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ADTENDUM

After this paper had been drsocussed by the Fluid Motion sub-committee
of the Aeronautical Research Council, Dr. G. X, Batchelor kindly sent the
authors a copy of a paper written by nim in 1943 ('The Lawinar Flow
Characterigstics of Three Related Aeroforls', Australisn C.S.I.R. Report 4, 20)
in whaich he described observations of the laminar boundary layer separafiion
from an serofoil and 1ts subsequent reattachment as a turbulent layer.

He, too, conjectured that 1/6% or US‘L/v would be a fuaction of (R§)s,
alshough 2ll his results were confined to what we have called 'short bubbles'.

Batchelor's measurements, which relate to separabion from a point
towards the rear of the aeroforl at small incidence, are not incongzsbent
with Figures 2 and 3 of this paper, and are shown in the Table below.

L/8% (R,
L0 1060
39 1200
L3 1680
a4 2380
34 2910
21 3260

6 3760
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"On the lsminer boundery layer separation
from the leading edge of a thin aerofcil

by

P, B, Gwven, 3B,Sc,
and

L, Klanfer, B.Sc,

SUIDLRY

Low speed wind tumel tests have shovm that vhen a laminar boundary
layer separates from the leading edge of a thin aerofoil at incidence the
flow often becomes atitached to the suwrface again some distance downstrean,
The region of separated flow is called a bubble and its chordwise dimension
may very from a minute fraction of the chord to a length comparable with
the chord, depending on incidence, Reyrolds number and type of aerofoil
section, In this respect, a marked contrast between the lengths of bubble
on the ¥,4,C.u, 63~009 and 64-006 sections was found in tests at Langley
Field,

T4, is suggested that the length of bubble (more accurately, its order
of magnitude compared with the thickness of the laminsr boundary layer at
separation) depends primsrily on the Reynolds number (R§*) based on the
displaccment thickness at the separation point; if (RS )s exceeds LO0~500,
the bubble is short: 1f less than this band of values, the bubble may be
long, (Rg*)s in turn depends on the distance of the velocity peak on the
upper swiace of the aerofoil from the front stagnation point and it is
inferred that, at a given Reynolds muber based on the chord, a long
bubble is more likely to occir when the velocity peak is close to the
stagnation point: but a scale effect, such as 1o causc the bubble to
change from long to short as the Reynolds mmber is increased beyond a
critical value, can also be expscted

These observations are used to comment on cortain pecullarities in
the stalling behaviour of thin sweptback wings,
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1 Introduction

Tt is well nown that at low subsonic speeds, the laminar boundary
layer on a thin aerofoil separates from the upper surface at a point very
near the leading edge if the incidence is sufficiently high, The cause,
obviously enough, is the severe adverse pressure gradient that develops
in the neighbourhood of the sharply curved nose, Until recently the
phenomenon was not considered to have much practical aeronautical signi-
ficance, since wings in common use were of such thickness (greater than
0.1 chord)} that the stall usually began near the trailing edge in the
form of a tuwrbulent boundary layer separation., But wings - for military
aircraft at least - have now tc be designed for satisfactory cperation at
high Mach numbers, with the inevitable trend towards small thiclness/chord
ratios, and laminar separation from the forward parts of the profile has
emerged as a serious practical problen.

At large Reynolds numbers, in excess of 10® based on the chord, and
with wings having a finite, but small, nose radius of curvature the
separated flow generally becomes attachaed to the surface again as a turbu-
lent boundary layer, and the region between the points of separation and
reattachment 1s often graphically referrcd to as a "bubble". The extent
of the bubble on two~dimensional wings has been found in experiment to
vary from a tiny proportion of the chord - less than 0,14 - to something
comparable with the chord length, and thais paper is concerned with the
particular problem of explaining the mechanism that controls the length
of bubble,

2 Some experimental results

The behaviour of the bubhle as the incidence is aliered has a vower
ful influence on the stalling characteristics of the wing; in porticular,
the contrast between a wing with a small bubble =nd omne with an extensive
bubble has been demonstrated in some ramarkably detailed wind tunnel
experiments mads by N.A,.C.A.1:2, Two symietrical acrofoils were tested,
one of N,A.C,A, 6L~C06 and the other of N,A,C,A, 63~009 section; in both
cases the Reynolds number was 5,8 x 109, At small incidences 1t was
found that a minute bubble developed near the lecading edges of both wings,
The bubble on vhe thinner wing repidly enlarged as the incidence exceeded
EC and with further increase of incidence became progressively longer
until it extended over the entire chord, at which stage the wing could be
regarded as completely stalled, On the other hand, there was little
change in the length of bubble on the chicker wing up to a certain inei-
dence; beyond this, the bubble suddeniy "burst", causing the aerocfoil to
stall abruptly. This "bursting” can be intorpreted s a failure of the
separated flow to reattach itself to the suwrface. The lengths of bubble
on the two wings are compared in the Table below,

TABLE T

Length of bubble/wing chord

Tnoidence Length of bubble/(wing chord)
(degrees) 64,006 section 63-009 section

5 C.08 . 0052

& 0.23 0. 0048

7 Q.40 C. 0034

8 0.56 C,0022

9 Upper surface stalled Upper surface stalled
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The sequence of events described above can be traced in the 1ift
curves which are reproduced in Fig,1. The lift on the 6, thick section,
shown in Fig.1 (2), rises linearly with incidence as far as roughly 5°
when a rapid change, amounting practically to a discontinuity, occurs.
This stage corresponds to the sudden enlargement of the region of
separated flow, For incidences greater than 5° the 1ift rises again, but
with a reduced gradient atiributable to the progressive spreading of the
separation bubble along the upper surface, In the neighbourhood of S°
incidence the downstream end of the bubble reaches the trailing edge,
resulting in a gentle stall,* The lift curve for the 9J thick section is
markedly different. It is quite straight up to an incidence of 99; at
the stall, the 1ift falls catastrophically owing to the violent disruption
of the bubble,

2.1 Definitions of "long" and "shoit" bubbles

The bubble on the thinner wing will be seen from Tabls I +o be from
10 to 100 times longer than that on the thicker wing, in terms of the
chord, While this description serves to distinguish between long and
short bubbles on these particular sections, it 1s not conwvenient £or a
general discussion; for this purpose, it is preferable to relate the sigze
of bubble to some length characteristic of the boundary layer at the point
of separation, and we shall hare choose the displacement thickness.
Writing 8%y for the displacement thickness at separation, which can be
calculated by the methods referred to in Section L, and £ for the length
of bubble, some typical ratios of £/5%, for the two N,A,C.A, aerofoils
are shown in the Table below,

TARLE II
Length of bubble/displacement thickness
Tnoidence £/b%s
(Qegrees) 64,~006 Section 63-009 Section
6 5,440 77
7 8,800 67
8 12,890 16

The figures in Table IT suggest the following definitions:
short bubble; &/5%, ~ 102
long bubble;  ¥/p*, ~ 10k

It will be demonstrated later that these definitions have a greater
generality than the few values given in Table IT might imply,

* The different reg:’mes of flow can also be related to the hehaviour of the
centre of pressures, DBetween zZero and 5% the centre of pressure roanains
fixed a short distance aft of the t-chord point on the acrofoil, As the
incidence is increased beyond 5° the centre of pressure at first moves
slightly forward then, at about 6°, moves aft; the aft movement is
especially rapid as the stall is approached., Thesse variations in centre of
pressure position can be explained qualitatively by regarding the bubbles

as a region of quiescent flow in which the pressure is nearly constant,
Thus, a3 the bubble grows, the pressure on the wing becomes more uniformly
distributed along the chord, Initially, this happens near the leading edge,
glving rise to s forward centre of pressure movement: subsequently it
extends over a large part of the chord, so redistributing the 1lift as to
cause the centre of pressure 4o move aft,
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3 The mechanism of flow reatbtachment

-

The contrasting behaviour of the 5. and 9. thick asrofoils described
in the previous Section brings out guite plainly the importance of the
laminar separation bubble and the way it spreads with change of incidence,
The questions which naturally follow this observation are: (a) can we
predict from some preperty of the aesrofoil, such as the presswe distri-
bution over its upper surface, whether the bubble will be long or short?;
(b) can it be assumed that the type of bubble found at wind tunnel
Xeynolds numbers will persist at full scale? In many respects the second
question is the more important,

Before attempting to answer these questions we must construct some
hypothesis concerning the reattachment of the separated flow to the sur-
face of the wing, and the rapidity with which it occurs, For the mecha-
nism of reattachment, there is ample evidence® to shew that transition to
turbulence takes place in the bubble and the subsequent turbulent mixing
with the main stream is sufficient o re-energise the separated {low,
causing it to return to the surface and re-form a (turbulent) boundary
layer, GClearly, the proximity of the reattachment point to the ssparation
point will depend on how quickly transition sets in; in twm, this will
depend on the stability of the laminer flow immediately downstream of the
separation point, which can be described by the boundary layer velocity
profile there, Now, the velocity distribution over the upper surface of
a thin wing at incidence, nsar its leading edge, can be reprerented
roughly by two straight lines; as the slopes of the lines and the maxi-
mun velocity are varied, the boundary layer thickness at the separation
point alters, but the velocity profiles at separation remain similar,**
We may therefore describe the shaps and scale of the bomdary layer at
the separation point by a single parameter defined by

(Rﬁ*)s = Usa*s/*’

where Ug 1is the main stream velocity outside the boundary layer and
&§tq 1s the displacement thickness, both measured at separation. Accord-
ingly, the initial stability of the separated flow will be a function of
(REJ .

From owr knowledge of the behaviour of laminar wakes, to which the
separated flow bears a ccrtain resemblance, we can postulate a critical
Reynolds number atove which the flow is unstable, When instability sets
in = it will be of the dynamic type and theraforc comparatively violent -
transition to turbulencce occurs near te the separation point; "near" in
this sense can be taken to mean within a few hundred displacoment thicle—
nesses, Oa the other hand, when (R3*)y is Tess than the critical value,
the separated flow at farst remains laminar for some distance dovmstream
of the separation point and then, as the shape of its velocity profile
changes, instability develops, eventually leading to turbulence. In this
case the distance between the separation and transition points may be
several thousand displacement thickhesses,

Of course, the condition for transition to turbulence is not suf-
ficient to determine exactly where the flow becomss reattached to the

* Especislly in ref,8 where hot-wire explorations of the region of
separated flow are descrabed,

** This is most easily demonstrated by Howarth's methodd of caloulating a
boundary layer flow subjected to a constant adverse velocity gradient.
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surface or, indeed, whether reattachment ocours at all: we simply postu-
late transition as a necessary condition.™ For example, if the aerofoil
incidence is large enough, separation persists in spite of transition,
Clearly therefore, the geometry of the acrofoil must be taken into account
if a precise description of the reattachment phencmenon is to be obtained.
However, if we approach the problem less delicately, supposing that re-
attachment has occurred, and merely attempt to distinguish between the
conditions for long and short bubbles, the elementary criterion based on
(Rg*)g should be adequate. On this basis, the following hypothesis is
put forward: the bubble of scparated flow will be long or short according
to whether (Rg*)y is less than or greater than a certain critical value,

L Analysis of experimental data

When a laminar boundary layer separates from the leading edgs of an
aercfoil, its thickness is small and, in general, (R&*)g canmnot be de-
duced with sufficient accuracy from measurements of the boundary layer
velocity profile; for this reason it is preferable to caleulate (Rg*)g.
Two methods were used to calculate the growth of the laminar boundary
layer, given the measured chordwise velocitby distribufilon in the main
streem; the first was to apply the Pohlhausen meth%dﬁ in the region of
increasing velocity, Jjoining on to Howarth's method” in the subsequent
region of decreasing velocity: the second, and simpler, method was that
given by Thwaitesk, The two methods gave very nearly the same values of
momentum thickness, displacement thickness and skin friction in the ranges
of both favourable and wnfavourable velocity gradient, as well as the
location of the point of separation, Since Thwaites! mathod iz the
easier, it was used to calculate (Rg+)g for other aerofoils, A compari~
son between the observed and estimated positions of the laminar separation
point in a few typlcal cases is made in Table ITIL,

TABLE TII

Comparison between the observed and estimated positions
of the laminar separation point

T 2

Incidence Calcwlated
Observed

Thwalites Fohlhausen~-Howarth

NACA 63-009 scction

4° 0,021 0,025 0,021
6° 0, 0215 0,022 0,022
a° 0,025 0,02l -
NACA 63~012 section
10,89 | 0,041 0. 041 -

Xy is the distance of the separation point from the front stagnation
point, measured parallel to the aerofoil surface: ¢ is the chord,

* But only for the perticular problem under discussion; at high subsonic
or supersonic speeds for example, the mechanism of reattachment is
different and the flow may remain laminar,

»* T+ 4ig evident that the slope and curvature of the aerofoil profile at
the separation point are importent in this respect,

-6 -
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Cbservations of regions of laminar separation are not confined to
thin aerofoils; data are also available on the laminar secparation that
occurs downstream of the minimum pressure point on moderately thick aero-
foils,8,11 again follewed by turbulent reattachment,® Other interesting
data are provided by Gadd ard Holder's observatlons at a Mach numbor of
2.0 of the interaction botween an oblique shock wave and a laminar houndary
layer on a flat plated, Tt was found that at certain Reynclds number
scparation occurred upstream of the incident shock, follcwed by transition
and rcattachment, The rcgion in which transition took placc appeared to
coincide withr 2 kink in the pressure dastribution along the surface of the
plate and could therefore be approximately defined by the pressure measure-
ments, In this way, the authors were able to deduce the distance betwesn
the points of separation and transition {roughly equal to the length £
used here); thoy concluded that this distance was a function of the
Reynolds number and 4did not depend on shock strongth, Purdoor e}’@ermcntsé
showed that i1t was not greatly affcected by change in Mach mumber; in fact,
en increase in Mach mumber from 1,5 %o 4,0 only altered &/8'y by a
factor of 2. It will be shown later that the values of €/8 g deduced
from these experiments are of the same order of magnitude as thosc obtaincd
from experiments on acrofoils at low speeds within the same range of (R&h)g.

4.1 Variation in the length of bubble with Heynolds nunber at scparation

Values of &/§ 5 with corresponding values of (Rg*)g are presented
in Table VI, at the end of the paper, for a mumber of agrofoils?,?2,7,8,10,11
and for the shock wave experiments of Gadd and Holder5,6. To distinguish
between experimental and celculated quantities: £ is the length of bubble
deduced from the experimental observations, §%; dis the caloulated dis-
placement thickness at separation (for which tho measured djstribution of
velocity outside the boundary layer is used), and in the Reynolds number
(R§*)s , equal to Usb*s/v , Ug is the obsesved velocity just outsade the
boundary layer at the separation point.

Using the tabulated results, loglp &/5%s is plotted against (Rg*)g
in Fig.2, The points in this figure fall strikingly into two distinect
groups; one group for (Rg*)s greater than 650, containing Gadd and
Holder's supersonic measurements, clusters about the line logyp &/6%g = 2
although there is a tendency iur 3/6"‘3 to fall slightly with incressing
Keynolds number, The other group, (Rg“)s less than 500, lies between
logqp €/6%s = 3 and logyp €/3%3 = 5. This behaviour is consistent with
the hypothecsis advanced in Section 3, and suggests that a critical Keynolds
mmber, or band of Heynolds mumbers, exists in the region 400-800, above
which £/8%; 1is of order 902 - short bubbles - and below which &/8%; is
more sensitive to changes in Reynolds number and mey attair values of ordor
404 - long bubbles, The abruptness of the change in bubble length as the
Reynolds mmber passes through the critical region can be better aprreclated
from Fig.3 whers Ugl/v is plotted against (Re¥)s. '

Some further experimental evidence of a critical Reynolds nunber was
brought to owm attention by Sir Melvill Jones, IHec set his underpraduate
students at Cambridge University a laboratory exaomple which consisted of
observing the change in the character of the flow about a thick acrofoil
at zero incidence with change in Reynolds nunber or tunnel windspeed, AS
low Reynolds mumbers a complete laminer scparation ocourred from the rear
part of the acrofoil surface, then, as the Reynolds number was increased,
transition srpearcd in the separated wake; at a sufficiently high Reynolds

* For such asrofoils, the reattached boundary layer is not invariably tur-
bulent, but for the purpose of the prescnt analysis we shall only refer
to experiments in which transition was known to oceur in the scparated

flow.
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nunber, +he flow became reattached as a turbulent boundary layer. The
gradual approach of the transition point in the separeted layer to the
separation point is enalogous to the change from a long bubble to a short
bubble in the case when scparation is only transient, The Reynolds number
ot which separation was suppressed in the Cambridge experiment may there-
fore be campared with the critieal Reynolds number suggested by Figs,2 and
3. On analysis*, it wes found that the oritical value of (Rg')s was 350,
which is certainly of the same order of magnitude as that inferred from
Figs,2 and 3.%%

Clearly, more data are required to make the conclusions drawn from
Pigs.2 and 3 really convincing: in particular, further observations on
aerofoils with long bubbles are needed -~ the few points for Reynolds
numbers less than 500 relate only to the N.A.C.A. 64~006 section and, with
doubtful accuracy, to a double wedge section,®™ * On the other hand,
further weight can bs given to the conclusions by some more results on the
N,A.C.A, 64=006 aerofoil, In Pigs,.2 and 3 only points relating to long
bubbles are shown, but it will be recalled from the description given in
Section 2 that short bubbles were detected on this aerofolil at incidences
less than 5°, the change from one type of bubble to the other occurring
very suddenly, Caloulations made for incidences of 3°, 40 and 430 led to
values of (kg*)y which are compared in Table IV with corrosponding
values at higher incidences,*¥++

TABLE IV

Relation between type of bubble and boundary laysr
Reynolds number at separation

Incidence degrees (Rg*)s Type of bubble
3 480 short
N 480 short
Ik 590 short
5 400 long
5% 310 Long
6 390 long
7 410 long
8 380 long
9 390 long

* The authors are indebted to Mr. E,C, Maskell for the experimental
observations recorded in his laboratory note-book,

** It may be noted that the wind tumnmel in which the experiments were

made had a high turbulence intensity, and so might be expected to en-
courage an early transition; this could explain why (Rg*)s,orit.
deduced from the Combridge experiment is slightly lower than the band
of values in Figs,.2 and 3, However, differences of this order are not
significant since we cannot hope to define more than a rough magnitude
of (P‘&*)s.crit.
*¥4 7+ was necessary to guess part of the velocity distribution near the
leading edge of the double-wedge scction in order to caleulate (Rg*)s.
Aokk T 45 clear from the pressure distributions given in ref,2 that short
bubbles were present at incidences less than 59 although no measurec-
ments of the lengths of these short bubbles were reported.



The resulis shown in Table IV indicate clearly o change from a short
bubble to a long bubble as (RS*) s falls below 400, This observation
helps to narrow the tand of critical Reynolds mumber to roughly LO0-500,
vwhich is of the order of magnitude found by Linke for transition to tur-
bulence in the layer of separated flow behind a circular cylinder?,

5 Discussion

The criterion emerging from the analysis of Section 4 is that the
separation bubble will be short if (Rg'), «xceeds a value in the neigh-
bourhood of 400-500 and will be long if (Ra*)g lies below this band of
values, It would, of course, be desirable to construct a rule which was
related more obviously to the properties of the aerofoil section, but in
general it is not possible co do this accurately sincs (Rg*)g; depends
critically on the velocity distribution near the leading edge, which in
turn is affected by the bubble, As a very rough opproximation, however,
the velocity distribution over the fromt part of the upper surface of the
aerofoil may be represented by two siraight lines, It then tuwrns out that
(R&*) s iz proportional to (Uptyy )7, where Uy is tho peak velocity
and Xy its disvance frow the front stagnation point, The factor of
vroportionality is a function only of the ratio of the siopes of the two
lines ard may be treated as nearly constant for the class of velocity
distributions typical of thin aercofolls at incidence,”™ "his Is to some

/

L
extent borne out by the values of (5g*)s Unm )2 for the W.A,.C.A
¥ & \ y

64=006 and 63-009 aerofoil sections shown in Table V,

TAELE V
1

(Ra*)s/(Unfcm>E

hi
.‘/ -2
Aexofoil Incidence degrees (35*) 3/!\ UT’%I>
v

NACA 6LACOA 5 3.2
5k 2.9
6 3.6
7 3.8
8 3-}4‘
9 4,2
NACA 63-009 b k.1
6 3.5
7 3.5
8 3.5
8k 3.8

Another interesting result of the two-line approximation is that Ug/Um
alsco is a function only of the ratio of the slopes and again might be
taken as roughly constant for thin asr-ofoils: that “his is, in fact, very
nearly so can be seen from Fig,k where the wiperimental valuss of TUg and

* The conclusion that (H§*), is proportional to (xn)'?z‘ was also reached
by Karmen and Milliken!d who used the two~line approximation to the
velocity distribution, fThewr results are a 1little different mumeorically
from those obtained in the present analysis by the Thwaites-~Howarth
method of caleculating the laminar boundary layer.
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Up are plotted, The ratio Us/Um from Fig.h is 0,95; a similar
analysis in ref,1 gave Us/Um = 0,94,

5

The relation between (R5*), and (Ugx,/v)%, although of trivial
theoretical interest, gives a useful clue to the connection between
bubble length and type of aerofoil, since it is found from experiment
thac once a bubble forms the variation in W/Uo from one aerofoil to
another (or, on = given acrofoil, from cne incidence to wnother) is
smalier than the variation in /¢, Accordingly, at a given Reynolds
mmber (based now on aerofoil chord) s long bubbles are associated with a
forward posiicion of the suction peak, which corresponds to small nose
radius of curvature and thickness/chord ratio, or high incidence. This
observation is supported by the analysis of Chmex in texms of nose
radius of curvature (or, wiat is almost the same, the ratio of thickness
at 0,05 chord to the chord, % 0,05) wmade by Multhopp?2 who constructed
curves of the measured CLmax for a mumber of aerofoils against <%0,05.
These curves, in most instances, consisted of a flat portion for small
values of 0,05 (see Fig,5, copied from ref,12) followed by a steep
increase in Clmax with 70,05, a flat maximum, and ultimately a gradual
fall in Crmax. The change from the initially flat part of the cwrvs to
the rising part was abrupt and can be interpreted according to our present
argument as a change from a long bubble to a short bubble on the aerofoil
surface at incidences near to tnat of the stall,®

The simple assoclation between length of bubble and position of the
suction peak can also be used to explain the stalling behaviour of certain
sweptback wings, For instance, it is sometimes found from wind turmel
tests on thin wings at Reynolds numbers of the order of 100 that laminar
separation cccurs from the leading edge followed by recattachment, just as
with two-dimensional aerofoils: but, in contrast to the two-dimensional
case, the type of separation bubble is not constaut across the span. Over
the inboard parts of the leading edge the bubble i1s short, whereas over
the outboard parts it is long; a trailing vortex sheet, called by
Kuchemann!3 a part-span vortex sheet, separates the two flow regimes, If
we consider only the flow component normal to the leading edge, the change
in the type of bubble can be explained by means of the spanwise variation
in the flow near the leading edge: because, at a given incidence, the
increase in effcctive negative camber as the wing tip is approached leads
to a progressive forward movement of the peak suction on the upper surface
(the magnitude of the peak suction also increases, but its effect is out-
weighed by the forward movement), Consequently, conditions over the in-
board parts of the wing favour a short bubble, while those outboard favour
a long bubble, Apart from the complex stalling behaviour in circumstances
like these, the presence of the frailing vortex sheet may influence the
performeice of a tallplanc and a detailed knowledge of the flow pattern is
thercfors of great interest to the aeroplane designer. If the criterion
suggested in this paper is correct, experiments made in a wind tunncl at a
Reynolds number considerably below that descriptive of full-scale may not
give reliable information about the effect of the part-span vortex sheet
on the tailpleme, since the position on the span where the bubble chenges
from shurt to long must depend on Reynolds mumber in such a way that it
shifts outboard as the Reynolds mumber increases, This kind of qualitative
conclusion is perhaps the most important to be drawn from the present
analysis,

On two-dimensional aerofoils, the existence of a critical valus for
(Rg*)s suggests a sudden change in stelling behaviour as the Reynolds

* The rest of the curve - the flat maximm and gradual fall -~ can be
explained in terms of a turbulent boundary layer separation starting near
the trailing edge.

- 10 -



nunber increases, For examgle, tests on the N,A.C.A, 64=006 aerofoil at

a Reynolds mmber of 6 x 105 showed that a long bubble formed at incidences
greater than 5°, According to our calculations, at 99 incidence (R§*)g
was 390, Taking the critical value of (R§*)g +Ho be betwsen 400 and 500
ve should predict that, at 99 incidence, the long bubble would be replaced
by a short bubble at Reynolds mmbers of from roughly 7 x 106 to 10 x 106,
In fact, the lift cwrves obtained firom wind tunnel tests on this asrofoil
up to a Reynclds mumber of 9 x 106 gave uo indication of a change in the
size of bubble, although tests on the N.A.C,A, 0006 aerofoills, which ought
to behave similarly, showed a marked difference in the character of the
stall between Reynolds numbers of 6 x 106 and 9 x 106.

Extending the above argument to the sweptback wing with thin tip
sections, it is clear that wind tunnel tests may give misleading information
about the nature of the stall, especially the vicious tip stall, if a long
bubble forming over the outboard portions of the model is reduced in span-
wise extent or replaced by a short bubble at flight Reynolds numbers.

6 Future developments

The discussion given in this paper serves as a possible starting point
for a move detailed investigation of the transient separation phenomenon,
Clearly, a desirable first step is tc check the validity of the elementary
hypothesis relating the type of bubble to (Rg*)g ; this can bes done by
observing the change in bubble length on an aerofoil as the Reymolds number
is altered, and by a suitable choice of section the experiment could be
made in a wind tunnel of moderate size,

If the hypothesis is substantiated, the extrapolation of wind tunnel
measwrements on sweptback wings to full-scale Reynolds pumbers becomes a
serious watter, as outlined in the previous Section, To obtain conditions
on a model scale which might be comparable (qualitatively) with those in
Plight, a technique is needed to control the size of bubble on the outboard
parts of the wing, One way of doing this in the tumel is to introduce
disturbances at the leading edge which precipitate transition in the
separated layer; isolated roughness, perhaps in the form of small needles
projecting from the surface, should suffice,

The ultimate problem, however, is one of design; the wing must have
satisfactory stability and stalling charactoristics and these are difficult
t0 achieve without some sacrifice in the moximum usable 1ift coefficient if
laminar separation bubbles are present, lxrespective of whether they are
long or short, It might be argued that the method suggested above for
encouraging an early transition in the separated layer could be taken a
stage furcher and used to induce transition ahead of the laminar separation
roint, but even this might not always be successful because the adverse
pressure gradients near the tip of a sweptback wing can be sufficient %o
cause even a turbulent boundary layer to separate, These, possibly
pessimistic, arguments point tc the application of boundary layer suction
{or scme other kind of boundary layer con‘trol) to the leading edpe of a
tnin sweptback wing, thereby clirdnating the front separation altogether,

7 Conclusions

in elementary argument is put forward to relate the length of the
laminar separation bubble that forms near the leading edge of a thin, or
moderately thin, aerofoil at incidence, to the boundary layer Reynolds
number, (Rg*)s at the separation point, According to this argument, the
bubble will be "short" or "long" depending on whether (R§*). is greater
or less than a certain eritical waluc, corresponding to whetﬁer the flow
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in the separated layer is initially unstable or stable to smoll distur-
bances, Available experimental data, obtained from low speed wind tunnel
experiments on aerofoils and from some work at supersonic speeds on shock
wave - boundary layer interaction, appear to support the hypothesis and
suggest that the critical value of (K§*), is in the region LO0=-500.

It follows that the Length of bubble will be subjected to a scale
effect, For example, a wihg exhibiting a long bubble at a wind tunnel
Reynolds number may have a short bubble at flight secals,

Although the analysis is cenfined to two-dimensional aercofoils, the
results may be applied qualitatively to thin sweptback wings, in which
case 1t becomes possible to explain the difference in the character of
the stall between inboard and outboard portions of certain wings. Again,
pronounced scale effects may be expected.

TABLE VI

Length of bubble and boundary layer Reynolds number at seporation

Model 74 s (® 5*)3 |
Aerofoil, WACA 644~006 Section Incidence 5° 210 401
5,5° L3990 312
6° 5450 393
7 8800 106
g0 12890 378
50 22580 389
Aerofoil, NACA A3=-00%3 Section Incidence 4(° 63 1168
6° 77 869
7° 66 866
8o 46 910
8.5° 46 976
Aerofoil, NACA 63-012 Section Incidence 10,8° 68 1209
Aerofoil, double-wedge Section Incidence &° 10300 L4
herofoil, NACA 65, 3-018 Section Tncidence 0° 129 905
Aerofoil, NACA £6, 3-018 Section Incidence ¢° 90 1820
0,6° 87 2230
Aerofoil W.CA 56, 2-516 Section Incidence 3° 90 2510
Aerofoil NACA 66, 3-018 Section Tncidence Q° 75 2660
Aerofoil, 15 "roof-top" Section Incidence Q° 25 1,883
Shock wavewboundary layer expt, 5° wedge 96 1197
92 1540
84 1992
75 2020
61 2320
66 2520
38 3230
10° wedge 144 1260
141 1850
142 2210
81 26L0
76 3020
12° wedge 246 960
184 890
162 1260
156 1660
170 1740
114 2620
100 3100
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