the dutch roll dampinc to collapse without a significant change in the 
"dynanic nv".    Thio resulto in a divergent oscillatory rollinp; motion with oi^nificantly different phase 
relationship!! between yaw and roll than in a convontional dutch roll«    Thlo can be interpreted by pilots 
nn winr rcok. 

i'ho second plienonenon is associated with a possible "ripid sirframe" response to the low frequency 
content of wipr buffet.    The eain studied was the dutch roll response to buffet of an aircraft with low 
roll   inertia.    The buffet levels were taken fron published experimental data, and the buffet apectrum was 
epproxinated to that of "white roise". 

"ho paper will be concluded with rcmnrks on possible improvements.    In the first place tnese will be 
directed at control of the flow developnent.    However, improvements to the automatic cent ol systems will 
alco bo briefly dlncufoed. 

i«    FU\. i::.Cd*l.l:y,:z imiWH V.: H-..^-.:?,;.^ FULAVIUü    (freely adepted from Hef« 1) 

r:«1    Initial Aeseasment 

■vhen we consider the flow develcpnent on wines with moderate sweep,  (say, up to 30 , as on .--«rle, 
Jeruar or Inter rai-1;;: of I irai'e), thp two-dimensional sectional charoctcristics lose their sipnlfie- 
ance.    i.ith incrensinf anrle of swcep-bnck the flow must be regarded as a three-dimensiomil phenomenon 
rather than a piece-wise collection of two-dimensional characteristics.    However,  the nain three- 
dirensionsl eff"ctr. arf nt the winr root ami near thr winp tipa, and the mid semi-span repion behaves 
somewhat like a ."Jienred infinite winr - "t least in terns of the type of pressure distribution developed 
before shocl'S an-i Separation occui . 

The mir. factors which affect  the  flow development are: 

'i'1        Tapered swojit planforno produce the hirhest aerodynamic loading; outboard.    The effects 
of sweep and t-iper on the spanwise loading are shown ii. Tif-ures 1  and i' respectively. 
Ir. 'iddition the root effects «re such that for piven li cnl ^'^  in the repion near the 
root, th*1 ruction prer-sures on the tifper surface are shifted rearwards from '"he neigh- 
bourhood of the leadinr edre.    The opposite occurs in the region of the winr tips. 

!ii)        he normal winr body interaction at moderate to high subsonic Ilach number is to produce 
th*" convontional "tliTee-shock svstem" (r.,-ure 3).    The inboard aft shock ir dominated 
by th» compression waves caused by the restraint of the body on the winr flow.    This 
shock can he roduced in strenpth by suitable body-end wine-root shaping which can 
achieve larfely isentroplc reeompression in the root,    "he forward and outer shocks are 
more difficult to control except at specific design points.    They «re analcfous to the 
shock found on a 2-liinencional section. 

(ill)    The boundary layer outflow and relatively high outboard local Cj^'s at hiph incidence 
t^nd to make the separation occur earlier outboard.    This outflow which occurs inside 
the boundary Inyer is due to the pressure cradient normal tu the free stream direction, 
(or Indeed local stream direction), caused by the sweep on the isobars which is there 
even for constant C^ alonr the span and obviously for the more general case where C^ 
increases outboard along the span. 

All these points tend to cause the flow on the outboard part of the wing to separate or "stall" 
first.    Thus, as separation starts to develop there is a notlcable change in th« wing dominated pitch- 
ing moment and the lateral derivatives - In particular lp and ly,  (rolling mc.nent due to roll or 
side slip), as there are grossly affected by the loading changes at or near the wing tip« 

In addition the separated flow is characteristically unsteady.    Oscillatory or tine dependent 
near step-function forces and moments nay result. 

Obviously, we must lock at the flow mechanisms involved in a little more detail. 

i'.P    Initial Wing Tin Senaration - The Poaaible Flow HechaniHiM at Low Speed 

The preeeedlng discussion suggests that stall begins at the tip at a certain incidence and then 
moves inboard with further increases of incidence«   Once initial separation has occurred there will 
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obrloualy bt attaehtd new ovtr th« Inboard ••otioaa and "■tailed" flew over the outer ■ectloiw. 

The flow and the developacnt of the flow In the outer atalled region ean take aeveral forna, 
depending on the aeetlen, aweepbaek angle, taper and "three-diienalonal treataent" auch aa twiat« 
One for» la a type of long bubble aet with on thin aharp noaed aeotlona In two-dlMoalona. Boundary 
layer aeparation oocura near the leading edge with re-attashntnt ooeurrlng aeaa «ay dewnatreaa« Aa 
the Ineldenee Inoreaaea, the length of the bubble increaaea until aeparation eeeura at the noae with 
no re-attaehaent. 

The "dead air" region haa anil mean veloeitiea. Dead air inpliaa air where there hue been a 
aignifieant loaa in nonentun or total head. 

A aecond fon la akin to the trailing edge-type of 2-D stall where separation ooeura and the 
separated (dead air) region continuoa into the wake. A third form occurs at moderately high sweeps 
when the aeparation occurs near the leading edge and the shed Tortielty rolls up into a concentrated 
vortex« In thin cnae there is no "deed air" region, (i»»« larre region where there is a loaa in 
tstal head), and consequently there is no loss of lift in the tip refuon. In fact the lift increases 
because of the additional auction on the winr aurface just underneath the concentrated vortex. This 
form la often called "part apan vortex" flow and often doalnates the flow developaent on the wing up 
to quite high subaenlc Haoh uuabera. Probably the beat known aircraft with this type of flow la the 
Anglo French Concorde, 

Returning to the firet and aecond types of tip "stall" where the -e is an appreciable "dead air' 
region, either in a long bubble or in the separated flow near the trailinr edpe, there mist be a 
vo"tex aheet between the inner attached flow and the outer dead air region. It ia not known exactly 
ho« thia vortex sheet arises and arranges itself in the neighbourhood of the wine, but ahnve the wing 
and behind the wing the vortioity must tend to align itself in the stream direction. This must not 
be confused with the pert span vortex discussed above, (as often occurs in the literature). This 
shed vortlcity haa an important influence on the flow, since it stabilises the stall pattern. In 
the uastalled inboard region downwaah velocities arr induced, reducing the effective angle of incid- 
ence. Conversely, the effective incidence is increased outboard giving incidences well above the 
sectional stalling angle, 

2.3 Mach Nuaber Effecta - Wing now 

As implied in our previous discussions (2.1) the development of the shock wave pattern for increas- 
ing free stream Mach number ia a complex procedure. 

For the ciaaa of wing of interest, the effect of high local Cj/s and the bias in the pressure 
gradients in the tip region is to cause a small shock normal to the free stream. Although this shook 
moves slightly rearward and inboard with increasing Kach number, the situation soon beeoaes dominated 
by the rear shock caused by the compression waves arising at the wing root. These eventually coalesce 
along the span to form the rear shock. At slightly higher angles a third shock appaara, known aa the 
forward shock, this shock is akin to the sectional shock which would occur on the Infinite sheared 
wing. These two shocks combi'.e to form the three shock system as shown (Figure 3). At higher incidence 
the outer shock moves forwari aa for the 2-D ease. As ean be imagined the interaction of thia shock 
system with the separated flow phenomena, described above for low speeds, is complex. 

The most common situation ia a mixture of part apan vortex separation and the three shock system. 
It may be expected that the part apan vortex ean only exist inboard of the forward shock, since the 
aere existence of a forward shock implies that ahead of it the leading edge aeparation haa been aupp- 
ressed by the expanding supersonic flow. 

Separation can and usut'ly does occur behind this forward shock. 

However, the foras of separation are aa varied as those met in two dimensions (Figure ** - 
Reference 2). 

These vary from: 

(1)  Pearcey Class A where s snail bubble, (separation and re-attachment a short way down 
stream), at the foot of the shock developing rather like a long bubble until separation 
spreads right from the foot of the shock into the wake, 

to 

(ii) Pearcey Class B where the "short" bubble at the foot of the shock does not develop but 
trailing edge separation does. The ultimate flow picture is the same but the inter- 
mediate stages are significantly different and could cause s aignifieant difference in 
the buffeting and rigid body response. 

It is easy to imagine that there can be a complex picture of part span vortices, shed vortlcity, 
shocks, trailing edge separation, long bubblea and short bubbles. 

An excellent introduction to the general subject of flow development on swept winrs csn be found 
In Reference 3. "ore particular discussions are available in References '•, 5 and 6. 

S.1» Baaic Interference Effecto 

The incidence effect on the baaic derivatives and on fin effectiveness have been discussed else- 
where in detail. For example. Reference 7. Some of these effecta are illustrated in Reference 6. 
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Th* reduction of fin cffeotlvcnesa ia In itself »n interesting (and vital) problem« If the red- 
uction with incidence is rreater than expected, or if differences exist between various t'innel tests, 
diagnosis can be a tine consuminr task« The causes are many, but can be subdivided into dead air and 
vortex-typ» interfereneee« 

The d'nd nir type can be caused by fuselage and/or canopy separation effects reducing the effective 
dynamic head ('iV*)  in the vicinity of the fin, partieulnrly near the root. 

Vortex interference can be causml by the reduction of the effective local nide slip in the vicinity 
of the fin by the action of a vortex oyster /-eneratcd from the fuselare, intakes or winpu. An excellent 
introduction to this subject can be found in Ueferr-ncc 8, 

r.5   fscillatery rressureB   (General Backrround) 

Obviously, we are »'ell outside anythinr thnt ran be treated in r   theoretical manner,  (ot lenat 
this sjde of l^f1'), althouRh our underatanilin,' of »-nch phenomenon on itn own in well controlled cond- 
itiona io currently very much on the increase.    An excellent revirw of th'   situation can t.e found In 
Reference 9.    I will use this ar.sesoment as a banis for our djcciisiiionti on th« nature of the oBcillntory 
forcinc phenomena which could be the root cauce behind Uiffetinr, ami the eines of psoudo ricid mo'ler 
r.uch as win^ rockinr and buckinc thnt we are intorented In« 

One important oaune of the oncillntory prcrnurep in found in bubbles«    Kllpht test on the Venom 
with a sharp lendinr odre and the canard control of the AH-70 showed buffet onset corresponied with 
Hie fornntlon of a  lonr bubble«    The buffetinr then increased steadily no the bubble extended down- 
stream, until the re-nttachmont point approached the trnilinc edre and the trnilinc edge preccurc 
dlverred«     This point corresionded with heavy buffet,    However, we are norn   intoreateJ  in eatabllchinr 
buffet ch.iracterir.tics before heavy buffet in reached and hence it in worth con. idcrinr what data  there 
Is for flow acsoriuted with aeparatlon bubbles« 

Kabey has collected data  from a number of sources coverinri 

Leadlnc <--dpe Lubbles 
Bubbles downstream of spoiler 
Putibles downstream of steps 
Uubbles upotrean of steps 
bubbles downstream of sudden expansion in pipes 
i'ubblic within »hallow cavities 

Thlr data correloten v^ry well and Implies the renern]   conclucionn drawn will hnve application to 
a wide clasn of flows  (Ki.-ure 5)«    I*ita ctudied at various Mach numbers,   (flow down a step and also on 
an aerofoil), tond to support this conclusion except that the unst.-adinros apptars to decrease at ruper- 
sonic speeds« 

The data shows r.m.c. values of bC~ reachinf as much as  10,   /.Ithouf-h r^  to (.',.  appears rore ennnon. 
his peak, an can be seen, occurs near or .just in  front of about o«t x/l, the reduced freipcjioy btinf 

■ased on  free-stream velocity and bubble leneth«     Little data extnnrts below f Vv of 0.1« 

i\(-    (scillatory Tresgures    (V.'inr flow) 

.'.one tine aro, (■'.ons and Mundell undertook nome liriti-d 
or. an early 2,,.,'^, variable sweep pro.ioct« Limited roäJiilla 
ence 9« 

tests .;:  the i<.»,i.«  8'   x C   transonic  tunno] 
fror these ti-sts are presented in Refer- 

he  type of flow involved is uhowr.  in Kimire 6 nt "roderate buffet" conditions (fach number was 
O«'"0),    ^he r«r,s«  viriation of oscillatory pressure coefficient with incidence is shown in >"irure 7« 
The outboard shock continues to mnve bncl.  until nbout 5°, pnure, then it moves forward«    Whilst the 
shock is rovinr bocr,  we car nurrire tlutt  tlie slow steady increase in pressure  fluctuations are the 
combined effect of shock oncillntion .'in*;  the attached boundnry layer f rowii p under an increasingly 
adverre pressure rradient.    An the .':hocV. passes the point in question the fluctuntione increase rapidly 
presumably due tf, th    shock wave oseiVlatinti nnd hence of a  local nature«    ."■hortly after this point, 
the boundary layer neparatec under th" shock, v.'hici. starts to move forward«    At this stare, buffetinf 
if detected by the wiufr-root-straln fauren,     .'be "local" fluctu/itlons reduce and level   off at a rourhly 
constant  value.     .'nnt variiiticnr-  there nre will be due to the incrensinf strenrth of the fluctuations 
in  the lenrtheninr bubble anil  the relative porUior of the point to the bubtile.    What is slrnifiennt 
is the  fact that this fluctu-.tinn is probably spread over a lorre part of the winf ir and behind the 
lon^ bubble.    ..qually sifnificant is the rather flet   frequency spectrum (ri-ure t)  whic1   cpreauL rirht 
across the  winr pnnel nodef;,  iUo to .''(X Hz oircraft scale),  tbrourh the win.- structure r.t ies,  t."' to 
10 iia), and possibly down to the ri-i'l body rodor. at le; s  than 1  :!?-.    ' bviouslv,  we are denlinr   'ith a 
lonr bubble pbenor.ejiOE wi.cre .".ejaraticn  i:- canned   i.y  th»   outboard shock«    « short bubble would e...oito 
frequen'Mec  too .vi-b  to be relevant  evrep*   fty j'-.nel  flutter. 

Dr.   II, .'ohu ii  the next Ir.c'.ure vill nl; o prer-fBt  tui.nol data on a desirn of rather more current 
interest.     Th" menr.iired power rprc'r>'r r.htnir- n   flat   cmtetrt  down to 5 to (< lit  (mode]).    A peak is 
evident at very hirh frequency,  ''about   1«r   scolsd), wliicli ir. probably asnociated with a  short bubble 
at  t.he foot of the  ihocV   pa:;;:in.- aero.'..'1  th." *   pre..«ia,e point. 

However, probably  the ro.-.t  intere:.t.iri)" experinental ditn published is tint  by i.enley and lullaro 
on the l-hnn^o'%    Thi-:  include.- ijati   iro- both tunnel  and flifht (i-eferenrr   10), 

quot- t!;'ir concludin • re-rerkss 
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"Hci<l»l data obtained fron wind tunn»! taata of a 10^ aealt IT-kK alrplana hava baaa analjraad and 
compared with full scale reaulta»    Kandon signal analysis was perfonsad on fluotuatlng pressure trans- 
ducer outputs which were then studied for apatlal and speetral effects, and for Mach nuabar and ancle 
of attack variation. 

Validation of wind tunnel pressure neaaurements made on the modal waa acoonpliahed by ooapariaon 
with flight data«   Although limited by the nmall number of flight transduoera, these comparisons 
showed good agreement in the spectral shapes.    In (•eneisl, the model r.a.s. levels ware somewhat 
higher.    Aircraft response prsdietions are therefore expected to be somewhat conservative. 

Several pertinent conclusiona drawn from the teat data include the followxngi 

* At high anglaa-of-attaok the flow pattern ever a highly awspt wing with a leading edge 
snag la quite complex.    The flow close to the upper surface IJ strongly affected by a 
vortex system consisting of leadinr edge, tip, and anag vortices causing abrupt changes 
in flow direction over the surface.   The regions of high fluctuating pressures seem to 
be associated with these vortices, particularly the anag and tip vortices. 

* No dlacernible aingle "convection" mechanlam for the transport of the fluctuating preaaurea 
waa evident such as the downstream convection reported in studies of slender spacecraft 
launch vehicles.   Disturbances aeamed to emanate from multiple aouroea nanltanaoualy and 
propagated in a complex manner, 

* Correlation la small between points on the wing that are separated by more thtn about 
one-fourth of the mean aerodynamic chord. 

* The fluctuating pressure spectrums frequently exhibited peaks at frequencies believed to 
be associated with vortices.   The frequency associated with the snag vortex waa generally 
about half that of the leading edge and tip vortices.   These frequencloa, acaled to the 
flight vehicle, were at the higher end of the vehicle's primary structural resonances, 

* Maximum buffet intensities occurred at the high subsonic Mach numbers diminishing 
abruptly to small values at sonic and supersonic speeds, 

* Kaxlmum r.m.a, wing root bending moments caused by buffet were of the order of 7«' of the 
corresponding steady banding momenta. 

* Kaximum fluctuating pressure coefficients ware generally of the order of P ■ 0.2. 
rms 

The measurements from this model were used to establish a buffet spectral response method for 
computing wing vibrations; encouraging agreement with flight measurement was obtained." 

Having set the scene, I will leave the subject of buffeting to Dr. John. 

2.7   Oscillatory Effects - Conclusion 

However, all the buffet and general oscillatory pressure data have a significant frequency content 
below the alrframa mode resonant frequenclea and possibly with sufficient energy to cause some response 
through the rigid alrframe modes. We will return to this point later. 

3. THt. FlICiHT DYNAMIC IKPLICATIONS 

7.1 General Diacusslon 

Current aircraft requirements in the combat/strike field lay great emphasis on the manoeuvrability 
of the aircraft, particularly at high subsonic speeds. Heal and simulated combat experience haa shown 
that the critical speed range is round about 0,8/0,9 Mach number, where It can be shown that rate of 
turn at a given altitude is at a maximum for moat aircraft. Unfortunately, as we hsve discussed, this 
region is also one of the most complicated from a fluid dynamics point of view. As recently aa early 
1971, the then head of the H.A.t;. Dynamics Division (L.J. Baechsn) listed this subject as a number one 
priority. It has subsequently featured high in R.A.E. sctivltles and Kinistry-sponsored ressarch. To 
paraphrase his coinmentst 

In general terms the problem is concerned with dynamic behaviour of the flexible aircraft 
under conditions of flight associated with high angles of incidence and can manifest them- 
selves in many forms separately or in combination. In one form or another, such problems 
hsve bedevilled aircraft design over many years. In spite of this, there haa bean little 
development in our fundamental understanding of the underlaying causes snd none in the 
ability tc reiste cause and effect in a quantitative manner. Almost without exception 
solutions have been reached in an empirical way through Wind Tunnel studies guided by an 
often all too Inadequate qualitative understanding. 

Those in industry involved in the problem would agree with almost all of Beecham's comments, but view 
with doubt the chances of using tunnel rather than flight experiments in reaching a "final solution", 
A considerable amount of effort haa been spent in diagnosing both flight dynamic and fluid mechanic 
aspects and although work remains to be done, the problems are less of s mystery. 
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%2   Pilot Work Lod »nd Pilot Oplnioia 

Th« lift limits will obvioualy »»ry from on« typ« of alrenft to another and will alec vary from 
on« typ« of task to another.    It appears frequently to vary from pilot to pilot.    With regards this 
last point - if pilot A claims, (and the flight records substantiate), highei Ci's than pilot B, this 
can be due to skill | familiarity) or a different interpretation of the task in hand.    Tmet is required 
in sorting out differences. 

To Illustrate the problem of pilot opinion consider two types of manoeuvre. 

Colllaion Avoidance (rimre 9a) 

Th« pilot will only have one thing on his mind.    Hie total attention will be on pulling the max- 
imum 'g' available.    The aircraft nnd flight path must obviously be wv.er the pilot's control, but 
nobody will expect the aircraft to be easy to fly.    The aircraft may well be shaking, bucking, and 
rocking, but as long as the pilot can "itay with it" he will be "happy" at least after the event - 
even if the aircraft suffers none structural damage an-l the an-crew all nood a good stiff drlnkt 

Normsl Haneeuvring Flicht (Flirur» 9b) 

The pilot will find a somewhat lower lift limit than the above for normal flying maximum usable 
l.ft limit.    Handllnc can be poor and the aircraft could be wing rocking and buffeting.    However, 
under normal - no panic - flying, thia is a limit that the pilot would pull to without hesitation. 
The pilot will use It for aerobatics, rapid changes in flieht direction, and BO on. 

Other more demanding limits can and do exist, involving combat roiaeione including r'.ided Weapons 
firing or gun firing. 

7.3    Notes on Theoreticsl Kodels of Vehicle Dynamics 

In any attempt to establish the causes of complex vehicle dynamic behaviour euch as wing rock it 
Is necessary to assess the various possible theorrtlcal models.    J.G. Jones has discussed these in 
some detail in the previous paper of this lecture scries.    However, the main points relevan'   to this 
current exercise are summarised as follows:- 

The phenomena discussed in this paper and in particular "wing rock" involve a possible closed- 
loop Interaction between the unsteady fluid motion Involving neparated flow and the motion of the air- 
craft.    If we ignore buffet then the conventional psuedo-rigid alrframe assumption); can be made.    The 
various models can be illustrated using a single degree of freedom equation,  thus: 

H « + 2 HC»    r + H « » I = f(t) (l) "o o 

(a) Autonomous Oscillations 

Consider the ease when there is no "external" forcing function, i.e. f(t)  = 0 and where 
{ < 1, i.e. the system dynsmlcs are oscillatory. 

The simple case is when the damping derivative,   (coefficient  of the term z), and stiffness 
derivative,   (coefficient of 'he z term), are constant.    This is the description of the so-called 
"linear system" which is unstable (divergent)  if { < 0. 

However,  in the general case,  these derivatives will not  be linear.    The non-linearity can 
take many forme,  including hysteresis effects and low amplitude unstntilitioB.    These non- 
linearities can, and often do,  lead to limit rycl? phenomena. 

(b) Force üacillations 

leintroduelng the term f(t).    This can take many forms,  from the simple single frequency 
sinusoidsl oscillation, through more complex oscillatory shapes and step functions,  to complex 
inputs with a wide range of frequencies. 

The situation csn become very complex and difficult to assess if the forcing function,   f(t), 
itself is affected by the vehicle response ?.'t)   to any great extent. 

?.'»    Lorn   .udinal Handling Characteristics 

Longitudinal stability and control problems hnve been with the aircraft designers for a  long time. 
These days they are either designed out in the initial ntages or special care Is needed in designing 
control systems, autostab system« and stall warning devices to allow the design to be optimised using 
a configuration which inherits thir, type of problem. 

(a) Pitch Up 

This is an almost classical problem. It in due to the development of outboard separations 
discussed previously. If large sweep and aspect ratios are used in combination the separations 
cause a marked forward shift in lift, a positive nose up pitching moment and hence a sudden in- 
crease In incidence. 

(b) Wing Wake to Tailnlane Interference 

Wing to tailplane interference effects can cause both stability and control problems. In 
particular, this can happen If the tailplane is mounted relative to the wing so that the wing 
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wak» hltn th» tallplnn« In a purticular Ineldonee rmnw If tho thick wlnr Mike, (or wine body 
junction uuVr), which occurs after separation of the wine boundary layer hits the tailplane the 
problemn can be very Bevor», 

(c)    Huckintr and Tuck 

Kuekinn In officially described in the rather terse expression "uneomanded pitch oacill- 
ations". 

Tuck, on the other hand, in nlmout a mirror imapc of pitch-up.   It is the unoonmanded and 
sudden docrenoe of incidence whilst flyinp at low or negative lift at high subsonic speeds. 
Phic is very dnncerou» phrnomenn to occur on rround attack aircraft for obvious reasons, and 

muot be desipied out, even if this comproaiees the cruise efficiency of the aircraft.    It can 
be caused by usinr too much winp twist (wash out) so that the winp tips have negative lift on 
them.    It is not surprising that the high speed (shock) stall charaotcrlstica of an aerofoil 
with canbrr are not very good when "upside-down". 

%5   lateral atobility Charactcriuties 

Three different phenomena are often nentionod by pilota when they are diacuasing the lateral hand- 
linr characteriatiCB as they effect usable lift limits.    These arel 

(a) Hose 31 icei    An uncomnanded roll yaw motion, viewed by the pilot primarily as a 
diverrence in yaw.   Frequently, the expreaslon "yaw off" is used. 

(b) "inr l<oek;      »n uncomnanded roll yaw motion viewed by the pilot primarily as roll 
occillntion but with significantly different characteristics to a 
normal dutch roll. 

(e)    '.inr^.-op       An uncomnanded roll yaw motion, viewed by the pilot primarily as a 
or Flip: divergence in roll. 

"lie main conoon factor of these phenomena,  (and indeed of the equivalent loncitudinal phenomena 
already discussed), in tha*  they are rigid body modes.    That is, the motion in question is a motion of 
th» whole aircraft.    Obvioualy, n<>roelastie effects chnnne the prescurp» round the aircraft, but in 
tne main these eff^cto csn be allowed for by modifying *.he aerodynamic derivatives etc.    Thus as with 
wont Z t J work we are dlseu.sBing a situation described aptly ae psuedo-rinid. 

rhe onuses of all these phenomena vary according to the aircraft configuration and are dependent 
on the effects of flow oeparation on the winr nnd the steady deterioration of the loteral stability 
chnrac'orirtiCB with incidence. 

A word of warninr - pilots assess the phenomena after retrospective thought based on the motion 
of the aircraft.    It in not unconmon to find similar pilot comments applying to different phenomena - 
due tc the very wide clans of notions which can be included within the definitions.    It is also not 
uncormor. to fini different pilot npinions about t.'ie sane phenomena. 

Let uc now isolate por.sible causes of these phenomena. 

■'.5.1    ' r.staLlr .Mtch Roll 

Aii ili.-euBBed previously, at high incidences eonbat aircraft are affected by a marked change 
in the dor.immt lateral derivfives.    The increasing nnounts of wine separation can cause a mar ;ed 
deterior-ition ir. the tii.i; rolling derivatives, in addition to the steady reduction In weather-cock 
.■;taLility ( fin   effectiveness).    Obviously, no two types of aircraft behave in the same manner - 
see for exarple o compnrioon between the LTV A-7 and the ItcD-lJ F-1» (Kef. 11). 

It la probable that non-linear aerodynamic characteristics. I.e. hysteresis and "dead 
spots", ploy ar. inportont part in detemlninr the exact nature of the phenomena.    However, work 
in the "■..:.;», nnd the U.K. indicate that very full and satisfactory explanations of a number of 
phenonena can be found within the frame-work of linear aerodynamics. 

.'he npproxinote formulne for the dutch roll frequency, (using the notation common in the 
I'.i.), lo: 

-o- '   b^c   V'*'^ 

H           ,                   C 
r 1   ^V    ^   "   Mb/2)' 

.hilst the damping is given by! 

^o'2f (^^Jj) 
at least for high incidences. 



Th« •xiating eorrtlationa nibll«h«d(9, 6 and 1D auggtat that tha erttloal paraaatar In tha 
fraquaney, i,», dynaate nv (n   * 7- 1 j or atiffnaaa darivativa. 

Hewavar, at laaat two ooabat aircraft do not auffar from a eollapaa of tha atiffnaaa 
darivatlva but atill hart what tha pilota daaoriba aa "wine reek".   One «xaapla haa btan, or 
will b« uaad by both my eo-laoturara - Figur« 10.   Tha aaeond ia ahown in Figur* 11, both are 
"typical" eaaaa of wind up turn« that eight occur with autoatabiliaara awitchad off« 

Flrura 12 ahowa tha variation of tha dominant atability darivativaa for a typieal eeabat 
«trika aircraft) whilat Figure 13 ahowa the major parameter« daacribing the dutch roll for tha 
aircraft in quaatien without autoBtabili«era.    The dominant factor« are the danping, th* ratio 
of roll to yaw and the phaae angle between roll and yaw. 

Returning to Figure 11, which ahowa a typieal flight trace of a "wing rook" oscillation 
which occurred sa the pilot waa undertaking a "wind up turn".   Analysi« of thi« trace ahowa it 
to be a "divergent dutch roll" although not aaeily recognised aa such.   Figure 13 ahowa the 
comparison of th* in-flight faetora with the predicted valuea.    (In addition the faetora measured 
from a conventional dutch roll - deliberately induced, are ahowa).   For the caae in quaatien, the 
pilot clearly identified thla phenomena aa an absolute lift limit and nobody would argue with him, 
however, the pilot description ia often > ffeeted by pilot familiarisation.   We have had a specific 
case where the pilot identified the divergence and initiated recrvery at the same flight condition, 
with description« which were, on face value, contradictory.    Hov.ever, deeper thought ahowa that 
within the context they were reasonable and helpful comment«.    His first description waa "yaw off". 
He initiated recovery almoat aa aeon aa the motion started.    In his next encounter with the 
phenomena he allowed slightly over one cycle of the oscillation to occur before recovery.   This he 
diagnosed as wing rock.   Due to the high roll/yaw ratio thia ia not surprising.   The third tine he 
held it  for about a cycle and a half and described it aa a "divergent dutch roll". 

Flight aimulation otudiea show that thia type of phenomena involving a collape» of the dutch 
roll damping is not as serious aa the alternative where the stiffness derivative collapses. 

J.5.2   Kxtemal Forcing Functiona 

In cases where flow separation developa in an asymmetric manner, rolling momenta can be 
induced in a symnetric (zero eidealip) situation.    Bore (Reference '•) haa described how this 
phenomena affected the Kestrel and the good correlation between flight behaviour and wind tunnel 
rolling moment measurement« - to paraphrase - if the on-line pen recorders oscillated continuously 
at a constant incidence, thc-n the aircraft experienced wing rock - whereas a steady excursion of 
rolling moment corresponded with "wing low" in flight. 

Recent investigations on thin wing rock phenomena has shown that this is a psuedo-rigid 
airfrane response to an external forcing function. 

The external forcinr function in question can be found in the low frequency content of th* 
oscillatory pressures actinr on the winf usually associated with buffeting.    The low frequency 
content found for example on the Phantom waa described in Reference 10 and discussed here prev- 
iously.    The type of snail amplitude wing rock shown in Figure 11, prior to the large amplitude 
wing rock, can be attributed to such a response for aircraft with low roll inertia.   The character- 
istics are a rather random rolling oscillntion with no dominant frequency and no recogniaable 
corresponding yawing motion. 

One example ic shown in Figure ih, where the response to a random rolling moment input la 
shown.   A more rigorous statistical apprnach using an input with representative frequency content 
gives a rolling motion with a root mean square very close to that obaerved in flight with auto- 
stabs inoperative. 

J.6   Lateral Control Characteriatice 

The above description has been grossly over simplified because the subject of stability ia ao 
intT-rclated with control aa to make nensible analysis of each separately impossible.    Apparently 
poor aircraft stability can sometimes be caused by direct intervention by the pilot aa he attaapta to 
control the situation.    This c*n be if, for example, the attempted roll control results in large yaw- 
ing moments.    On the one hand tha yawing moment can give aidealip which producea a rolling noaent that 
offsets the roll control (adverse yaw)t and on the other, sideslip produces a rolling moment that 
aurments the roll control (proverse).   Kither can make the vehicle difficult to control.    Incidence 
effects can change the basic characteristics to give either effect depending on the type of roll 
control. 

Another control problem can be caused by the loss of effectiveness of wing-mounted roll control 
devices - either spoiler or ailerons at high incideneea.    If, aa discussed above, the roll damping also 
reduces with incidence, the steady state roll rate doaa not neeesaarilj decreaae and although the hand- 
ling may be "acceptable" the pilot will not consider the situation in a very favourable light.    However, 
if the roll da-pinr does not collapse with incidence, the roll control could be totally inadequate. 

Kany detailed investigations into this complicated problem have bean undertaken. For example, th* 
work undertaken by System Technology Inc. in the mid-60'a (Reference 12). A useful snd more up-to-date 
reference is the AGARü Conference Iroceedlnrs - "handling criteria" (Reference 13). 

Before leaving this very brief mention of lateral control characteristics, mention should be made 
of a problem often met when the roll control has adverse yaw characteristics, coupled with low lateral 
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■Ubllity (iiy) and still ntgatlv* roll du* to aidoalip (ly). A rathor Blmplsr approach to that of 
Ktftrtnc* 12 oan ahow th* oharaeterlotlea of tha problaai 

Conaldar the eaa* whcr* th« pilot is atabiliulne bank anrl» by us« of roll control, (roll rat« 
t«ro), and aaaum« no ruddar input. Inder th«s« circunstances th« lateral equations of notion can be 
rearranged (by eliminating {) and an equivalent lateral atiffneca deriratlTe energea, (analogoua to 

dynanic n,), thus (ny - ly n</l.). with proverae yaw. This aeeond term augnants the lateral stability, 
but with adverse yaw the tern it de-atabillaini; and obvioualy can dominate if n, ia numerically email. 
Under theae clreumstaoeea a divergence can occur which ia pilot induced but nay not be recognised as 
auch. Pilot description oan be "mild yaw off" (or noae slice? in the Statea). 

it.   pq-r.iBLE iWROvaiaiTS 

't.l    fluid Mechanic 

Manipulation of the conflfniratlun to arrann« for acceptable variationa of the basic aidealip 
derivativea haa been a way of lif« for a number of years - ever since the first model gliders.    As the 
flight envelop«,  (in terms of liach number and Incidence), haa increased, so have the tricks to keep 
acceptable derivativea.    Theae Include aii>i»Ir\i or dihedral on wing or tailplane and alao ventral or 
twin doraal fins. 

Manipulation of the conflruratlon to delay the collapse of the roll damping la much more difficult. 
It Is the natural tendency for wines of th« type of interest to "stall" first at the tips and it ia this 
development of separation which must be controlled. 

This can be done by eophlnltcaled section design coupled with winr twist and aaaiated by the usual 
arrays of fences, vortex generator«, notches and sawteeth.    One very expedient method haa bean to use 
the low speed hirh lift leadlnr edge devices such as alats at an intermediate position. 

b.Z   Control Syatem 

However,  It is often more prarrwlic to depend on automatic control oyatema which, (even with low 
authority), can be very useful in Inprovinp the hirh incidence characteristics.    The only complexity 
required ever, with simple scheduled j^ain systers in to allow adequately for the incidence effects. 
For example, Dutch Roll ctabillty can be improved by a yaw damper ot low incidence but will probably 
require a roll damper at hirh incidence. 
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CRITICAL REVIEW OP METHODS TO PREDICT THE 
BUFFET PENETRATION CAPABILITi OF AIRCRAFT 

by 

Or.  Helmut John 
Meaaerschnltt-Bölkow-Bloho Ombll, Munich, 

Germany 

NUMMARY 

According to the nature of buffeting as the wing-flexible response  to the  fluid 
motion,   Including exciting forces of separated flow,  the most favourable  test  technique 
implies the use of dynamically scaled  flexible models. Neverthelese,  a number of 
techniques are based on the use of seml-rlftid models and yield good results  In comparison 
with flight tests. Methods covered in  this critical review are;  the possible  relation - 
ship between buffeting intensity and mean loads;  the dynamic analysis  of unsteady 
wing root bending moments,  and the use of fluctuating prescure measurements  to predict 
the buffet penetration capability of aircraft. 

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

i 

NOTATION I 

c chord 

c mean aerodynamic chord 

^n total damping 

1 frequency 

e gravitational constant 
kn reduced frequency 

P pre s sure 

1 dynamic pressure 
s semlspan 
x.y.z coordinates 

CT lift coefficient 

Cj. pitching moment coefficient 

Cn drag coefficient 

Cg Buffeting coefficient 

c_ pressure coefficient 
P 

A aspect ratio 
C stiffness 
D damping 
K transfer function 

or constant of proportionality 
M mass 
M„ Mach number o 
P force 
S wing area 
ot incidence 

jj 



n frsotlon of atBlfpu 
s density 
6 ■train 

U olrnular fraqutnoy 
A •wt«p angle 

Indloai 

D nunbar of node 
r ratio 
TE trailing adga 

Abbravlatlona 

PSD Power Speotral Oenalty 

RMS Root Mean Square Value 

SEP Spaolflo Exoeaa Power 

■ 
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1 INTRODUCTION 

1.1      General 

The object of thle paper 1B to present a general survey of method* for 
predictlnc the buffet penetration capability of aircraft which are used at present in 
the various European countries with aeronautical interests. In the past ten years, 
novel practical techniques have been developed and enployed, and It has becone 
necessary to make a critical review of their respective cnpabllltiee and of the 
epeclflc oonditions of their use. 

The Increased attention that is being given to etudiea of buffet characteristics 
by aerodynamicists la resulting from the present trend in combat aircraft development. 
This trend is currently demanding greater manoauverablllty In the transonic flight 
reeime. The Performance of a transport aircraft and the manoeuvre capability of a 
combat aircraft can be severely limited by flow seperations on the wing, which causes 
buffeting and which can be accompanied by a variety of adverse effects, euch as, for 
example,   Increase  in drnß,  losses In 
tracking ability and fatigue problems 

and stability, pilot  Impairment,  reduced 

Figure  1   lllustrrteB the Influence that these limiting factors can have on the 
performance of a fighter. This figure also shows the sensitivity of turn rates  to 
typical boundarlee at subsonic,   transonic and supersonic speeds. The shaded area 
represents  the region where the manoeuvre performance is reduced as a reeult of 
buffetln,:,   Firure   1  also Includes an agility plot which shows specific excess power 
(SEP)  versus  turn rate. 

Not only the aerodynamic performance in teraa of turn rateo 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 environmsnt,  for 
weapons aiming and  for systems like gyros etc.,  knowledge of amplitude ratios, 
vibration levels and predominant frequencies is of vital neceesity for designers,  and 
should be  the objective of n project orientated evaluation with high priority. 

1.2      Definition of Buffeting and Related Phenomena. 

As a consequence of the occurrence of regions of separated flow on the wing at a 
certain incidence,   the performance of an aircraft might be limited either by vibration 
or by degradation  in handling characteristics.   To this latter category belong phenomena 
like "pitch up",   "wing dropping",  "nose-slice" and "wing rocking".  In Figure ? a 
conparison  of the predicted wing-drog boundary with the moderate buffet boundary ie 
shown  for a swing-wing fighter at ?5    and 45    degrees of sweep.  The estimation  is done 
on  the  basis of coeffioients c   «    and c     ,   taking the point where  in  the  Incidence 
range at small  side elip a gles,   these  coefficients change sign.  As can be  expected 
for A = 25  ,   the  three boundaries compare very well,  due to the 2-dimeneional 
character of the  flow, kt A   «45    where a "mixed type of flow"  is encountered,  a more 
gradual development of separation is to be expected, and the difference between  the 
quoted criteria is obvious,  leaving room for speculations up to which boundary  the 
•itrcraft can  be  handled. 

The  highly undesirable rigid body motions of aircraft ot  incidences above  separa- 
tion onset are  referred to in the  longitudinal motion as "bouncing",  "pitch-up"  and 
"porpoising", while for the lateral motion "wing rocking",  "wing dropping" and "nose- 
slicing" phenomena are known.  The phenomena of "pitch-up",  "wing-dropping" and "noee- 
sllcing" are relatively well understood,  resulting in a deficiency in longitudinal, 
lateral or directional stability, possibly leading to loss of an aircraft in extreme 
situations.  The phenomena of "bouncing","porpoising" and "wing rocking" are a 
degradation in handling but not necessarily a limitation to sustained manoeuvres. 
While "wing bouncing" is typically associated with a rigid body heaving mode of  the 
aircraft for "porpoising" and "wing rocking",  an appropiate model is not yet 
established.   It may either be an autonomous oscillation,  beater known as "limit cycle", 
in which nonlinear mean aerodynamic forces becone  significant,  or an aerodynanically 
forced response  to fluctuating pressures.  There also exists the poseibility of a limit 
cycle oscillation  in which the periodic fluctuations in the flow field are  coupled 
determlnistically to the motion of the wing.  Typically, the notion referred to as 
"wing rocking"  is,  as shown in Figure 3, primarily occurring in the roll-rate trace at 
frequencies  lower than those associated with airframe flexible response in a 
fluctuating rigid  body motion.  Therefore,   those phenomena of the second category belong 
to the  flight acchnnioal problem area,  and do have a direct effect on controllability 
and the ability   to hold an accurate flight path.  Phenomena of the first category, 
mentioned above,  and which are associated with flexible modes of the aircraft structure 
can be  said  to  influence "ride quality",  and are referred to as "flight in turbulence" 
and "buffeting".   ?he difference between turbulence and buffet is given by the basic 
difference  of the driving force, while the structural behaviour of the elastic  system 
is the  aomp.   The  driving force of turbulsnce  is embedded in the on-coming free air- 
stream and can be defined by a finite wave length and spectrum.  Turbulence,  therefore, 
can be encountered at any incidence and flight condition. 

Any elastic  system fed with energy is subject to instabilities,  and for an cir- 
craft  in flight,   the energy is provided by the propulsion system which maintains the 
relative airflow around thf  exposed components of the aircraft.  The instability 



phenomenon of the atructure Is known a* «flutter*. The initablllty phenomenon of the 
relative airflow is aaeoolated with aeparatlon and produces the driving forces known 
aa buffet, while buffeting la the flexible response to the fluid motion. The vibration 
level or buffeting intensity, defined by local accelerations or displacements at 
either natural or forced frequencies,  Is the result of the perturbation of the system 
and the enerey loss of the oscillating componsnt due to damping. If the energy gain is 
lurRor than the damping foroes. a rapid failure of the structure will occur, and the 
integrity of the structure will be lost. 

An excellent survey of the phenomena diaoussed above, is given by Jones (1), 
wherein theoretical models and differential equations In use are also discussed. 

This present report concentrates on wing buffeting at transonic speeds only. 

1.3 Theoretical Aepeots 

Of major Importance In buffeting Investigations are aerodynamic disturbances that 
produce driving forces for the airfrome structural response, called buffeting, which 
finally eetabllehee the attained vibration level. Theoretical structural models 
def ininp the dynamic properties of the structure have been used for years to provide 
informatlont  on flutter speeds and gust analysis. Starting from stiffness and mass 
distributions,  the so-called modal analysis allows the calculation of natural 
frequencies, mode shapes and generalized masses. Those results can be compared and 
corrected using ground vibration teete. 

With regard to buffet forcee, the situation is completely different. The presence 
of any sizable separated flow region provides a strong and sufficient energy source 
for airfrome  disturbance. The flow field around wings becomes extremely complex in the 
transonic flight regime, when complicated shock systems interact with the viscous flow 
field.   The  Influence on separation can be very dominant If the shock strength is 
sufficiently large to cause a bubble-type separation, which Is known as shock-induced 
separation.  Regions of mixed vortex flow with embedded separated areas and unstable 
shock waves that are present in a Vdioenaional wing flow field at transonic speeds, 
forr. the greatest difficulties in describing and defining a precise flow model. 
Therefore,  nearly all Investigations involve wind tunnel tests to predict buffet forces. 

1.4 Objectives 

Because of the complexity of the buffet problem, considerable emphasis it placed 
on test techniques to obtain various types of wind tunnel data.  The target is  to 
provide buffeting boundaries for deaignero  to establish the performance of the aircraft 
and to produce  information about buffeting loads for stressing purposes. 

Typical results of buffeting boundaries for a fighter and a transport alrciaft are 
shown in Figure 4.  For the fighter,  boundaries are defined by buffet onset,  which 
corresponds to the first indication of boundary layer eeparatlon. Light buffeting or 
pilot's onset is defined by the first appearance of a sizable vibration. Moderate 
buffeting can be said to represent a boundary for a stable weapon platform or a limit 
for pilot's impairment. Above a boundary, defined by heavy buffeting,  the integrity 
of the aircraft structure is questionable. For a fighter aircraft, the margin to 
moderate buffeting represents the manoeuvrability in terms of a "n.g" instantaneous 
pull up or in turn ratss (sse Figure 1). 

With regard to a transport aircraft, a 1.3 g separation from buffet onset to 
cover light manoeuvres defines ths cruise altitude and thus influences the performance 
of the aircraft considsrably. During a normal cruise, the aircraft may encounter a 
strong gust which carries the aircraft beyond the buffet threshold. Therefore, a 1,6 g 
separation from maximum penetration, or a definite gust velocity — for example a 
normal velocity of 12.5 n/s and a corresponding wave length of 33 m — must be applied 
to provide a safety margin for the aircraft structure. 

This information can be provided from wind tunnel tests using normal semi-rigid 
models.  The application, however, of the wind tunnel data to establish local buffet 
loads,  vibration levels at any station of the aircraft, predominant frequencies and 
amplitude ratios for the full scale aircraft,  requires some means of accounting for 
the effects of flight Reynolds number and aircraft structural response, effects which 
can only be simulated adequately during a wind tunnel test by use of dynamically 
scaled full aeroelastic models in high density tunnels. In this case,  it would be 
necessary only to record vibration levels via accelerometers at points of interest, 
and extrapolate the results for the full scale aircraft using similarity rules. Such 
tests have been performed in the USA by P.W. Hanson (2), Langley Research Center, 
on a F-111  type model. Although the tests mentioned are done in the USA, one main 
point is taken from this report, and that is the extrapolation formula, as shown in 
Figure 5. As mentioned in the report by Hanson (2), parameters k    , d     and 

r 1 r       r CL n ^n^ Ir      should be unity. Small differences in structural or aerodynamic damping 
can produce differences in the comparison of aircraft to model response. These 
quantities must be monitored carefully. This statement is one of the central themes 
In this paper. 



It ie not clenr whether such n model ein be dealfrnod In Kuropt   In  tlic nenr 
future.  The problerae Involved ixre the design and construction of a ni del   thnl ervn 
wlthatand l.ar^e etatlc and dynamic load» at hlfh Incldencen ntu\ hlr.h viind tunnel Bhut 
down loode,  l^irthernore, euch modele ore exjmnBive and not readily .ivalliiblc-. 

For these reasons, nearly all European techniques are U.TBI J on V.u une nf senl- 
rlrld models, and Include fll^ht-tunnel correlation fnot'irB. Hetno4n covered In thlo 
critical  revlnw are discunscd in subsequent chaptere. 

?      pii£Dicrio:; OF surn'MNa vw^in o;, TM: BAJIJ oy KKA;; AKitu;.r:;;ü-:ic :A/..'.: 

2.1 Principle 

Tf.e earllost concepts of derlvinr Vufft-t m,'  buundorles froc r.oml wlnu  fuiiio" 
tcBtc wi'.i; -omo  rpllability w re  developed  by  I'earccy nui iloMpr  it,  ■').   .;.<:   (irinuiples" 
for these ncthodo are derived  .""ro:.-. the  uloec  study of bufi'ct .iv; character; ntiea  t<f 
different aircraft   in cor.jvirlaon  tc wind  tunr.el   tecto.   The oonelusinn v/is   v.iat  VIP 
most  frequent  caunc  of buffet In,-  in not a localised  reenutise  t"  IMactufilinR prcseurcn, 
but  the  result  of  the direct affects which any '^Ind  cf sinarnt ion  on it wlr.r exert;;  on 
•.lie  total  lofidinc.   7he effects on neun  londs  urn,   in  turn,  cleeely connected witu   the 
variation  :>f cenn pressure at  the  trniliiiood/'e  ■'..■irouc!; tho win,' clrcil-;4.!   n, 

Ihe neehnninn notinr on an nlrfoil or n wirj,-  ami be dencribed  In  ■:.T',e'.'  un  •.'ol'iouzi 
If separation  on  tui- upper surface  of tne wine — d^e  t^ leading e(i/;e,   tni1iti/--oi/'e,   r>r 
shock induced separation, whiencver firot ocourr; at relevant Kacn number and  incidence — 
l»as developed  suffioiently to taicken  t'ifl boundary  layer at the  trallinr-adrc  posltiuii 
and hence does   Influence the wal-re,  n rapid fall   ir:   prenti'ire on the   appt.-r tra i ! iii/--edce 
will hippen,  ilowever,   on the lower surface  frere   •.re  no ci.viarable  ch^n^ee   ;!.   ti;«- 
viscous flow  ti.at  car. fiivo  the  reduced  aresnure  and  that wojld be  iieuefirary  . n  tho 
two sides cf th»   wake,  because the wake cannot,   in  ceneral,  support a presn'-i:'" 
dlffer^n^-' acrooc   it.   the s-ire pressur»/  an on   t:.e  unper edre can,   ir.  fp.cl,   ciily  '.,< 
achieved  by k reduction  ir, circulation.   Jucii a  change does provide  ir.jreare-i  veloci + i"P 

■nd decreased  pr^rsures over the waolo  lower surface. 

Acco.-dinrly,   the  aasiuption  t.-'.ken  by Pearcey and iiolde'   (7,   4)   is  that  the  un- 
steady  loadn  trircerel  by separation are proportional  to tie change of  the nt-an  aero- 
dynamic  l^ndin,-,   i.  e.,  the loss  in lift compared  to  the linear variation with  Incidence 
for attached  flow as   indicated in  i'ißure 6.   Locally,   the onset of unsteadiness can  be 
derived from the rapid dlvercence of the trailinß-edge pressure compared to  the  linear 
variation for attached flow as shown in figure C. 

The driving buffet force is defined by a lift  loss  Ac, or a mean troillng-edce 
pressure dlverc- ..ce  Acpjg. Structurally,  the asoumption is made that f.o aircraft 
can be  treated  in a ripld body heaving mode,   or that most of tne  aircraft  behave  very 
similar in their elastic response characteristic to a certain de/rree of excitation, 
and that the buffetinc Intensity can be obtained by calibration fron flight tests. 

2.2 Analysis 

2.2.1 Kinkolopy 

Followins the hypothesis of Pearcey an Holder (3, 4), outlined above, kinks — 
defined by slope changes, rather than by arbitrary Irregularities — in the slope of 
o^ or c.. versus incidence, are used: 

to estimate for 

1. Kink = buffet onset 
2. Kink - Moderate buffet   (2.1) 
3. Kink - Heavy buffet 

A Justification for using the second kink to define moderate buffeting Is proven by 
the fact that the separated flow often rolls up Into a vortex. As soon as the vortex 
influe ces a sufficient large portion of the wing due to the accompanying lift loss or 
due to a backward shift of the local c. p. position, either a pitch up or pitch down 
Cß - kink occurs, which also results In a sudden increase In drag. Thus, the variation 
in axial force versus cC or c, also can be used as an indication. Figure 7 shows a 
typical example for those kinks. Although the second kink does not allow the 
establlshasnt of a quantitative value for buffeting Intensities, it gives, in many 
cases, good correlation to pilot's opinion. It appears that in those cases, the 
severity of buffeting is not the limiting factor, so that pilot's tend to fly right 
up to a handling boundary, such as pitch up or wing dropping, which are likely to 
occur beyond the second kink, as already discussed (see Figure 1). 



2.2.? SlDplified Buffet lUipoDM Calculation 

In Rtf«rtno«  (5) O.L. Bort poatulatoi that bufftt rtiponi« la to b« oaaaurad by 
peak aooeleratlon (B.g)* auffartd by tha maaa of tha aircraft and the fluctuating 
forcaa caualng buffeting are taken to be proportional to the decrement of lift 
coefficient ae outlined in para 2.1. Ihe expected intenaity of buffet reaponae can be 
eetimated from the alarple fornula 

B ' K * CB/W_ (2.2) 
'  q  .  S 

ueing the equivalence Ac^ ■ Cj, ae shown in Figure 8 a, where W ia the aircraft weight, 
S ia wing area, q ia dynamic preaeure and K ia the nonatant of proportionality. 

Ihe peak acceleration criteria used for varioua degrees of buffeting are ae 
followe: 

Buffet on 
light 

■et B 
B ■ ♦ 

0 
0 

negligible 
>2 g peak to peak 

moderate B ■ + 0 6 g •        • ii 

heavy B ■ + 1 0 g "        • H 

(2.3) 

Correlatlone are preeented in Reference (5); an exanple la ehown in Figure 8 b for the 
Harrier GUI. For thla airplane, K ■ 1 hae been found aatiafactory. Bore'a method doee 
not take into account either the effecte of aerodynamic damping or of wing elaaticity. 
The fluctuating force ie repreeentint; a total aerodynamic force independent of wing 
motion, and the aircraft reaponae la calculated on the basis of a rigid-body heaving 
mode. 

Ihe analyaia presented by Jones (1), which starts from the differential equation 
for the heaving mode, proves that under certain conditions a heaving reaponae 
calculation ie appropriate. This is possible only when the heaving motion contributee 
eignlflcantly to pilots* impairment, for example, at positions very close to bending 
nodee at frequencies of 1 - 10 Hz. Then the effect of aerodynamic damping ie negligible 
and vibration intensities satisfy the equation given by Bore (5). Consequently the 
reeponse is directly proportional to the excitation and likewise to q. Thus at conatant 
true airepeed the reeponse varlee linearly with air density $ (see Figure 8 b). 

2.2.3 Method Based on Trailing-Edge Preeeure Divergence 

Ihe first suggestion that trailing-edge preaeure divergence may be used to predict 
buffet loads was cade by J.C. Wlnnpenny in the diecueslon of the paper, Ref.   (4).  An 
attempt to predict buffet onsst from a divergence of 4 c       « 0,04 - 0,05 at a eemiapon 

PTE 
position of tj » 0.85 is certainly too simplified. Husk (6) shows good comparisons,  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 is poor. 

A better approach is proposed by Bore  (7).  Ihe method ia based on an analogy of 
a buffet force  coefficient with the normal force coefficient giving: 

(2.4) 

Where H is the normal force, B is the peak oscillatory normal force; (n.c)  is nomal 
acceleration and (b.g)*) is the peak oscillatory acceleration. Tnklnc a number of 
simplifying assumption, Bore used this equation, 

0B-    ^cpIE  • i  .  „,       {2.5) 
o     '     o 

which is a strip-theory analogy to the steady flow relations-ship. Ihe integral can 
be evaluated graphically for given values of et , and M and oB can be cross-plotted 
in a c^ against M diagramm. 

c     .,        H .»    .       1 n  .  W 
L«        < • S        0.7  . H2O 

Po   •  s 

c    .         B                 1 b  .  W 
Ca        " '  S        0.7  . «2o 

Po  • S 

* Read; B in fractions of gravitational conatant. 

*)Read: n or b in fractions of the gravitational constant. 



Values for B can then to oaloulattd by the uae of aquation (2.2). As outlined for 
equation (2.3) moderate buffeting la than attributed to a value of B - t 0.6. A 
■chenatlo example la shown in Figure 10, In applying thla method, care oust be taken 
to allow for ail the exceptions that can influence the tralling-edga preaaure, such 
ne the pmsence of auperaonic flow at the tralling-edge or vortices, which la 
duacrlbed In more detail in Ref.  (3). 

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

?.3      Critical RemnrlfB 

The methods discussed are a f;ood first approach for defining buffeting boundarien, 
especially in the lower Kach number area and in cases where no other information  is 
available.  Also,  in caees where a 2-dlmensional type  of flow la predominant,  the 
results will  be f,ood,   because there is almost no margin between buffet onaet, moderate 
buffet and c^ „.  Limitations come in at higher Mach numbers, and in cases where 

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

7ho following main problems can be defined: 

1.  The determination of buffet onaet on the basis of kinks often leads  to   too optimistic 
results.  This oboe.-vation is in accordance with  recent experiments of Ray and 
Taylor (o)  on a large number of wings. A posaibie 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). 

?.  If the  flow separation starts at the leading edge  and extents slowly downstream, 
th'-n  It is obvious  that tralling-edge pressure divergence and lift loss due to an 
overall change  in  circulation will occur significantly later than buffet onset. 

7.  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 
wines.  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 
danpinc is dominant  in one mode,  then the attained vibration level should be pro- 
portional  to ff of air density and not directly to S 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 dependency on damping. 

2.4      Theoretical Methods 

Following the principles outlined in paragraph 2.1, Pearcey and Holder (3) 
proposed n procedure for calculating the buffet onset boundary. The first successful 
attempt to evaluate  transonic buffet limits in a theoretical approach was reported by 
Thonas  (0).  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 extension to sheared wing flow was presented by 
Redeker (10).  The application of these methods is limited to wings with a predominant 
2-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 shov little or no 
influence of Reynolds number. The assumption of Thomas and Redeker (10) that there 
exists t 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 Dynamic Response of 
Seni-Rlgid- Models 

3.1      Prinoipie 

Since buffeting is the dynamic response to an unsteady load, a number of dynamic 
test techniques and evaluation procedures have been developed during the last few 
years.  Huston (11)  suggested a method for predicting the onset of buffeting and flight 
buffeting loads from measurements of unsteady wing root bending ;• train performed on 
semi-rigid wind tunnel models.  In order to obtain unsteady wing root bending 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  •  0model      = t '    "aircraft (3.1) 



•■K 

Nomally on a nodtl,  tbli nodt !■ only ■llchtly daapad. ThtPtfer», «bout BO 11 ot the 
total RMS of the wing root banding atraln la oonoantratad naar thia fraquanoy and can 
b« aaally analysed.  During a normal teat run.  the wing root atraln algnal la raoordad 
and filtered on the baalo node to allmlnata influanoaa of the rigging ayatam. *) RMS 
valuea can be generated either on line to monitor the teat, or after the taata ualng 
digital computera,  If more and more accurate Information la wanted. In Figure 12 a 
typical plot of the RMS value of the wi/ig root bending atraln varaua Incidence la 
shown. Up to a certain Incidence,      W* la nearly oonatant, and from the Inoldanca of 
buffet onaet onward,  the algnal la rlaing, comparable to the dlverganoa of tralllng- 
edge preaaura. 

In thla way,  buffeting teata can be made almultanaoualy with conventional force 
leaaurementa. Thla method la generally accepted aa the moat conalataat and reliable 

method of aaaeaalng buffet onaet from model taata (12,  13, 14). Many flight/tunnel 
comparlaona of buffet onaet are available (12,   17,  15;. The correlation la in general 
good to fair, and the method la widely uaed for comparative teata during the early 
stages of project atudlea or for wing dealgn purpoaaa. In order to obtain information 
about the aeverlty of buffeting, which la closely connected to the poat aaparatlon 
onset behaviour of the flow over the wing and the dynamic response of the structure 
to this excitation, one la left with the problem of scaling the buffeting loada frra 
the model to the aircraft. This problem is difficult to solve because it Involvaa the 
correct knowledge of the excitation and the transfer function of the elastic ayatam 
in terms of their quantitative values. In an early stage of a project, thla informa- 
tion la not available. 

One attempt to overcome thoae problema la  to by-pass the unoertalntlea and to 
use the buffeting measurements on aeml-rigid modele and derive dimenalonlaaa buffeting 
coefficlenta,  and correlate them directly with buffet penetration achieved in flight. 
Such a method has been developed and presented by Mabey (15), and la in common uae in 
Europe for estimating the buffet penetration capability of aircraft. 

3.2      Description of the Mabey Technique 

The unsteady RMS value of the wing root strain signal, filtered around the wing 
fundamental frequency is divided by the dynamic pressure q to give valuea of 

c3    ( oC )      =     W/q (3.2) 
which can be plotted against Incidence at a given Mach number, (eee Figure 12). Mabey 
assumes that there is a substantial range of Incidence at the lower test Mach numbers 
for which the flow over the wing is attached and for which Cg is constant.  This value 
IsdenotedCn ,  and can be related to the  tunnel flow unsteadiness parameter 
In  .  F (n)' • at  the appropriate Mach number and frequency. The basic hypotheaia of 

Mabey is that    \ n  .  F  (nj 'is the exciting force  to cB , and can be ueed for calibration, 
thus it can be written. 

oBo    =    K .       Yn  .  F (n)'   (3.3) 

A dlmensionless coefficient can then be obtained 

SB      ( ^ )      "• i .     0B    (  ^   )        (3-4) 

and the relation exists 
= oBo/K =  \n   .   P (nT (3.5) 

Thia evaluation implies that a certain tunnel unsteadiness is necessary,  and that the 
tunnel used must be calibrated with respect to \ n  .  F (n)i A typical variation of 
this quantity with Mach number at constant  frequency is plotted in Figure  13.  The 
buffeting coefficient cl    ( V ) is a direct measure of the generalized force acting In 
the wing fundamental mode due to any distribution of pressure fluctuations on the wing. 
The scaling factor K can be regarded aa a transfer function representing the dynamic 
behaviour of the  structure in the wing fundamental mode.  K is, of course,  different 
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 numbers,  when even at   oC = 0 some separation 
on the wing can occur,  ol   will show an increase relative to    \n .  F (n)' (compare 
Figure    14)    but until   tnen,  the two curves should be similar, and it is recommended to 
check the trend with Mach number. 
•)    for example  the  sting heaving mode. 
♦   Yn  .  F (n)' = £    .Vg"     :   P    = unsteadiness in pressure 

q £   =    A f/ f analyzer bandwidth 

Jm 
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In ordar to aohitvt a ooeffloitnt c| - 0, which eorr«»pend« to buffet onitt, a 
rtduotion to 

o| (ot) . Ve^Z («)  - n . P (n) (3.6) 

i» proposed by Mabeyt  however, thle la often ill defined, due to ■ premature creep in 
the variation of ca with incidence prior to the rapid build-up of buffet. In order to 
prove the validity of hi* method, Mabey has performed a number of teate on a variety 
of research modele at different acnle,  but always the  aane planform geometry.  The 
models were built from different material,   and had different values for total damping 
and fundamental  frequencies.  They were tested at different levels of tunnel 
unsteadiness but at the  sane Reynolds nunber, and he  obtained alnoet the same buffeting 
coefficients. Mabey then proponod on the basis of flight-tunnel comparisons and baaed 
on pilots'  opinion,   that for any aircraft one can plot c,   acainst Kach nunber boundaries 
defined by: ^ 

i'if.iterB 

Mabey criteria 

Transport aircraft 

o'i =    r; buffet inset 

ci! =   o,o'4      ilrht Uufi>tln« 

eg =    O.OGi!      r.oderate " 

,016 neavy 

c| = 0 buffet onoet 

c§ = 0,006      n^x.  nenetration 

A  lypi^al corparinoti  is  shown in i'i^ure  ir;.  The  poor  ..;orrel.'ition .it ." = D.fi and above 
onn br  du«-  tc u nurbor of reasnnB;   "i.e-y are no*  dircusped bv Kabe.v. 

The nnplication  of tr.e  discussed nethod  ir.vclvcs n r. f.ber of aBBuapttons,  and sone 
reooncendfttior.n  arc  .-iven  in Rof.   (15),  w;iic;i should  be  followed  to cbtaln conclualve 
«suit«.   The  extrapolation  of buifft  loads   :'jr  tne   full  acale aircraft on  the basis 
of buffeting coefficients  is  explained  in Ref.   (1),   op classical nethods  (11,   14,   If.; 
can be  .nr.litd. 

A .; irr-risir.,: fact  in  tKe  correlation establlaiied  by Habey is that  tiie  buffeting 
M'indari'.'P  can  be  obtained  in riost cases by n dinc-nsionless buffetlnp coefficient. 
In  t:.::no  oisey  -t   la  obviously not necessary  to evaluate   llnensiotnl  local 
accelerations by  use   of sode  shape  factors,  r.odal  lie©  oositijn,  frenercllzed nasses 
and  icur.Tir.):,   although   It   is  doubted  that  those  p.irareters  can  be ne{;lepted  completely. 
^or.e "•.••.(.■r.ri-s" exip-.   .'.th rerard  to t.ais p)ieiicner.on:   The nost slnple  one  is that 
nearly  ail  aircraft  behave  structurally very siniliar  due   tc  the  fact  that  flutter 
sp-'cialists have  carefully designed  the  structure  tc   the  saire  connon principles  in 
^rder  to  obtain   f".u*.tf-r speeds well outside  the   flight  envelupe.  The numbers ^resented 
in equation   (7.7)   thus   irclude nos*  s.f the  structural   nw .jularities.   The  difference 
between r.axirnur  penetration  of a  fighter and of a transv-r-.  aircraft already accounts 
f.r the   fact  that  a pilot  on  a transoort aircraft  is Rorf;  ;ff the r.odal line  of the 
fuselage  than on  a  fighter. 

oir.oe  the  disenatonless  buffeting coefficient reprcpirts a generalized  aero- 
dynamic excitation,   L*   in,   in  any  cane,   possible  to  produce  design  c.oarts wi'.ich  siiow 
at löaflt  trenis o" t;.e   influence on aerodynanic excitation  of the nialn design para- 
seters like  section  forn,   swee-  bad:,  wing fom,  wing  thickness,  and possible 
isprovenei;ts by use of rnnoouvre  slats and /or flaps,   üu'.a. design charts can well assist 
the designer in his early project evaluation. A  typical exannle  of the  influence  of 
sweep on buffeting contours  of a swing wing fighter  ie  shown  in Figure  10 and of the 
increnonts due  to well   designed manoeuvre  slats  in Mgure   17. 

3.3    Critical Ronj.arks 

Tunnel results obtained  by this nethod are,   in general,  good  to fair and 
extreaely useful  for prolect  studies and comparative  tests.  The problems assov'iated 
v.itii the use  of the Mabey  techninue ar? those which either result  frr'n models and 
the  tunnel,  or which are  by-passed by using statistical  correlations and pilots' 
opinion: 

1.  üosetimfls poor repeatability must be  stated.  Whether or not  this  is dur   to 
differences  in rigging or differences  in  transition  fixing  is  unclear. 

Kstablishing an appropriate K-fnctor nt higher Mach numbers and/or  in 
ci      and fnl   F'(n; 'do  not  show a unique  trend,  causes  considerall' 

ases wiicre 
difficulties. 

The  iroerfections  of  the model structure  can have  a negative  Influence on results. 
Large  changes  in mid  frequency  (see  i-igure  18)  can  be  reported,  which causes 
problems  in establishing proper RH3 values.  The resulting c'i is extremely spiky and 
shows an  irregular variation with incidence.  Plateaus,   spikes and predivergence 
creep etc.,  cause  considerable difficultien  in  the   interpretation. 

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

5. In  flight, most of the buffeting at the pilot's station, (see Ref. ?), is in 
second and third structural nodes, because the total damping in those modes if 
smaller than for the first wing bending mode. This fact costs some doubt on the 
assumption of Kabey that there exists a linear correlation of intensities between 
pilot's station and the wing root fundamental bending strain. In cases where un- 
stable shocks «t 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 in Figure 19. This forced mode Is however not taken Into 
account by the Kabey technique due to the application of a filter around the 
Tundrinental mode. 

4.    Methods Using Fluctuating Pressure Measurements 

.'..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.  Tins the extrapolation to  the full scale  aircraft is in many cases 
questionable.  Ihere are two fundamentally different methods of predicting the buffeting 
ir.tensity corposed from the main modes starting from wind tunnel measurements on 
models.  The  first one uses dynanlcally scaled aeroelnstlc models.  This has been dis- 
cunsod already in paragraph 1.4. The second one starts  fron neaaurements of the 
pressure  fluctuations  on a semi-rigid model and then calculates t'ie dynamic response, 
when these pressures act on the flexible structure. A survey of the problems Involved 
in this second possibility of an approach is given by Moss  (17).  The first attempt 
to perform such calculations was done by Mitchell  (IB)  on a Concorde type of wing. No 
flight to calculation comparison has been published by Mitchell. 

A detailed analysis of the different possible concepts for this approach is 
given by Jones  (1). According to the principles outlined by Jones,  the difficulty 
that arises is encountered in the difference in dynamics of the structure of a quasi- 
rigid 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: 

1. 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. 

3. Ilon-llnear 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 la 
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 presently under development In Germany, and Is monitored by the author (19, 25). 
Details of the recording system and the equations used can be taken from Ref.   (19, 25). 
A brief verbal description is presented here only, due to the rather complicated 
equations;  on the other hand there is nothing new about  the application of statistical 
concepts,  like correlation functions, power spectral density (PSD) and RMS 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, assuming 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.X     +D.X   +   C.X«Pjp+P^  +   Px   +  ftonffrntf ^•1' 

where the left hand side represents the structure and the right one the aerodynamic 
quantities. M is the equivalent mass, D a viscous damping, C the stiffness, x the 
amplitude and the dotea the derivatives with time. P with index Is the appropriate 
aerodynamic force and f^ff^ represents the exciting force due to buffet. The 
structural model is equivalent to those used for gust response calculations. The 
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•olution of »qua. (4.1) Is, therefort, well known and typically reported In (19,?4). 

For a ■•mi-rigid model, the aaeumption can be made that the amplitiKJoe are 
negligibly email, eo that buffet forces are acting on the aurface only, which can be 
recorded via dynamic preaaure plck-upe. For the investigation, fluctuating pressures 
have been recorded using a 5th scale half model, aa shown in Figure 21. A half model 
was selected to provide sufficient thioknees for installing the total equipment, aa 
there wast 44 static pressure tappings, 19 unsteady pressure pick-ups, 6 accslero- 
meters and a wing root strain gauge, the following pictures will show some typical 
results. In general, it can be stated that the power epectral density is flat, dropping 
lit a distinct frequency (see Figure 22). In cases where unstable shocks appear, the 
epectrun is showing a local maximum, and the acoelerometers indicate a forced mode at 
this frequency, often near the natural torsion node (see Fi^-ure 23 and 19). In Figure 7/ 
n comparleon ic shown of normalized PSD-plots of unsteady pressures taken at different. 
Reynolds nunbers, which have been recorded during a test phase in the 8' x 0' RA£ 
pressurized tunnel. This figure shows n clear trend, but it ie difficult to judge th« 
overall trend from those records, because there Is no unique trend for all stations. 

Using ore-eetnbllshed mode shapes for a number of natural frequencies, 
generalized forces can be generated using such records. The next step Is to calculate 
autocorrelation and cross-correlntlonfunctions for use with the structural model. 
As a final result, power spectral densities of local accelerations In fractions of the 
-Travitational coustant can be obtained at any station of the aircraft. From the 
response oalculatinn at the station of the pilot, an aseessnent of the pilot's 
inpnlrnent can be achieved usluc the ISO-Standard method (20). Another approach to 
iissess the pilot's limltatlono is to accummulate signals of the different frequencies 
using weight factore for different frequencies according to Hef. (20) and calculate a 
total RMS buffeting acceleration. This value can be transformed to a peak-to-neak 
n.irt.al bulfetlng acceleration, using a crlterlum according to equation (2.3), huffet-ng 
boundaries oar. be establlahed. Three typical results of local P3D plots — at wing tip, 
strain gauge positlun and pilots seat —are to be seen In Figures 2U,  25, 26. 

Up to liow, the oalculationn ire simplified insofar as a wlng-liody lonblnation 
—.r. lie treated only. 

The brief description riven ^ibuve does already indicate that an extensive 
computation effort is needei. Hence, a United nucber of neasurenents and calculations 
are available only. 

■t.3 Sfw.plng 

For  *-!.e   ;lnril  nalaulation,   oscillating presaures due  to  the notion of the wing 
and  IsnutcJ  In equa.   (4.1)  ?'• ,  P-,  P , must  be  Introduced,   and a number for the 
struc* iral danping or each node,  Susf'be adopted.   For tho  inveotigationc mentioned 
above,   the  structural   danping  la varied between 3 5» and  5 5»,  and  can be finally 
.isocsaed fro.-j ground vibration  testa of the aircraft.  Cec: Hating prossures are 
j-ilfu.rit» d according  to a .T.ethod described by Laschfea  (2'*'     assuming attached flow, 
rhe  aerodynar.lc  danping,   aa  obtainrd by  theor;-  for attr   'M1  flow,   is  considered  to  be 
llr."ari  that neans  t:.e coefficient of damping  l.' a con.,  a." t for all amplitudes of 
jsciilatlon. 

i''lig:;t  test results performed recently  by Jones  (   "^   on a fighter aircraft 
indicate,  as can  be  seen  f-om Figure  2ü, a large varia'  ou  of "apparent" damping in 
the wing fundamental mode with incidence. Test results reported by Ralney (?3) on har- 
monically excited models  also  sho'< a variation with incidence,  although not to  the 
same extent as given  in Figure  2- .  When It  is recalled  that  the  increase occurs beyond 
buffet unset where  steady  force  ocofficients are also nonlinear,   it is unlikely  that 
the assunption of linear oharacterietics during buffeting will  be  valid.  Thus,   the 
calculation will   be pessimistic with regard  to the  fundamental wing node, 

i.A    Remarks 

Up to now, only theoretical approaches and discussions are published. Mitchell 
(18; has never circulated results of Concorde flight tests. The lack of correlation 
in formation with which one could obtain the accuracy of the method is certainly a 
disadvantage. On the other hand, it Is obvious that measured pr'^sure fluctuations 
on a structrrally responding wing - as on a flying aircraft - are difficult to 
Interpret on a quantitative basis, owing to mutual cancellation of aerodynanio 
excitation and aerodynaml- fnr^es at the natural frequency of wing notion. Thus, 
vibrati.'n levels and buffeting design loads can be correlated only. 

iJue to a number of uncertainties and Binplifications, sore short comings ^ust 
be expected. lievertheless one can perform a number of comparative studies in a 
paramntrio way and gain in experience about the behaviour of an aircraft beyond the 
buffet boundary. An exanple of stich a oomnarative calculation, wherein the influence 
of wing fuel on buffeting was studied (see Ref. 25), is shown in Figure 29. The 
result presented in Figure 29 gives an indication about the scatter which can be 
expected from fight tests depending on the amount of fuel carried in the wing. 
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5.   Oonolufloni and Objaotlvsi for Atturt Itowaroh WorJc 

Stvtral nathoda — for aooa varioua taohniquea of analyala - - art thua 
available to tht apaolallat intoraatad In buffeting Information. Particular 
conaldtratlona In aaoh oaaa will guld« th« Individual oholoat availability of oodala 
or appropriate tumala and neana of analyala. 

The noat favourable, but moat expenalve teae technique Inpllea obvloualy the 
uae of dynamically aoaled flexible modele. The required Information, however, will 
come relatively late In a project atage and will not Influence the configuration 
directly, for early dealgn phaaee «nd comparative teata on alternative wing deelgna, 
the application of the Mabey technique la recommended. The extenalve computing 
facllltlea that are needed to obtain buffeting levela and loada ualng the PSD-concept 
will Halt thla method to an application for check out In critical areaa or for 
apeolflc dealgn problema only. The relation between buffeting Intenaltlea and mean 
loada la reetrlcted to relatively rigid aircraft. An extension to Include dynamic 
reaponae charaoterlatlca of the atructure la wanted. 

Of major Importance for all methods dlecueeed la the Influence of damping on the 
attained vibration level. It ie recommended, therefore, to monitor the poesltle 
variation of damping with Incidence on modele and on aircraft to provide detailed 
Information and means of correlation. More reeearch work la wanted In this area to 
eliminate contradictory conuluelona. 

For many yeara It la known that separation nas a derogatory effect on aircraft 
performance. Therefore, much effort hne been concemrated on Improving theoretical 
methods of wing design to avoid early separation. Possibilities to control the growth 
of separation beyond buffet onset and to obteln by such means a more gradual develop- 
ment of buffet forces with Incidence, are not studied In sufficient depth. Meet of 
our knowledge about fenceo, notches, vortex generators etc., has been obtained through 
trial and error and has proven to be successful. As there is an increased trend toward 
the use of fluctuating pressure measurements for the study of buffeting, a research 
program should be initiated to investignte means of controlling the growth of separation. 
This 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 aust be stated here that a method to predict tail buffeting loads 
in turbulent wake flow is practically nonexistent. 
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Fie. 3:   Sinplifled Buffet Response Calculation 
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Pic.21:   Clean wine Upper Surface with Trnnsducer Positions. 
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Fig.24: Buffeting Response Calculation. 
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