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PREFACE

This publication contains the papees presented at the von Kirmin Institute, Brussels
and at Ames Research Center (CA) in March 1975 for AGARD Lecture Senes No.74 titled
*Aircraft Stalling and bufteting™,

This Lecture Series was recommended by the Fluid Dynamics Panel and the von
Kiarmin Institute for Fluid Dynamics, and has been implemented by the Consultant and
Fxchange Programme.  Aircraft Stalling snd Bufieting are related phenomena which limit
the useable 1ift of an aircraft and hence determine its minimum flying speeds, its maximum
cruising altitude and its manocuvrability,  The basic physical mechanisms are acrodynamic,
involving separations of the airflow over the wings, but the limitations on the performance
of the gircratt depend on its acroclastic and dynamic response.  The Lecture Series aims to
give an account of recent developments in the understanding of the fluid dynamics of
stalling and bufleting, of the dynamic response of the at.craft and of technigues for buffet
prediction, with consideration of the implica: s for aircraft design.  This publication
should be of interest to aircraft acrodynam asts and rescarch workers in fluid dynamics
and flight mechanics.

Cyril R TAYLOR
Lecture Series Director
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AIRCHAPT STALLING AND BUPPETING
INTRODUCTICON AND ¢ VERVIEW

by

C. R, Maylor
Royal Aircraft Establishment
Bedtord, Bngland

SUMKARY

Stalling and buffeting are relsted phenomena which limit tha maximur useadle 1ift of an siroraft
and hence its minimum safe flying speed, 1ts cruising altitude and its manoeuversbility, The basic
physical mschanisms are fluid mechanic, Iinvolving separatiors of the airflow over the wings, but the
lisitations on the performance of the airoraft dejend on itz sercelastic anl dymaric responae,

1. PREAVBLE

Stalling and bufteting mean lifferent thinss to 1ifferent people, Por the unfortunate passenger in
an sircraft which inaivertently stulls or penetrates the buf'fet regime each could rerresert an unforgett-
able and terrifying experience, Whereas, s mathesatician, who has never had the zisfortune to experience
the real thing, might regsrd thex merely as convernient words to associate with a purticulur behaviour of
the solution of his equations, It ha:lly needs to be saii that the lecturers for this Series are both
less emotional ani more practical thun the twe extreme cises I have jurt ucted. The material of their
lectures deals with some of the vastly commlex enrineering anl physicnl aspects of the subject, Never-the-
1088 the lectures will show that the passenger 'z never forgotten and ‘hat mathematical tuerry is readily
absorbed,

Because the lecturers are specialists an! they will derl «itn specialiuel aspects of this subject, my
task in presentins an "introduction and overview™ i3 to provife a ledl-up to euch of the torics covered
(introducing some of the basic ideaz ani the essential nozenclature), 1 will also draw y-ur attention to
some of the aspects of the subject whuch are not covered by the speciulist lectures, T do this I will
continue the theme which I introduced at the besinniny, i.e. "stallin- und buffcting mean different things
to different people” taking as particular cases the pilot, the aircraf't designer, the aircraft aerolymnamicist,
the airoraft developsent enginesr. I have not forgotten research serodynamicists - I am sure that they
will £4ind much to interest thea in the apecialist lectures.

2, THE VIEWPOINTS OF THE PILCT AND OF THE ATRCRAFT DESIGNER

Por a pilot, stalling and buffeting are words which lescribe the belnviour of his aircraft, He
recognises the atall as the point at which his aircraft berins an uncontrollable noze=lown pitching motion
and ceases to saintain altitule, or normal accelerution, bec:use the rrowth of flov separation on the wings
prevents further increases in 1lift coefficient with reduction of speed. he flos separationz may give hir
warning of the approach of the stall by exciting vibrations of the aircraft ani its structure or by changing
the "feel" of the oontrols, The experienced pilot is uble to make a clear distinction between stalling and
loss of normal acceleration due to lack of enrine thrust, However, for some types of aircruft, he is less
sble to Aifferentiate between the various forms of alrcraft vibrition and instabilities which make it
difficult for him to increase his rate of turn in manoeuvres at high speeds. Buffeting, which we define as
"the asrcelastic response of the aircraft structure to nerodynamic excitation arising fror flow separations”
is almcst always encountered when approaching limitine 1ift at high speeds and, although this may not be
the factor which restricts the manosuversbility, the word buffet is often used, rather loosely, to
describe any unsteady rhenozena which may induce the pilot to restrict the manceuvre, It is in this
broad sense that buffeting is coupled with stalling as the subject matter of this lecture series.

Por an aircraft designer, stalling and buffeting are phencmena which limit the amount of 1lift on an
aircraft and, for any aircr-ft specification, maxisux useable 1ift has an influence on the aerodynamic
design which is rivalled only by drag, Por civil aircraft, airworthiness resulations (such as PiR and BCAR)
place very definite limits on the extent to which an aircraft say approach lisiting-lift conditinns under
normsl opsration. These rules (see Table 1) govern airspeeds on the approach to landing and on take-off and
clisbeout, by specifying speed margins, relative to stallinz speed, The regulations also define two levels
of buffet ani lay down associated increments of normal acceleration, relative to 1-g level flight, which
gust be available with en=route configurations, a1t speeds at and near the ugjer end of the flight envelope,

Plight conditions Speed marvin Vanoeuvre tarzin Liziting factor
( T
Approach to lunding (vu);’ovgg Vaig) U.%57 at VAT Stall
Take off T
(2nd segment clirth) 0.2 Vpat 0.3z at 1,2 Viat Stall
Bn-route . 0,8¢ at VRA Buffet
VY < Voo 0,68 at Vmo (maxizum demonstrated)
gt B o ot L e —
Climb and descent 1.0 i Ruffet
‘h < 20,000 ft) Qs s (caximn demonstratad)

Table 1.  Some airworthiness rejuirenents for Civil Alrcraft reluted to stilling anl buffeting.
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Taken together with the performince requiroments (es Fach aumber, altitude ani lift/drag ratin et
orulse, approach speel for lunding, fiell len th and noise chapasteriatics for take=nff) theas requlitiona
provide the Yasic crounlerules within which the uireraft desircnar optirlana toy zizo and vondiyraitien of
toe wing und lefines the maximum usesble 1ifL coof'fic.ante ho cuzt wciieve for both lawssjnel unl hijshe
spend flight,  The desimmer i5 also rejuirel to ensure th.t, suoull the drc~af't onter o 3tall, §t z2nall
be possidble, using mormil plloting srill, to mke a pron:t recovery and regaln control of the aireraft,

Combat aircraft are desimei to somesh.t different rules but in many cases the reju renants for low
i;proach speels nd short tidkceoff have a powarful §nfluenca en *he cholze of conf'iruratioen nnl on the
fesipn of the wing for hipga 1ift st low zjerds, Manoeuverahility at hirh spoels 1s vitally lmportans,

50 much sv, that the pors.it of higher useable 1if't at hish rubsonic srends nas lel the lesigers of
current operationl atreraft to employ 4 wile rance of lavices whica hely either to optlol. o tue ilnes (lun=
fore far “he sanoeuvre (e,z. viriable wing cweep) or to inhibit tue wc..erenre and groath of flaw
separition (e.r. LB iroop, manneuvre slats, vortex ceancriteri;, Soverd papars at t.e 1./2 A\
specialists,mcetlng on the Pluil Dynamics f Adresnft Stalling' puve quilitativa avidance of the giins in
useidle 1ift to be had frva the use of some nf these dwvices, but their al't'icucy muct be eviilent to «ny
intellipent nbserver of aircraft desipn trenls, W¥rre recently experirental £i-ute. lrceaft have beon
tesimod with igproved power/weight ratin, highor structurs] loni fa:to md means of increasing pilot
tolerance to stealy normal acceleration = 31l of which injprove the potontial Panocuvesrabil ty anl increase
she erphisis for more useable lift,

e VAXIVU'M USTARLE LIPT

In what I hive said sec far, 1 have repeitelly stressel the importance of z«ximum useadle 1lift ani
its connection with stalling and buf'veting. It is time that ! beran to expluin that connection = in doine
80 I shall be talking the languive of the alrcraf't aerodynamicist wnd tne alreraft devi-lopment enpincer anl
I stall be coming quite close %o the subject matter ! some of the wiin lectuires, Por the tiue beine, 1
shill ¢ najler a particular class of airerift wiich (followin- Kichemann' I call "clazsical swept-wincel
alrcraft®, As you can se~ frou the sketches in Pip, 1 this covers most of the »irceaft flyin,. tolay,
However 1 shall later go on to tilk, vary briefly, adbrut tio ather classes of aircraft,

o

FIG | CLASSICAL SWEPT-WINGED AIRCRAFT

A basic differance betwssn “he low-sresd characteristics of alrcrift wings near limltin =1lift
conditions anl those at hiusi s;ael {8 shown by the plots in Pipr, 2. “hose are curvis of lift coefficient
versus incilence over a rang: of Vach nunbers anl they e f'.irly typicel of wind=tunnel moasurenents fer
wings of modarate aspect ratlo and low swenp, They inlicate quite clearly thit for low Mach nurbers the
lift=conf't'icient hus & lafinite muximum value which must present an upper limit : tue amoun$ of useable
1ift avail ble, By conlrast, at high froeestreusz Vach numbars no such overa!l lixit is apparent (for the
range of i{ncidenca covered by tha teats), ‘!owaver the kinks and wi-ples in the CL Vs a curves show that
rather Iramatic changes are occurrin” in the pat'erns of flow aver the wing anl ve should anticipate that
not all the lift ueasured on the nodel will be us~ible in flight, Similur plots fer a wing Which has
nearly the optimu1 sweep for manosuvres at Lipgh subsonic speeds (Pig. 3) ariir show it there is no
clearly 1ofinedl unper limit for tiie 1ift coeff'iciernt an) thut the maximuz uscable 11t will be det~ nined




by buffet or related unsteady phenosena,

FIG. 2 VARIATIONS OF LIFT COEFFICIENT WITH INCIDENCE AND MACH NUMBER

(0= 25%)

FIG.3 VARIATIONS OF LIFT COEFFICIENT WITH INCIDENCE AND MACH NUMBER
(¢ = 43)

Zven 1t low spesis, not all the 1if't available miy bs useadble, One effect of wing taper and
swearhqs, 's t¢ increase the lift ccofficients near the wing tips, relative to values near the body, when
4an ving = at hifh Incidence (®ip, 4). Of course thiz can be offzet by spanwise variations of camber
anl twist but for many wing planforms those viriations (Pig, 5) would create severs manufacturing problems
inl the resulting shape woull be far from ide:l at other incidences and Vach numbera, The compromise
struck by the alrcraf't aeroiynamicist invariably results in a wing on which (unless prevented) separations
which 1ra) to tne stall originate on the outer wing - where the 1ift coeff'icient is highest and the
effects of sranwisn flow ten! to thicken-up the bouniry layer, These separations will cause a forward
rovament of the wing centre of preasure,which results in a tenlency for the aireraft to pitch-up and hence
move further into the stall, They muy also give rise to unwelcoms rolling motions and loss of lateral
control, HFor these reasons it is usually necessary for the desimer to use some means of triggering off
tae still in a way which rives a rearaari movemsnt of the centre of pressure. The stall-trigger usually
~encrates a separation on the inner win- and, if carefully designed, the airoraft will be able to complete
the stallin~ manneuvre without the separation sprendinpg to outer parts of the wings, The ailerons will
thus retain mucin of tneir effoctiveness ani roll control will not be lost, Various forms of stal.
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trizser have been used but for airoraft with rear engines, overwing fences or unler-wing “vortilons" are
the most cormon (sen Ref's, 2 and 8),
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Pir, f shaws the effect of u feace n tin procressinn of $1n- aansration on a model of the
FPokker F,26, The stall pro ‘ressinn :'or 4 more hizily swert wing, employin: both stall strips anl a
wine fence”, is szowm in Pip. /.

The pylons of unlerwins nacinas can trigeer the stul! of the clew wing but It ir usudlly nrcess.ry
tr "lesrale” the hirr-l:rt levice nn tae inner wing, in one nf' o purber of wayec, to pet the Jesired
pltchin - moment charnciuprlistico for the take-off anl lanlin: conf'igurati- ns,

0f course, the naal to provide aceeptible hantline 1nl control adt the stall results in the
moxiram usenbls 110t badns eomewhat less tha the muximum 1if't available from a wine without ctall
tric-ers, Sore flea of the penultins involvel nny be deduced f'rom Pig, 8,

The problems in obtsining an adequ' te nose-down pitchins moment at the stall are compounled for
larre aircraft by the high angular momentum in pitch whick these aircraft acquire Juring the decelerating
spproach to the stall and, for aircraft with Tetails, by the need to avoid the "deep-atall"d,6,
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FIG 6 THE EFFECT OF A FENCE ON THE PROGRESSION OF SEPARATION ON F28
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FIG. 7 THE PROGRESSION OF FLOW SEPARATION
ON A MODEL OF THE TRIDENT IC

Zreejnclont ot thie sroellen e Yo derivel frolotue i ople
m tant.m la pitch (ak2 @) tu th 2
Flre 2 shous the probler,  The
£l1toht (&), by the *ime Sie riiertt pos

rzereise Of equ.ting the wnul-r
prolic:l Ty a ruilen chonce in ritching poment (=a%r).
* the plten rate ‘o zerc, fror- 1t: initial v-lue for level
v specifiel i{neiterceage  The sulden change in pitching

rezent has to be aprlied, %o he 4rir:ed alrcrals, -t ircilonce ag @ ag = Sa.  Assuming that the alreraft

centinues in level £11-ht (i,e, § =4 and it fa it £:all, 'he monen frpule- s
(= tCp)p 1Pse 4a/ge ant honce

2 ? -
Lha = mk (ﬂo) /(- bcm) aAres

2
’J:_ l(2 _'hd_n
E-Aam b2 4
dera m is th. mass of the ajreraft

k tke ridiu- of syratien in pitch

e tha rpevitaticonal conctant

(1)

wlp, I I, » have Sleipe :sun) reanin-n, I ag denotes the slote of the 14ft curve bederer ao and "8y

the aasrcistel ¥ fferonce "= 144 cno'f‘f".cipn‘. fs !0L = *a/nq, vhich, after rwipnlation, reduces tote

c, 1 % an 2 w2 Sc
£, = == - -~ - L
L~ ay T- Cz) r “/ .c,/ . m /

(2)
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where l& is the deceleration a2t n s ag. Airworthiness resulations require that the stall shall be

demonstrated at a deceleration of 1 kn nc". Two conc 'usions can be drawn immediately - the chanre of
trim (= ACy) needed to bring the pitch rate to sero inareases drumatioully with 1ift coefficient and,
since wing losding (w/8) does not vary very such with airoreft sise, larger aircraft need lurger changes

in trie.  Althouch this simple analysis cinnot be apjlled % :he incidence runre covered in the stalling
sanoeuvre the two conclusions quoted are believed to reniln valid,

%\I .
wiy acardn b3
:,I —

FIG 8 EFFECTS OF STALL FIXES ON MAXIMUM LIFT F1G 9 WMPULSE NEEDED TO COUNTER ANGULAR MOMENTUM IN PITCH

The desp-stall, or superstall, problem for aircraft with high-set tailplanes is Jue to the loss of
stability and \ailplane effectiveness at high incidence, resulting from the tail remaining in the low
kinetic-pressure wakes from the wing and aft nucelles (Pig. 10). This can result in the incidence
increasing (due to rotation and rate of sink following the stall) until the airoraft stabilises at a high
incidence (i,e, becomes lock-in a deep stall) when the tail emsrges fror the wake,

0 ?
Ca | STICK BACK
S il o, = > 1\
LOW TAIL HIGH TAIL /.\
A S

FIG. 10 THE SUPERSTALL PROBLEM

~he flirht dynamles of the post-stall motion are quite ¢:on'.plex5’6 but, by analoy with the sirple level-
f1ight pre=stall un.lysis lealing Lo oquition 2, it cin bo seen thit the designer rust proviile a

roans of
obtaining sufficient nose=down pitch irnpulse to prevent the aircrafs enterinm a deep atall,

With sore




sdreraft part of this nose=dnwn {mpulse 18 applied by the automstic application of a stiok=pusher,

The specitlist lecturs by ¥r W Yelntosh de~: with an alroraft with a 1w tail but will cover the
flight=dynonic problems T have mentinned and tueir ‘mpact »r alrerift deslgn,
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FIG | WVARIATIONS OF FORCES ON A MODEL FIG.12 VARIATIONS OF ROLLING MOMENT WITH ANGLE
NEAR LIMITING LIFT (M+0-8) OF SIDESLIP OVER A RANGE OF INCIDENCE (M:0-0)

Ir contrast to *he situatior (t low sreeds,the phenomena which limjit useable 1ift =t high subsonic
sjecds ape both more varied and more comrlex, As alreudy mentioned, the lift coefficient may not reach a
morirum value but the soparation of the airflow over tie win-<s leads to irregular v.riations of overall
frrees with inciderce and to unsteady excitatlons, Some of these effncts are shown in ™ig. 11 which gives
ilets of results from winl-tunrel tests nf a conventicnal force model of a wing=body combination with a wing
of 4OF sweep, The graphs at the top of the firure show the variation of the narrov band-width root-mean-
squzre lynamic strain 1t the wing root, plotted apgainst lift coefticlient, The plots lower down show the
variitiors of pitehing merert, Incilence, axial force, Irars ani rolling moment at zero sideslip, The
varioue stares cf flow breckdown corres: onding to points 1 to 5 on tre incidence plot are shown in Pig.i3,
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FIG 13 WING FLOW PATTERNS NEAR LIMITING LiFT (Ms0 80, ouo‘)
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1t oan be seen that the collapse of the flow over the cuter wing has resulted in a marked pitch up
and a dramatio inorease in drag but a combat airoraft with this type of wing would have sufficient tailplane
power and engine thrust to prevent these faotors limiting the manceuverability and we must look for
another possible cause, Buffet, is of course, & pouibi’iv and the R¥8 wing-root strein whioch is a
measure of the responae of the model to buffet exoitation/, oclearly shows a signifioant rise in excitation,
The rolling moment excursion shows a tendenoy to flow asymetrically but it is none too obvious how
significant this might be, Xoreover, measurements of rolling moaent over a range of angles of sideslip
(Fig. 13) show that there may be dramatic changes in the value of Cls (1v) well before the moment at sero
sideslip is affected., The other latersl derivatives change.in a similar msnner ani at vary high‘inoidence
there may be significant hysteresis during a (quasi-stesady) sideslip excursion,

These wind=tunnel data, which are thought to be fairly typical for wings of this thiokness
(.09 ¢ t/c ¢ ,11) and sweep 35° & @ ¢ 45°), indioate that, for the aircraft, the onset of wing buffeting
will give an indication of the approach to limiting 1ift conditions but either buffet or some form of
stability and handling problem will determine the maximum usesble 1ift.

C Hwang and W S P{ have recently published the results gr their measurements of the dynamic and
aeroelastioc roaponss of & PSA airoraft in higheg wind-up turns®, These ashow that, for this aircraft,
which has a wing sweep of 25°, buffet onset gave the pilot warning of flow separations nesr the wing tip
and that, as the incidence inoreased there was a rapid build up of rigid-body oscillations (described as
*wing rock”) and structursl vibration (buffet). The pilot terminated the turn snd returned to level
fli,ht when the vibrations and oscillations prevented him controlling the manoceuvre, ljn their report of
similar peasurewsnts with a P111A aircraft at 26° sweep, Benepe, Cunningham and Dunmyer’ do not say what
factor limited the manosuvres but they draw specific attention to the asymmetry of the buffet response.

The sum of our present knowledge indicates that the manosuvering capability of swept- -ingel combat
aircraf't will be limited by buffet and/or by a buffet-related los: of lateral stability. The lateral
stability phenomena are usually described by pilots as wing rock, wing drop or nose slice,

Buffetine is a structural vibration which is often defined as the structu-al response of the
aircraft to the serodynamic excitation produced by separated flows/. The dynamics of the response will be
discuased by ¥r J G Jones in his specislist lecture, but I should 1ike to draw your attertion to the block
diagram (Pig. 14), 11llustrating the intenct*sn between response and excitation, which he presented at the
AGARD Specialists' mecting at Lisbon in 1972'Y, The main thing to notice is thut Llhe motion is influenced
by structural inertia, stiffness and dazmping as well as by the aerodynamic forcing and damping. However
the essential feature of buffeting is that it arises from an increase in the level of the aerodynamic
forcing, This is in contrast to the phenomenon imown as stall-flutter!!, which gives structural vibrations
under much the same conditicns as buffeting but these are due to a reduction in aerodynamic damping to
negative values,

WING MOTION

A z >

STRUCTURAL RESPONSE
ﬁ — — ]
s INERTIA > < OAMPING
> STIFFNESS
FLUCTUATING
€ INPUT
DAMP NG
Y AERODYNAMIC EFFECTS
oz Y(¢)

Y
GENERALISED AERODYNAMIC FORCE

FIG. |14 BLOCK DIAGRAM FOR STRUCTURAL BUFFETING

Wing rock, wing irop and nose slice describe rigid-body motions of the aircraft, The general
block diapran for these dynumica (Pig, 15) contains aerodynsmic stiffness and damping and possibly an
asrodynamic foreing term but only the one non-aercdynamic term - inertia, ¥r D B Shaw will give a
Jdetniled discussion of these motions and their probable causes in his lecturs but I do nct think I will
be detracting much fros his contributica if I meke a few general points, The motion described as wing
rock coull be the rigid-body equivalent of buffeting (i.e. a response to aerodynamic forcing) or it
could result from a sudien loss in damping. Wing dropping is presumably initiated by the sudden loss of
1ift on one wing but the divergence in roll following this 1lift loss must be due to a low stiffness in
roll, which would result from the stalling of the outer portions of the wing, Nose alice is again a
divergent motion an1 rust have as its root cause a loss of stiffness, Of course all these phenomena
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relate to laternl/dirvctionul stabllity wiwreus ut low speed it {8 the lonritudinul motion whioh governs
thie useadle 1irt,

AIRCRAFT MOTION (VELOCITY)

,f fw
RIGID-BODY RESPONSE

1 I

l —<-| DAMPING

|
I AIRCRAFT
INERTIA
l I STIFFNESS <
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attack, hen s 0 hich o wers load ani needs o perforn « precise tracking task (Pig. 16).  Mowever,
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FIG. 16 MANOEUVRABILITY LIMITS FOR COMBAT AIRCRAFT

A8 a further contribution to the general discussion of buffrting and reluted phenomena I should
point out that it has beecn midely obzerved that the rate of build-up of the buffeting resvonse with
incidence decrenscs with increasing sworp=bick - £ “he wins. Althourn this irplies that the amount of buffet
penetration (i.e. the 1ifference between maximum usenble 1ift anl 1ift at buffet onset) must be lecs for
the lower sweeps (in general), it is by no means universally the case_that buffeting is a limiting factor
for wings of low sweep - as was shown by ‘he flight tests of the P-54°,
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Recuuse of their low structural loal fuctnrs, clvil transport aircraft present 1ifficult vehicles
ror detailet flirht experimonts on 1ift limitationg at hiph speeds and T know of no published duta on the
relative {mportince of the structurasl and rirsid=boly resronses for this type of' airoraft., The aireorthi-
ness reculstions define twe lavels of buffet response (see Table 2) but make no specific reference to
rigid=boly phenomens it hirh apeeds and hirch 1ift, lHowever, it seems plausible thut strensth limitations
an! the structural an! inertial churacteristics of these aircruft (particularly the larprer ones) would
swins the bulunce in favoyur of buffetine as the limitine factor,

PAR sigaificant Buffet Buft'et of intensity such that the pilot would be
considered likely to moiify the manoeuvre which
causes the buffet

PAR Yixiguw Demonstruted Vaxiouz buftet intensity which has been demonstrated
3ur'l'et to ciuse nelther logs of control nor structursl
danare
4UAR Ruffet onset The lowest level of buffet intensity consiatently

detsctable durine norcal accelerution demonstrations
in smooth alr coniitinns

ACAR Yaxizur Demonstruted The paxizum level of buffet intensity at whicn it has
uffet been shown in flisht tests that controllability and
structural inteprity are unicpaired

Table 2, Definitiona nf buffeting intencity for civil aircraft
ha SCU% PLUIS=PECHA TS alD) AIRCHRAPT=D4OISN ASPRCTS

Prer what T have said alrealy about the low-speed stallini of sweptewinged aircraft you will have
ieluced that the upper ligi{¢ to the maximum useable 1lif't iz set by the stalling of the outer wing, The
importance of the lowezreel atulline verfermunce is so great that the outer wing is usually desizned very
curaully %o huve juasi twoedizensional flow :unid to achieve the full maximum=1ift potential of the wing
secticn ini its hirh=lift levices, Hence the flui! cechanicz we are concerned with are essentially twc-
Jicensirnal anl the clussical exposition of Fclullough and Gault! prevides the basic starting point,
fiee 17 (after Foater“‘) shows some features of the three types of stall they identified, “he short
tubble type (3} and the lon- bubble stall (2) are due to separation of a laminar bounlary layer unier the
stecp adverse presrure gradient which follow: tne sharp suction peak near the leading edpe of uncambered
aercf'ofls of low thickness chord ratic., The lonp bubble only occurs on very thin aerofoils and the short
bubble 3tall is unlikely to be found at high Reynolis numbers., ing sections desimed to avoii very high
secticn peuxs near the leudine edpe will, in peneral, experierce stalls which levelop from separation of
the turbulent boundary layer ne:r the trailine edpe, These sections will have higher maximum lifts than
those stullinz at the leadine edse and hence a trailins edpe stall (type 1) should be the design aix. The
question what i: the optinum upper aurface pressure iisti.bution (i.e, what shape of pressure distribution
rives the greutest 1ift with attached flow) appears to have been answered first by Liebeck' who utilised
stratford's wore on the sepuration of turbuleat boundary lnyers" + The optimum pressure distribution has
a suction plitesu exteniing fre the leading edre over a significunt proportion of the chord, with the
recorpression to near free:stream conditions following a relaxing pressure gradiert, of the type devised by
Strutford to continuously just avoid separation, The optimum length of the platezu depenis on Reynolds
rurber ani transition position, M¥r A ¥ O Smith will discuss these flows in detail in his lecture but, as
an appetiser, I will show you a result obtained by D J Weeks at the RAE just before Liebeck's paper was
rublished, Here (Pig, 1R) you can sec the shape of an optigum pressure distribution ani also how that
shape can be obtainel, fairly closely, by application of nose camber, Of course this camber wcull be most
unsuitable for other conlitions of flipht but since it is .confined to the f'irst 20° of wing chord, it could
be rbtainel by application of 8 variable-cauber mechanism such as RAEVAMI7,

At low apeeds however nose carber is less effective than a well designed slat but all seading-edge
devices suffer fror the disadvantage that, on their own, they simply delay the stall to higher incidences,
There are very practical reasons why aircraf? incidence is lirited and for this reason it is usual, for
lanlin/ ani take off, to use slats in conjunction with truiling edpe flaps (which increase the 1lift at
constant aircraft inciience), The most efficient arranpecent of slats and flaps uses slots connecting the
upper ani lower surfaces at the slat-wing, wing-flap and flap-flap junctions,

The precise fluid mechanics of these 8lots has only recently been explained, Poster et nl'e have
shown that, for a wing section with a slotted flap, the 1ift at conztant incidence decrsases with
increasing slot gup according to calculations for inviscid flow. In real flov the lif't increased with
rap until a well iafined maxioum is reached, thereafter it decreases (Fig. 19). The maximum 1ift is
rbtained when the mixing of the wake from the main portion of the wing with the boundary layer on the
finps is delayed to neur the trailinps-edge of the flap., The action of slots, therefore, is to break up
the lonr region of adverse pressure gradient, which extends from near the nose of the aerofoil to the
trailin, edpe, into 4 number of short lengths each having its own boundary layer growing, more or less,
uncontaminated by the other boundary layers and their wakes (Fig. 20), “he proper use of slots allows
very hiph peak sections to be obtained without separation, as is shown in Pig. 21, This is a case where
the slat carries 35! of the total lift, Both the slat flow and the flow at the rear of the main wing
are close to separation, Slat stall could be avoided by increasing the slat ansle, The lift at
constant incidence could be increased by increasing the angles of the flap and tab but this risks
stalling them,

In applying slotted high=1ift devices to practical wings great care has to be taken in the
desipn of the supportins brackets, as the wakes from the brackets can provoke premature separation,
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As might be expected the flows over finite wings near limiting 1ift at high speeds are appreciably
sore complicated, Pig., 13 shows some examples. Winge of lower sweep would have regions of quasi-two-
dimensional flow near mid-span, with forward movements of the shook wave near the root and tip, while for ]
higher sweeps the flow might be dominated by part-span vortices, However, since the aim of the aircraft
aerodynamioist is to achieve most of the potential performance of the equivalent two-dimensional section .
in the design of his finite wing, i think I should bdegin my introduction to the fluid-mechanics of flows
at high speed by saying something about the flows over aerofoils at incidences near that for the firet
appearance of separation, The equivalent two-dimensional section and equivalent free-stream Xach number
for a swept~back wing are defined in Pig, 22, PFigure 23 shows typical envelopes for separation onset on
aerofoils of medium thickness,

I have already mentioned that at low speeds and high incidence the single aerofoil develops a very
sharp suction peak close to the leading edge. With increasing Mach number the flow near the nose
becomes supersonic (C,*# = 10 for Me = 0,25) and the general tendency is for the peak to broaden and
flatten. Part of the initial recompression develops into a shock wave which moves further back on the
chord with increasing incidence. With the older type of serofoils the pressure distribution behind the
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PRIT N L corelaxinc jresr e cratlent (Pic, oL and we initial separation forms as a bubtle at
floos o tue soocn, Wit dnepacine Dncoliderce thic buvhle prews rapidly in extent until it aprroaches
the tr illc o oeldee, I% teer provages o rapii iivereence £ the trailing edee precsure and a collarse of
the flew,  The reciorn of eparatel flow 18, of cource, . s.urce of buffet excitation, This type of flew
fovelopmers was lecimn el "Il o lel A" Inoa clascic puver on scale effects by Pearcey, Csborme and
Haires!” acitg Uor tne older tyrec of wing scctiors, this type of separation is typiczl of flows for
betn lirt: & tee Jp vs X oenvelege for separaticn onned, ulthe .l typical prescure distributions chanpe
rrog navin medert apeurts ol isentropic recom ression upstreas nf' the shock to monctonically expanling
flome wp b ~ akreek (Fi-e 24},  Cince for these sections the initial separution is directly due to
rocr, tar hich=lift perforrance car be improvel by reducins the strenpgth of the shock wave, for a
“iwen lit crefflcient.  This cun be achievel by lesi,mins the upper surface to huve a measure of
isentrryle comppessicn urctreanm of the shock with 1 further aft shock location, This is mcre effective
1t Yuon numbers a% the urer end o hi h=lift ranee (i.0. 4 ¥2 in Fig, 24), and usually requires an
incre.cr in lealin=edie ralius with a markel reduction in upper surfnace curvature farther back<¥, At
lower spends 1 reliction in the peak suctinn level near the leading edpe (by nose cacber) is beneficial,
Tr a cert:in extent these mclificitions are conflictine and a careful balance has to be struck.

S

The latest type of wing sections are lesirmed with the ail of powerful theoretical methods?t»22
an! comrine extensive recions of supersonic flow upstrean of the shock with large amounts of rear
loaling (Fir. 25). This type of desi,m is heavily biased to isproving the high-speed end of the
separation envelope {Pig. 258. A3 shown in Fip, 25, high suction levels develop at the lower Yach
numbers and separition mirht be expected to start at the trailing-edge, due to the severe adverse
pressure pgradient there., icwever, in these cases it seems that the trailing-edpe separation is partly
provoked by the bubble under the shock, T™his is an example of Pearcey's model B1 flow 12,
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At Vach nusbers close to ¥p in Pig. 25 an increase in incidence increases the suction levels for
the plateau upstrearm of the shock and causes the shock to move back on the aerofoil, The re-expansion
following the shock appears to be modified by the separation bubble and the flow separstes at the treiling
odge when the shock reaches the crest of the re-expansion,

Wing sect.ons in current use fall half-way between the two types I have mentiocned, having less
rear loading and less supercriticnl 1ift at separation-onset than the modem seotion in Pig. 25. They
represent a class of aerofoll for which, except possibly at high Reynolds numbers, rear separstion will
occur before the bubbl? separation reaches the trailing edge. They therefor: provide examples of
Pearcey's Yodel 3 flow EN

Well lesigned wings of moderate to high aspect ratio (i.e. sreater than 5) and lowish sweep
(2 < 30°) 8111 exhibit flow separations typical of their eguivalent two-dimensional sections. The
initial separuation, leaiing to buffeting, is likely to occur either on the outer wing, where the local
1if't coefficient reaches its raximum value, or where the rain shock wave loses sweep, due to the effects
of planform kinks or the influence of the body. When the shock is swept more than about 30° the spanvise
flow component causes the bubble separation to roll up into a vortex which at high incidenocs breaks away
from the line of the shock ani sweeps obliquely across the wing, Sweepback of the trailing edge leads to
a thickening of the boundary layer there, due to crossflows and the lengthening of the path swept out by
the surface streamlines. This results in loss of rear loading and an increased tendenocy to separation.
Both vortices and boundiry-layer thickening are evident in the flow diagrams in Pig. 13. The diagrame
also show that pockets of supersonic flow develop outboard of the first parte-span vortex, new vortices fors
unier the shocks there and, »ith incressing incidence, the flow pattern m'ves progressively imboard, At
lower V'ach numbers and/or higher sweeps this tendency to multiple vortices increases. Moreover, it should
be noted that thiz type of flow develcpment results in severe increases in drag. The bubble vortex sppears
to generate more lift on a spanwise section than its equivalent bubble in two-dimensional flow and it also
inhibits the spanwise drift of the boundary layer, inboard of where it crosses the wing trailing edge.

Althouch several investigations of buffeting excitation have been made, there is 1ittle published
data on the fluid-mechanics of the aerodynamic excitation. Bgm results of Rouumonu of fluctuaging
pressures, hnwever, have been presentel by Lemley and Mullans¢’, Hwang and Pi°, Monnerie ani Charpin®*,
John'2 and by Kabey! (who sumsarised the work of Koss and *undell), The inlications are that rear
separation does not contribute significantly to buffeting - the major excitations occur under the shock
waves, vortices and extensive regions of separition, There is a possibility that significant fluctuations
in local normal force could be generated, in Pearcey's model B flows!d, by the time-lag betwsen increasing
shock strength and trailing-edge separation. The potential magnitude of such fluctuations would be
proportinnal to the divergence of the local normal-force curve from the extrapolation of ‘*s shape prior to
separation onset (Pip, 26). This type of excitation could only be deteoted by a specifi. analysis of one
or more chordwise distributions of pressure fluctustions and no such investigation has yet been reported,
;{o:;gr the proportionality of buffeting force to the divergence of overall 1ift has been reported by
o N

The magnitude of buffeting excitation (the fluctuating input in Pig.14) is the product of the
narrow=bandwidth R¥S pressure fluctuations and the normalised wing deformation 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 rirst bending mode would be greater at lower wing sweeps (when the locus of the shock and its
bubble separation lies norsal to the nudal line) than at high sweeps (when the vortices cross the wing




Sp

Mty

g T

-

FIG. 25

W x TN

< -0
VIG 24 S5V T TI0NH CRSHET TR THE

RIS AS G

I MCE

-
el T -

=, 10

M3

OLOCR TYPE OF \/ING SECTION

CT EASING
INCICENCE

Mhiy

P

SURSNATION OMEET FOR A NEW VW/ING SECTION

_——



obliquely, This is probubly why wind=tunnel measurements of R!'S wing=root=strain show more rupid
increases of model response with 1ift coefficient for wings of lcwer aweep, We should also expect that
the relative importance of the higher modes of wing !leformation will increase with increasing sweep,

¥onsieur Monnerie will be telling you more ubout thsse very complicated and varied flows in his
srecialised lecture, However before finishing this part of my tulk I woull 1ike to make a bdrief
ref'orence to the fluid~-mechanics of slats and vuriable cnmbor ut high speeds, The ofﬂszo¥ os leading-
edpe devioces in improving useable lift at hirh speeds is well recorded in the litersture<®» 7426 and a
discussion of the” fluid sechunica when applied to wings of moderate thickness has been given by loss,
Haines ant Jordan'/,

At low speeds a well-desimmel slat is superior to nose camber becsuse it effectively isolates the
houndary layer on the upper surface of the main part of the wing fros that on the slat upper surface and,
in consequence, allows hipgher suction peaks to levelop on the slut; whersas nose carber suppresses the
suction neaks st the nose to avoid separstion, The ability of the slat to curry hirh suctions is
lirinished with increasing Yach number by shock-inluced separation, The main benefit derived from the
deployment of the slat is the reduction in suction levels, compurel with these for the plain wine, and
hence its effectiveness in delaying separaution onset may owe little to the flow throush the slot as is
shown in ref, 17, However it was found that sluts (with open slot) are effective in halting the forward
roverent of the shockwave a% n position 107 to 15¢ behind the slat truiling elge, until the flow
separutes on the slat, Th.a maintains shock sweep and helps the growth of lif't beyond separution onset,
It seerz likely that slats on winss of mediur thisgnou shoull have a very beneficial effect on lateral
stability at hiysh 1if't as they have on thin wings<®,

5e SLEDER=-WI'G AIRCRAFT

Ir my introductory remarks on maxigum usesble 1ift I promised to say something about aircraft other
than the_clussical swept-winged variety shown in Fig, 1, The firct type I will deal with is slender
airerart?. Some examples are shown in Pis, 26, The distinction between slonder aircruft and swept-
winged alrcraft with very high angles of sweep ls that the former are designed to have flow separation
froe the lealinp=edges of the win's over their entire opera%ing range, Ideally the leading-eige
serarations should develop regulirly with chunce of inciience ani only one primary vertex should form
aoove each wine leadine edre’“, In practical upplications of the slendar=wins concept however it is
usuil to have part of tne fuselape extenling forward of the wing leudlnr-eire apex and unless chines
(Pi7. 28c) or moustaches (Pip, 2ba) are fitted, irrerulir boily vortices muy develop on the leeward side
of the aircraft ncse at hish incldences,

Distinctive features of this tvpe of aircraft are its low lift-curve slope and the absence of a
1if't caximum in the rance of incidences likely to be reached by the aircrift, The low aspect ratio and
low thrust force on the wincs leal te very hirh drag at high incidence, Consequently there is a flight
speed at which the aircraft cun only Just maintain altitude due to thrust limitations. This speed, which
is known as "gero rate +f clich spesi”3* cun provide the same datux for speed marsins on approach ani
tuze=~cyf as the "cinimum speed in the stall" provides for swept-winged aircraft, Other limitations on
maxioum useable 1irt cay come from stibility ani control considerations {,e, thit conirol of the aircraft
shall nct require undue piloting effort nor unusual plioting skill, The tenlency for slender wings of
quasiedelt: planfora to sxhibit a sraiual nose~up chanre of trir can be counteructed by the use of an
artificial pitch st:blliser and then the main probles is lateral stability, This is assnciated with the
hi-u angle of incllence of the aireraft u-.1 the saelling of vortices from the forward fuselage, The
chines and moustaches referrel to earlier help to stabilise the separ:tion locii for the boly vortices
anl increase the useable incidence,

The rapii chanses in pitchin~ moment in Pip, 17 are associated with the forward movement of
v-rtex broaklown to the trailin, edre of the wing, The breagdown, or burating, of the vortices frur the
winy leadins edgzes has been expluine! by Lamb-urne and !3:-_','"'5 » It clearly imposes a limit to the
useible 1ift of the aircraft, Expoeriments have shown that the incilence for vortex breakdown can
1ecrease juite zarkedly with increasing angle of sideslip.

Tne leadins=edpe vortices are also a source of buffet excitation on slender wings, The
phenomenon was investiguted quite intensively in the mid=to-late uxtleﬂ, during the early development
of Concorle, A viriety of measurcments wo? rade on winl-tunnel models 1nc1udig: unsteady wing
strain on both solid and aercelastic models3? and unateady pressure measurements +35, Dr John in his
speciulist lecture will talk about the use of these techniques for swept-winged airoraft, Both tunnel
and subsequent flight measurements have anown that, at incidences below inoidence bursting, the
buffeting is very mild ani imposes no limit on useable 1ift, Since the strength of the vortices
decreases with increasing Vach number high speeds present nc adiitional problem.

6, HYBRID COMNFI :URATIONS

The other type of alrcraft I ought to refer to combines leadini-edge vortex flows with the
advantages of 1ifting capability of awept-wings, Pigs, 29 and 30, There is 1ittle published information
on the aeroiynazics of these configurations but it seems likely that the chines, or ctrakes, which extend
forwari from the wing leading edres to near the nose of the aircraft could improve the manoeuvre
performance in a number of ways, Pirstly they will stabilise the vortices shed fror the body at high
incidence - improving lateral stubility. They could also increase the 1ift on the forebotly and, although
this would tend to give a progressive forward shift in the centre of 1ift with increasing incidence, the
trimuing action of the tailplane woull be more favourable (i.e. less negative lif't) than for conventional
confipurations. At hirh subsonic speeds the chines and their vortices could improve the wing design
problem both by increasing the effective twist of the wing (i.e. incressing the induced upwash near the
wing/chine intersection) andby softening the body’zfroctl which give rise to the traditional two-shock
system near the fuseluze of a conventional design’®, It also seems that the vortices from the chines
tend to suppress separation on the outer wing panels by reducing the cutflow/, This suggests that they
may be best used in conjunction with wings of lowish aspect ratio and low trailing-edge sweep, An inorease
in the sweep of the chine to 90° before it meets the wing leading edge seems to be an easential feature.
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REMARKS ON FLUID MECHANICS OF THE STALL
by

A.M.0. Smith
Chief Aerodynamics Engineer, Research
Douglas Afrcraft Company
3855 Lakewood Boulevard
Lony Beach, California 90846

LUCTURE 1 BASIC THEORY

SUMMARY

The lecture 1s 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 ?hm\ 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

4 chord

cf local skin friction coefficient 1,/ % .u,z

< section 1ift coefficient

L 1ift coefficient

193 conventional pressure coefficient, (p ~ p.)/ % vl

5 Cp for sonfc flow

[ canonica) pressure coefficient, (p - po)/% up?

m exponent in Tp = " flows

M Mach number

o pressure

q dynamic pressures

P Paynolds number (= ugx/. in Stratford flows)

s x-Feynolds number uex/.

[ Reynolds number based on momentum thickness, ue*/.

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

u velocity in x-direction

up 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, §f used in

connection with boundary-layer flow
GREEY.
. angle of attack
flap deflection, also boundary layer thickness
i boundarv-layer displacement thickness
boundary lay.r momentum thickness
kinematic viscosity

mass density




SUBSCRIPTS

¢ chord

(] edge conditions

0 reference condition, as in Stratford flows
- reference condition at infinity

sep at separation

1. INTRODUCTION

In a "hard” sctence one could treat the problem by giving a few equations that covered a certain
class of phenomena. They would predict known results. Furthermore, if one wanted to know answers for
other conditions he would only have to enter new constants and boundary conditions into the descriptive
equations and crank out the new an<wers. Consider Keplar's laws for instance. There are other sciences
which are mainly descriptive, botany for instance. Unfortunately, the special science of stall and
buffeting lies mostly 1n this later class, meaning that there are only a few facts that can be covered
with any semblance of a law.

There is no dearth of work on the general subject, in fact, the literature is very large. The
problem i3 that most experiments and observations tend to be tsolated and do not fall under some kind of
blanket analysis method. Contrast that situation with Teminar boundary-layer theory. We know that the
equations are nearly exact, so that {f the boundary layer is thin, whatever the equations predict, must
be right. That is, in order to predict, one need only know how to solve the governing equations. Because
of lack of such unifying principles, stal) and separation technology tends to be a collection of isolated
experiences instead of a unified science. This disconnected collection makes 1t difficult to organize
a talk and makes it difficult for engineers to make predictions, even though there is a large body of data.

The situation s epitomized by Chang's book on flow separation [1]. While 1t contains a great dea)
of information; like the science itself, it is really a disconnected series of articles rather than
a unified treatise. This §s not to be taken as a criticism of the book, because it is a very useful one.
It is rather a criticism of the science. There are so many papers on the broad subject that it is
impractical to do any more than.mention some that the suthor thinks important. Because he has not really
been a student of this subject,there are probably important oversights. Stalling was known by the Wright
Brothers and flow separation even earlier; the earliest work we choose to mention here is that by
B. M. Jones [2]). In 1972 AGARD sponsored a special conference on the Fluid Dynamics of Afrcraft
Stalling [3] that contained a wide variety of subject matter. This conference in fact is the antecedent
of the present lecture series. An earlier one that also contains important subject matter related to the
present lecture series i3 one on Separated Flows [4]. In addition, there are numerous expositions of the
details of the separation process including state-of-the-art empirical correlations. One such paper {is
that by Chappell Es]. A broad picture of the state-of-the-art of prodicting aerodynamic properties
in:luding stalling has been presented by Callaghan [6] in an earlier AGARD lecture series. In this
connection we cite one of his figures to {1lustrate the present state of analytical capability, figure 1.

ANALYTICAL STATUS TYPE OF METHOO APPLICATION

FIRM ANALYTICAL FOUNDATION ® 3D LIFTING POTENTIAL FLOW SOLUTION LIFT AND PITCHING MOMENT

IN THREE DIMENSIONS ® LIFTING SURFACE THEORIES CHARACTERISTICS WHERE
VISCOUS EFFECTS ARE
NEGLIGIBLE

FIRM ANALYTICAL FOUNDATION ® MULTI-ELEMENT AIRFOIL ANALYSIS o LIET AND PITCHING MOMENT

N TWO DIMENSIONS “SCLUDING METHODS CHARACTERISTICS WITH

VISCOUS EFFECTS RE JINES @ FINITE DIFFEMENCE BOUNDARY LAYER VISCOUS EFFECTS PRIOR TO

EMPIRICISM TO ADJUST TO THREE SOLUTIONS FLOW SEPARATION

DIMENSIONS @ CLEAN CONFIGURATION

SKIN FRICTION

EMPIRICAL TECHNIQUES e C OF CLEAN CONFIGURATION

COMBINING ANALYTICAL TOOLS MAx

AND EXPERIMENTAL e C INCREMENT OF HIGH LIFT DEVICES

DATA MA x

o ODRAG OF HIGH LIFT DEVICES

FULL RELIANCE ON
EAPERIMENTAL DATA

INTERFERENCE EFFECTS
REYNOLDS NUMBER EFFECTS
MACH NUMBER EFFECTS

CHARACTERISTICS OF HIGH LIFT SYSTEMS
DEPARTING FROM EMPIRICAL DATA BASE

Figure 1. The analytical status of methods for estimatine high-11ft
characteristics, according to Callaghan [6].
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} Figure 2. Turbuler: separation on a body of revolution. Body length
Reynolds number = 130,000; 4 = 7°, V. = 1/2 ft/sec.

; an

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




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

Figure 4. Close up of flow past u circular cylinder, showing clearly the
separation point and the great undulating character of motion
in the separated region.




In view of this background whare analysis depends so strongly on experiment and empiricism it was
felt that it would be » usefu) contribution first to review what is on a :elatively solid foundation and
then proceed to certain of the more important or interesting aspects of the complete problem.

2. THE SEPARATION PHENOMENON

1t seems in order to define and discuss the basic subject of the lecture series, separation. Hancock
in [3) geve a useful general lecture on the whole subject of aircraft stall. He 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
trailing-edge separation are examples. If the separation ?r(m 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 & property
of a complete ajrplane in flight than a fluid mechanic phenomenon. Hancock defines it thus: “Aircraft
stall 1s a Vimiting condition of norma) flight when the pilot experiences & noticeable change in the
orthodox handling characteristics of the aircraft.” Hence stall and separation are not the seme, 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 2 shows a body of revolution at angle
of attack. The boundary layer was tripped to make it turbulent. Forward of the sepsration point the flow
is very regular right to the surface and seems 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 & very apt name. Figure 3
shows separation behind a 2-1/z inch diameter circular cylinder. This is & long duration photo and the
edges of the wake appear fairly regular. But the pathlines are 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 closeup 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 carefu) 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
) Jayer. (Probably separation at the rear of a sharp curved, flat base can also be attributed to the
y boundary layer, but that question is beyona the scope of this lecture.) Figure 5, taken from [7] shows
a set of turbulent boundary-layer profiles as they aqprolch separation. The flow 1s one studied by Moses.
Early, as at Station 11, the velocity profile is full near the wall and the velocity gradient at the wall

=0 — O
L\l
Ve
0 — PRESENT METHOD
o EXPERIMENTAL DATA
x ~ INCHES
10 29
o 26
o 20
A n
0 0.4 0s 1.2 14

y ~ INCHES

Figure 5. Typical sequence of turbulent boundary-layer profiles {n 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 2 Tower
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 1ittle 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 ruch for the rema1n1n? kinetic energy of the boundary layer, assisted by
shear forces. The bottom Lortions of the boundary layer can go no further in this uphill climb into
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a high pressure region. They stop. Then the following fluid detours sround them and sway from the body
and the phenomenon of separation has developed. Figures 2 and 4 clearly show the flow Yines nesr this
point. Much more could be said about the process but the important thing here s that the elemental
process is the {nability of "tired" fluid near the wall to flow any farthe

region. These stagnant particles then divert the following flow away from the wall. On straight and
slowly curving walls there is no other process that will cause separation. Even cevitation bubbles in
water which we think of as an inviscid phenomenon are due to local separation. If there were no 1ocal
separation the e could be no vapor cavity. Once separated, the flow becomes highly irregular as seen in
Figures 2, 3 and 4, but velocitiss are Jow. Some qualitative indication of that fact may be seen in
Figures 2 and 3. The length of the marked particle streaks is proportional to the velocity. Many short
11nes ?an be seen in the wake, but in the outer flow the few streaks that cen be identified are severs)
times longer.

So far we have been talking about two-dimensional separation. Three-dimensional can be far more
complicated. For instance, on an infinite swept wing the chordwise component might come to rest. But
there s a spamwise component that suffers no adverse gradient and so it flows with uniform velocity.
Hence 1n this case the separated flow moves spanwise. The basic concepts are treated in a number of
references, one being [1]. Lighthi11 in [8] has a fundamenta) discussion of the problem treated as
a problem in topography.

Callaghan in [6] observes from a number of wind-tunne! tests on airfoils that maximum 1ift seems to
occur when nose pressures just become sonic, which we indicate by the coefficient CE. 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 cC;max for a variety of two-dimensional high-1ift configurations.
Test Macﬁ number = 0.20.

that when cp of approximately -16 was reached the 1ift collapsed as shown by the two halves of Figure 7.

Whether c,', corresp nding 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¢,max Of a section. Just use an inviscid
transonic airfoil calculation method and find where the nose veTocities first become sonic, The ¢; at
this condition is then c,pmax, and the entire problem is solved by inviscid calculations. Garabedian's
method can handle well the inviscid problem for the single airfoil.

3, LIMITS OF LIFT

Callaghan's observations lead us into a more general examination of the problem of 1ift limits. It
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 [9].

High values of C_ cannot be maintained 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 1ift rather than of 1ift coefficient. The equation for 1ift is

L= §ev%s (3.1)
An alternate form, one that uses a different expression for dynamic pressure is

L= g oM (3.2)

r downstreem into a high pressure
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Figure 7. Experimental pressure distribution on two-dimensional wind-tunne)
mode) with leading-edge slat and trailing-edge flap.

With . = 1.4, we can rewrite it as
Lp. = 0.70M%C )5 (3.3)

Since CL 1s known to be a function of M., the product MZCL is the quantity that is of real signifi-
cance, and so we seek to make statements about its value. Observe that for a given value of MZC_ the
11ft ts now proportional to the atmospheric pressure.

A gas cannot be in tension. Hence the 1imiting suction pressure is a ,erfect vacuum over the entire
upper surface. The limiting pressure on the lower surface is stagnation pressure.

By definition, with = 1.4,

P-p, PP,

s g — (3.4)
P e o.mp M

If the flow is assumed to be isentropic, Cp can be written in the form

] | (1 + o.znf)' : 5.5
P o \\1 0. '

Before proceeding to the determination of 11ft limits, it is interesting to pause and consider the

1imits of Cp-values. As already noted, in high-1ift testing, maximum 11ft is often found to occur about
when the Mggest 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 MSC, equal to -1.43. Mayer [10] looked for the highest possible
negative Cp-values in experiment by examing nundreds of NACA test data points from all sorts of tests.
He found tﬁe remarkable empirical result that the highest experimentally measured values corresponded with
1 reasonable accuracy to H,?Cp = -1, The value 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-11ft testing, which is done at low Mach numbers, we convert
some of the results from Figure 8 into Cp-form and present them below.
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Figure 8. M?Cp values as & function of Mach number for four conditions.
0.7 vacuum corresponds to M2C, = -1.

Table I Limiting values of Cp at low Mach Numbers

M, 0.10 0.15 0.20 0.30 0.40 0.50
LR -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 -1 -6.3 -4.0

At low Mach numbers, quite high values of Cp are obtainable before compressibility becomes very
important, but at higher Mach numbers the limiting Cg-valucs are not very hi?h. Note, however, that
Mayer's data in Fiqure 8 do not cover the lowest Mach numbers; hence its validity there is not truly
established.

The author knows of no theoretice!l 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 {s easily deduced that MZCp = -
corresponds to Migcal = 1.43 at M, = 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 Cp for each surface. The total
is the difference. Henze from (3.5)

2 3.5 2 3.5
Mzc 1 1+ 0.2 1+0.2M 13%6)
= = .6
U | PO 0.2M 1e0.M
where . and u denote lower and upper surfaces. A perfect vacuum on the upper surface corresponds to

pu = 0or My == In that case, the second term 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))

Mle, = 5iy = 1.43, s constant (3.7)

If the entire flow on the lower surface is a stagnation flow, M = 0, and hence with a vacuum on the
upper surface we have '

3.5
. 1+ 0.28)
M'CL T (3.8)
Equation (3.8) represents the absolute 1ifting 1imit. The quantity increases with Mach number because

lower-surface pressures can increase with Mach number. Equation (3.8) is optimistic, because isentropic
compression is assumed, whereas in reality there suely will be a shock when M - 1. Table II shows
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values of "?Ck for several flow conditions, including Mayer's MECL =1 limit. The maximum value
pgssible in subsonic flight is 2.7V, and the contribution from each surface is about equal. If Mayer's
MéCp = =1 value s accepted, the 1imit decreases to 2.28. At M_ = 0.5, the absolute maximum value is
only 1.70 and Mayer's value is 1.27. Those are the 11m1t1n? values, regardlass of the kind of high-1ift
devices that are used. At M = 1,0 and below, the assumption of isentropic recompression on the lower
surface is very good, as is u,l! known. As Mach numbers become 1arge, pressures on the lower side become
great, and large values of MSCL  develop, values that exceed 11 at M, = 2.0. Mayer considers the case
where under-surface pressures in supersonic flight correspond to a norma) shock. He gives considerable
information on maximum-1ift values in supersonic flight, including correlations of theory and experiment.
But since our fnterest is principally in subsonic flight, we shall not discuss his work further.

3.1 Demonstrated Lifting Limits

It s interesting that the question of aerodynamic 1ifting 1imits in subsonic flight was posed to the
auth?r ;n 1946 by E. H. Heinemann. The problem was fighter maneuvering — what lift could & wing really
develop

Table Il Maximum-1ift Jimits assuming {isentropic compression,
and uniform chordwise loading.

% Mipper "chuypor Mower "ZcLlowcr ”zcltotul
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 2.1
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 10.7%

A1l the avatlable flight and wind tunnel data were examined. The examination included the large supply of
German World War 1] data, which covered tests of a great variety of atrplane and missile-type #ings. The
results were reported in [11]. The study, which was strictly one of observation, concluded th.t the
maximum possible 11ft was about 1/2 atmosphere. That number corresponds to & value for M2C, of about 0.7.

Since that time, the design of swept wings has advanced considerably. Now, the highest value of
MZCL seen by the author is 1.20 on a swept wing using an aft-loaded atrfoil section with no auxiliary
11ft devices. The value corresponds to CL = 1.26 at M_= 0.975. It was not rea'ly a maximum-1ift value
but, rather, a stopping point in a wind-tunne) 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 1imit, which
is usually considurabl¥ lower. Furthermore, the wing was not in any high-1ift confiquration. If one went
#11 out to maximize MEC,, without regard to low-1ift performance, much better could surely be done.
Leading-edge and trailing-edge devices undoubtedly would raise the 1imit. Variable-camber wings are
currently receiving attention as another possible means of raising the limit.

4.  CANONICAL PRESSURE DISTRIBUTIONS

In almost all design work, pressure distributions are presented in terms of Cp = (p — p.)/(1/2.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 against 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 fdentical except for the Reynolds number effect,
which is weak. Then if separation occurs, 1t will be the same scaled point for both flows. A particular
2-inch airfoil mode) at 100 mph will have very high values of velocity gradients, but a similar 200-inch
model at ) mph will have extremely low values. Yet the flows are exactly similar because their Reynolds
numbers are the same. It {s the dimensionless shane that counts. Hence it 1s particularly useful to
scale out the magnitude of the velocity and also to scale out the chord. Where separation fs 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 normalization may well deperd on the problem and the nature of the pressure
distribution. The canonical pressure distribution, together witn a keynolds number, completely describes
the flow. A convenient Reynolds number §s R. at the beginning of pressure rise. The left-hand part in
Figure 9 might represent the nose of an airfofl. Distance x 1is measured along the surface, the origin
of x is a matter of convenience. Often it 1s convenient to locate ft at the beginning of pressure
rise, as in the figure. Separation may occur at some point as noted.

In the canonical system, fp * 0 represents the start of pressure rise and Cp = +1 the maximum
possible, that is, wue = 0. There are no negative values of (p. Furthermore, if _two pressure distributiuns
can be made congruent by proper scaling, a flow having a deceleration of (Ue/u-)z 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 1s 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 asrodynamicists do not realize its value.
Fiqures 10 and 1) show conventional and canonical pressure plots for a typical high-1ift airfoil. The
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bastc character of the four pressure distributions 1s much more apparent in Figure 1), Figu=e 10 includes
o canonical scale at the right, for the complete ensemble.

The relations between canonical and conventional pressure distributions are very timple, but because
there has been confusion on the subject, it wil) be discussed somewhat here. The canonical pressure
distribution is easily related to the conventional form, where the reference velocity and pressure are
u. and p.. Because the square of the velocity is never negative, it is simpler to dea) with velocity
than with pressure coefficient. The fundamenta) relation s quite simple. It is

(;f)zm . (:—;)z(x) : (;*_!)2 (.1

Wi*h the two definitions for pressure coefficient in incompressible flow

we can write (4.1) in terms of Cp, Tp.
1= Gp(x) = [1 - Tplx)I[1 = Cpy) (4.2)

The notion of canonical pressure distribution is emphasized, because frequently by its use one can collapse
dats or make intelligent estimates without resorting to longthy boundary-layer calculations. As an example,
we cite Figure 12 which was given as Figure 9 in [12). 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 1s 3 regularity to it but no particular
Tow s evident. The author looked at the
cw — ESTIMATE FOR data and observed that al) the nose pressure
L INVISCID FLOW 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
ul‘ bubble must be essentially the laminar
S pnre}ion point, he worked out the ratio
z for each (| and found & single

u'mn va?ﬂ wﬂhln the accuracy of the data, namely
(ugep/umax)? = 0.89 ¢ 0.01. A1l the variation
90 has been scaled out by means of the ccnonical
o ’s ” approach. Furthermore, a constant such as
u, o B8 the above varies only over a narrow range
f.r-?, N for a wide variety of flows. For example,
L {75 90 Howarth's flow ug = 1 — x, which begins
2 REGION WITH BUBBLE, deceleration immediately and so should
¥ DETERMINED FROM QMM sustain a greater deceleration ratio has
LAYER TRAVERSES a ratio {usep/umax)? = 0.77. In Figure 8
I of [13] are shown a variety of laminar flows
0 0002 0004000‘ OOO. OOIO with four kinds of forward flow and two kinds
of decelerating flow. Unlike Howarth's flow
x/c the momentum thickness was finite at the
beginning of deceleration For the entire
set *(ugep/Umax)}¢ varied only from 0.91 to
0.82. ?s rough constancy as indicated by
Figure 12. Pressure distribution near the leading edge the C approach is often useful in under-
of an ACA 63009 section, showing the region standing boundary layers and the onset of
in which a bubble exists. separation.

5. 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
numhers 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 dimensionless 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 wu/u,, (y/c) Rc. (v/u, ). R and cfRe all for a given
relation between Cp and x/c, where x s distance along the surface measured from the forward stagnation
point. o approximations have bceq made in these scaling studies. Then the above parameters tell us that
the boundary height changes as R' 2. However, a laminar layer s always so thin that it virtually does
not change the effective shape of the airfoll.

0f more importance to us is the cf.R— relation, where cf is the local skin friction coefficient.
1f for a given C x/c pressure distr!bution relation we find c¢ = 0 at one Reynolds number it will be
zero at any Reyno?ds number so long as the flow stays laminar., We have the important fact that for a given
dimensionless_pressure distribution the laminar separation point { ff d by Reynolds number. Hence 1f
a laminar separation bubble exists, its front should not chang t n
there might be some change is that the flow within the bubble does chlngo wi th Reynolds number and then
it has a very weak upstream influence.

e e ettt i it




As mgntioned at the end of Section 4 the pressure rise that a laminar boundary layer cen tolerate is
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 Fe]. Tne relation f{s

(e
[xch (&}P) LD = 0.0108 (5.1)

In Stratford's analysis he assumes a flat plate laminar boundary layer from the flow origin x = Q0 to

3 point xo where the pressure starts to rise. When the L.H. side of (5.1) rises to the value 0.0104
separation is said to occur. €p fs the canonical pressure coefficient as discussed earlier. Note that
this forrula for locating separation is in agresment with our ear)ier and more fundemental statements
about the invariance of a laminar separation with Reynolds number. (5.1) does not have a Reynolds number
in the exprecsion. Later we will give a similar formula for turbulent sogaruion. That kind of flow
shows a weak Peynolds number effect. There Reynolds number enters as R1/10.

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

¢, =0 X Xg
R (5.2)

fp = (x - xo)m. X xg

where m s an exponent, usuadlly 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) 1t 1s very easy to introduce it into (5.1). With xp as
the start of pressure rise, one useful form of the equation is to present the relation in terms of 89 at
sena;‘ation. The alternate form of course is one in terms of x at separation. By some simple algebra we
obtain

g,
]| 2= .
(J_E“'“_ Ty 0.0104 (5.3)
P sep

For assfgned values of xo and m it is not difficult to find ( sep A 1imiting case is when there is
no forward flat plate run, i.e., '9 = 0. With m= 1.0 we somewgu! approximate Howarth's flow. According
to (5.3) for this case (ugep/umax)® * 0.78. In Section 4, the value for Howarth's flow was given as 0,77.
Of course the two flows are ngt really the same. Howarth's is ufup = 1 —x or (ug/ug)é = 1 — 2x + x2,
while the present 1s (ug/ug)? = 1 — x. By way of comparison, {f the flow were turbulent, (usep/umex)
would be about 0.3, see Figure 19. This comparison again emphasizes the well-known fact that ?aminar
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
separatfon. Justice can be done to this problem, but turbulent flows beyond are a different matter. We
beqin 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 re-ently in [14] for the case of turbulent flows, which is the one of interest. All
the flows considered involved simple rear separation. Laminar bubble or 1aminar leading-edge separations
were not considered. Four leading methods were examined: those of (1) Goldschmied, (2) Stratford,

(3) Head, and (4) Cebeci-Smith. Four cases representative of the fairly large number examined in [14] are
shown in Figures 13, 14, 15, and 16. Separatfon points (solid black symbol;? 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, Goldschmied'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 311 cases. Goldschmied'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 Cebeci-Smith method appeared best,

with the Head method 8 strong second.

Hence, the Cebeci-Smith 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 Cebect-Smith 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 {s as good as it appears to be. Near separation, the accuracy of
many of the boundary-layer quantities, such as the momentum thickness ¢ and the velocity profile,
becomes poor. Nevertheless, accuracy of predicting the location of separation remains good. The Cebeci-
Smm]\ method predicts separation to be at the point where c¢, the local skin-friction coefficient
equals zero.
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Figure 17. Accuracy of predicting turbulent separation pofnts by the Cebeci-Smith method.

In view of those results, the method of predicting separation appears to be accurate snough, in an
engineering sense, to be used in determining relations, 1imits, and the like. It should be noted that the
Cebeci-Smith method can handle with great accuracy the effects of Reynolds number or Mach number up to 5
clar mor:] Also, it is the only one of the four methods that can analyze the case of axisymmetric boundary-

ayer flow.

6.2 The Pressure Rise that Turbulent Boundary Layers can Stend 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 s 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 equatfon

Tp = xm (6.1)
The unit Reynolds number is 106 per foot tn 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 wu,/. rather than in terms of Reynolds number,
although conversion into Reynolds number is easy. The total region of pressure rise i{s seen to be 1 foot.
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Figure 18. Separation loci for a family of canonical pressure distributions. Point spacing
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Lofti's criterion Tp = 0,88 is noted.

Four lengths of flat-plate run were studied: 1/64 foot, 1716 foot, 1/4 foot, and 1 foot. The initfal
flows then developed boundary layers of various thickness at the beginning of pressure rise, as indicated
by values of R, 1in the figures. The flat-plate flow is assumed to be entirely turbulent. If it were
mixed laminar and turbulent, values of R, at x = 0 would be less and different.

Calculations of the flat-plate and fp = x™ parts of the flow were then made by the Cebeci-Smith
method until separation was reached. Lines cutting across the Cp s xM-curves mark separation points for
the four lengths of flat-plate runs. The straight-line or concave pressure rises permit the greate.*
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, R, 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, one would then
calculate R. at x = 0 and interpolate between the loci as a function of R;. In brief, we are saying
that any flow that develops one of the set of values of R, 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 1s a function not only of initial Ry but also
of the shape of the profile as described by H. But R, is the dominant parsmeter, and, considering
the accuracy of turbulent boundary-layer calculations, ?t 1s the only one that need by consideres here.

These comments point out the fact that extensive laminar flow in the forward part helps to delay
separation considerably, because it reduces Ry. Furthermora, boundary-layer suction forward of the
pressure rise would delay separation. Another fact that is surprising is that {f the pressure rise is
not too great, it may be extremely steep; in fact, dfp/dx may be nearly infinite. (Owing to the use
of finite steps, the slope of CTp is never quice infinite in the Cebeci-Smith method. If it were,

a constant in the partial differential equation would be infinite and the method would fail.) 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
criterion that in our terms is (p = 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-rise
region is approximated by the m=1/3 or m=1/2 curve. Hence, we see that Loftin's criterion is
rather closely predicted by the charts. But w. 3130 see that it 1s far from universal.

The set of charts provides an "eyeball" method for estimating separation points. We shall {llustrate
by considering Figure 15. Try to relate that flow to one of the canonical plots. If the pressure
distr]bgtion of Figure 15 is replotted in ug/u¢, or canonical form, the rear flow is approximately 1ike
the x1/3 flow and the front flow 1s effectively quite short. Transition was 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, the
is no need to be concerned about the 0.015625 forward part. In order to hold Reynolds number at 3.3 x 1
with the reduced chord, we need to increase u./v to0 3.3 x 105/ft. But the charts are in terms of ug/v.
Now from Figure 15, up/u. = 2.1. Hence, v /v = 3.3 x 106 corresponds to up/v = 7 x 106. Then
Figure 19 seems to be the better of the two to use. Of course, 1ntergglmon tween the two is possible.
From Figure 19 for m = 1/3, we find that separation occurs at (ug/ug)¢ = 0.17 or ug/ug = 0.41. In
Figure 15, (ue/u.)max = 2.1. Hence separation should occur at about 0.41 x 2.1 = 0.87, a ratio that ts
satisfactorily close to the measured separation point. More care in the mal{ﬂs probably would increase
the accuracy. For instance, a careful calculation of R, at x = O 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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The canonical plots contain much usefu! information. For instance, 1f load s being carrigd by an
airfoil in cruise, the pressure rise at the trailing edge is not great. If it corresponds to (p = 0.4,
any m-curve will sustain the pressure rise, and therefore suitable airfoils with all kinds of pressure
distributions can be made. But if one s striving for al) the 1ift he can get, the pressure-rise curve
for me 1/4 or 1/3 {3 the best, because that gives the greatest ratio and the highest mean value of
Tp slong the upper sus face.

Reference 16 gives two charts for & different family of pressure_distributfons; they are arcs of
circles. Results are not significantly different from those of the t', = x® femily. In closing this
section, we remark that because of the analytical nature of our canonical pressure distributions Tp = x™,
it is very easy to apply Stratford's criterion. That has been done. 1f Stratford's predictions had been
added to the plots of Figure 18 and 19, the differences in separation loci would appear considersble. Stil)
they are so small that use of the charts and the findings s not ated. Addition of Stratford-type loci
would only cause confusion. Therefore, we show only one type of calculation, the Cebeci-Smith, 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 {s that here we used the analytic nature of the Cp = x™
flows to compute certain necessary derivatives. In the earlier work, finite-difference formulas were used.
Disagreements such as those Jjust indicate the state of the art of turbulent-flow calculation.

6.3 Limiting Pressure Recovery Distribution

The Tp = x™ families are very useful for almost a1l practical flow problems, but of course the
shapes of the fp(u) curves are arbitrary; the shapes are selected as a matter of analytics) convenience.
Just as in many other problems, there 1s one shape that is "bast,” Stratford's solution. We do not mean
to imply that the solution 1s exact, but as 1s 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:
AV
s§ (6.2
(10-6R) )

where 1f d2p/dx? > 0 S 0.3
or it dip/ax <0 S = 0.35
Also Tp < 4/7.

The flows examined by Stratford consist first of a flat-plate flow, just as with the Cp = x™ flows.
Hence, x {s distance measured from the leading edge of the plate, and R = ugx/.. If the flows begin the
pressure rise at a point xo such that Cp = (x — xg)", the left-hand side of (6.2) starts from a zero
vilue, provided that m > 1/3. The left-nand side tgon grows. When it reaches the 1imiting value of S,
separation is said to occur. The study of [14] showed the constants to be slightly different, but here,
for our purposes, we accept Stratford's values. See [17] for further details.

If S s held at its Vimiting value of 0.39 for dip,dx2 > 0, (6.2) amounts to an ordinary
differentia) equation for Tp(x). It is evident from (6.2) that the equation describes a flow that is
everywhere ready to separate. Stratford presents the following sclutions:

2/n

1/5
1/5 -2
Ty = 0.645 go.ns R/ [(:—0) = l]‘ for Tp = M3 (6.3a)
and
Hel-—t—m for Ty » D8 6.3b
P [(x/x°)+b]/ or Lp 2y 3 ( )

In that two-part sulution, xg 1s the start of pressure rise, Ro = ugxe/v and x {s the distance
measured from the very start of the flow, which begins as flat-plate, fturbulent flow. The number n is

a constant 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, Tp = (n—2)/(n + 1). Of course,
(6.3a) describes the beginning of the flow, and (6.3b) the final part. ?he flow 1s an equilibrium flow
that always has the same margin, 1f any, against separation.

Two families of such flows have been computed; they are shown ir. Figure 20. Thay correspond to the
same set of conditions that were used in the fp = 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 fp = xM familifes, what is of
more fundamental significance is the boundary-layer thickness at the beginning of pressure rise. Hence,

a table of inttial values of Ry 1is included. With the aid of those Rg-values, the curves could be
applied to arbitrary forward pressure distributions having mixed luninaryturbuhnt flow.

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

1. The initial slope dfp/dx is infinite, so that smal) pressure rises can be made in distances
from very short to zero.

.
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2. 1t s easy to show that (g 72 e edrly stacec.

Tre dominant variable is «/xq [see "€.3;). Hence, shen g 195 small ri.e., the tourder, layer
is tnin), gressure recoveries may Le very rapid. wnen tne initial run 'S lorg and the boundary
Tayer is thick, the allowatle average pressure gradiert is mucn (ess. Or conversely, thick
boundary lavers are much more likel, to separate tnan thin,

4, The unit Peynolds number effect is rather small isee 7ijure 20,

Treoretically, 160 percent of the dynamic nressure can be recovervd, but the aictarce recuired ¥
infinite.

r.o eside from error in the theory, che curves of frnure U0 oare tre trortest ooy inle Lresiure
recovertes — they are tne "end of tre line. ' Notnine _etter <an pe done exces®t .y bourniar.-layer
contrel.

7. Tne ttratford pressyre distribution is the path of Teast re Star_e onrectirn tal crensure
soints A and B, See [9].

k Stratford flow has a continuous margin of safety over its entire lennth <ith respect tG separation,
shether at the begirning of pressure rise or far, far downstreanm. The ~arivr cf safety can be adjusted hy
chanjing the constant 5 in (€.2). tu. (£.3b) shows that an infinite distarce is redquired te bring a tlow
in the boundary layer to complete rest.

7. PEYNOLDS NUMBER EFFECTS

In one serce Reynolds number effects are minor. e have already seen that there are no keynolds
number effects on the position of separation within a laminar boundary layer, and this is a furdamental
result, For turtulent flows, Figures 1€ and 19 show rather small shifts in separation when the Reynclds
nurber 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
R1710 only by factors of 1.26 and 1.5, respectively. Normally, then, when (6.2, is solved to find the
separation point there will be only a slight shift of position with Reynolds numcer.

If the basic boundary layers have low separation sensitivity tn Reynolds number why do airfoil
characteristics often change considerably with keynolds number? The answer, basically, is transition.
As already seen, turbulent and laminar boundary layers have widely different separation propensities.
Perhaps at low Reynolds rumbers, as on a wind-tunnel model, laminar separation occurs near the leading
edye. 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,. vs Rygp. The transition points established
a fairly well defined cur e. If we plot the evolution oF R, vs Ry for some particular airfoil, we
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ﬂnd that Rg starts out beiow the Michel correlation curve. But later as we proceed downstream in terms
Rxy Rg crosses the 1ine. The crossover point is said to be the point of transftion. According to
[18] an interpolation formula defining Michel's curve is

Royp = 1.174 [1 2 ﬂgz‘i] RO4 0.1 x 106 . < 40 x 106 (1.1)

The growth of Ro needed in (7.1) can conveniently and accurately be calculated by means of Thwaite's
formula which cav be written in the following form

2 x/c
2 (Yef)  O-45R
RS, ( ) (“./u 7 & ( ) dx/c (7.2)

u_c
where R. = —
v

This pair of equations makes 1t rather easy to test for the 1ikelinood of transition. Of course, a pressure
distribution for the nose portions of the airfoil must be available 1f (7.2) fs to be evaluated. Also, it
should be noted that (7.1) is applicable only to unswept airfoils; on swept wings a leading-edge instability
'mnydtileve:jcm.1 :urthcrmore. if t e surface is not hydraulically smooth transition may occur forward of the
predicted poin

This leads us into the next comment. Figures 18 and 19 together did not show a strong effect of
Reynolds number. But they do show a considerable sensitivity to the length of inftial fht plate run.
Now the extent of laminar flow determines the effective flat plate run. At ug/v = 107 as in Figure 19,
if the flow for the one-foot run were 21l laminar the equivalent turbulent fht-phtc run would be only
about 0.13 ft. Hence, separation s sensitive to Reynolds number in an indirect way because Reyno'ds
numb:rilffects the proportions of laminar and turbulent flow. Bubble bursting of course is Reynolds number
sensitive.

Because most papers are readily available, there is no reason to spend much time reviewing the
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 artfcle by Thain [19] which bears on the problem of this
section. The paper reviews a lur?o amount of data. It includes not only a review of the possible
separation processes but especially a large amount of data on the effect of Reynolds number and Mach
number on maximum 14ft at low speeds. His Figure 3 is reproduced here as Figure 21 because of its interest.

It 1s typical of the kinds of correlation
attempted in connection with trying to
analyze the varfous flow regimes. The
4 correlation is made on certain geometrical
[ properties of the afrfoils. Gault did this
- a 'Iong time ago. Now that we can readily
calculate velocities for any geometry,
correlations should be made on velocities.
STALL BOUNDARIES The ultimate determinant of the flow behavior

’ is the boundary layer. The boundary layer
equations demand ug, x {nput data, not
geometry, Up to the point of initial
separation the left and right hand extremes
of Fl?ure 21 can now be handled analytically.
The middle portions remain the problem.

Wimpress of Boeing [3] states that for

THIN SIRFOIL '\ LEADING EDOE ., TRAILING EOSE estimates on new designs they depend

STALL on w?nd tunnel tests. Then based on a wealth
of past experience these values are ratiod
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
| UPPEL SURFACE ONDINATES AT 1.25% CHORD~ % CHORD as Section 3. But what can be said about
e A | boundary layers directly? First, consider
05 10 3 20 28 laminar flows. One transforned form of the
full laminar boundary-layer equation is
(3.1.9) of [20]). It 1s 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,
sccording to Thain and Gault [19].
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where
€2 . = mass density
e"e
p o= X ?.u.e. N = (254
ug dx 2

f = dimensionless stream function

se consider only two-dimensional flow. This eauatiun is a weak function of Mach number. Its boundary
=0, y=-, f" = 1. Next consider C.

conditions do not change with Mach number. They are y = 0, f'76’76

Determine by Boyles' law and by the common formula Then
I B Ly
e'e p“/pTe T0.7f4
e

sJut pressure is constant acro.s the boundars layer. Tnerefore,
. 2,24
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ahan this is solved tor ’ue/uo)? tne adverse velocrty aradients are found to be considerably reduced.
in tact, for Lp = V.0, (ugfupi® 1s G.1F, a consideratle distance from stagnation. 'f the flow is

brought to corplete rest, C; re- es a value of 1.2t

Tne alternate treatment is to ot 1 -~(ue/u°)2 = x™ jndependent of Mach number. One case has been
studied ard the result is shown in Fiqure 24, taken from [3]. Differences between Mg = U and 1.0 are
small. Again as with the laminar case this is to be expected from examination of the governing momentum
equation. Like the laminar, Mach number only mildly changes its constants. Figures 22, 23 and 24 were
run earlfer by a less accurate computational method and results do not agree precisely with those of
Figures 18 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. ug/. = 108, Mg = 1.0.
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Figure 23. Separation loci for a far i1y of canonical pressure distributions. ug/v = 107, Mo = 1.0.

Reference 1 contains an extension of Stratford's turbulen