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I. INTRODUCTION

THE design of aircraft to cruise at high subsonic speeds has necessitated
the introduction of thin wings, often possessing considerable sweepback.
The low speed, high incidence characteristics of such wings, however,
leave much to be desired and as a consequence intense research efforts
aimed at increasing usable lift are bcing maintained in many parts of the
world.

General separation of the boundary layer from the aerofoil nose at
relatively low lifts is the root cause of the flight difficulties encountered.
A major factor associated with this phenomenon is transition from laminar
to turbulent flow in the affected region. Although the complete answer
to this flow problem awaits a fuller understanding of the mechanics of
transition, a good working knowledge of the leading edge problem is now

ailable. A theory of general nose separation which does not conflict
ith available experimental data is propounded.

2. SEPARATION PHENOMENA DEFINITIONS

To avoid possible confusion the phenomena to be discussed v ill be
clearly defined. It is well known that an adverse pressure gradient near
the leading edge of an aerofoil will cause separation of the laminar layer
from the surface. When this separation first becomes apparent as the
incidence is increased, the separating layer re-attaches itself to the surface
along a line which is less than 1% chord downstream of the separation
line, provided the Reynolds number is not too low.

As incidence is further increased a state is reached where a sudden
breakdown in the flow around the aerofoil nose occurs. In the case of
thin aerofoils, re-attachment of the flow as a turbulent layer usually occurs
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at a distance downstream of the leading edge which is ten to one hundred
times greater than the length of the separation region referred to in the
preceding paragraph.

The first phenomenon is generally referred to as a "laminar separation
bubble" or alternatively as a "short bubble." In the second case, Gaultu)
calls the separated region a "thin-aerofoil bubble", Küchemann(2) refers
to it as a "long bubble".

The terms "laminar separation bubble" and "general nose separation"
w ill, in this paper, be used in reference to the two types of flow separation;
the htter term is usually shortened to "nose separation" or "nose stall"(3'

3. TRANSITION THEORIES

Before discussing the leading edge problem the relevant portions of
current transition theories will be reviewed.

A dominant feature in any transition mechanism is the creation of
relatively large-scale vortices possessing axes parallel to the stream direc-
tion. The setting up of these three-dimensional motions is linked with
the appearance of turbulent spots in the laminar flow. Of interest in regard
to longitudinal vortices is the original work of Townsendo) in which it
was shown experimentally that such vortices exist in a turbulent layer
and that these account for the transfer of the bulk of the momentum
from the outer to the inner parts of the boundary layer. This vortex struc-
ture has now been confirmed in ref. 6; in addition Kline draws attention
to the similarity between transition vortices and the formation of vortices
in a turbulent layer in a region near the outer edge of the laminar sublayer.

Experiments by Hama  et al.")  downstream of a "trip" wire have show n
that the amplified two-dimensional Tollmien—Schlichting waves present
tend to roll-up the shear layer into a concentrated vortex line. These vortex
lines are then distorted into vortex loops by spanwise changes in the rate
of amplification. The loops deteriorate downstream into turbulent spots
which propagate three-dimensionally until the boundary layer flow is
completely turbulent.

Transition investigations by Klebanoff and Tidstromo) in which wave-
like disturbances were introduced by means of a vibrating ribbon, also
established that the Tollmien—Schlichting waves are distorted prior to
transition by the transfer of wave energy from one spanwise position
to another. These three-dimensional trends lead to the formation of tur-
bulent spots and subsequent transition.

No wavefront vortex loops or irregularities of the Hama type were
observed in these tests. Since entirely different experimental techniques
were used in refs. 7 and 8 it was suggestedo) that the apparent conflict
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between the two investigations might be one of interpretation only. However
it is suggested by Schubauer(9) that a basic difference may exist between
the phenomena. Because of the higher Reynolds numbers used in the vibra-
ting ribbon tests, it was postulated that transition occurred before this
relatively weaker wave could concentrate the vorticity into discrete
eddies as in the Hama experiments.

Lochtenberg(10) investigated the separated flow due to a step on a flat
plate and reported the existence of two distinct transition mechanisms.
At low Reynolds numbers a wave-like motion was set up in the separated
layer and transition took place gradually without the appearance of tur-
bulent spots. Above a certain critical Reynolds number, transition ap-
peared to follow the creation of turbulent spots or bursts.

Although the available evidence for a change in the transition mechan-
ism is not, as yet, convincing, the possibility of such is worth pursuing
in the case of leading edge separations as without such the available exper-
imental data tend to be contradictory.

The above discussion has been centred around the manner in which
turbulence arises. Transition is not complete, however, till the boundary
layer profile approximates that for a normal turbulent layer. This occurs
when the intermittency factor, defined as the fraction of the total time
that the flow is turbulent at any point in the transition region, is unity(").

The intermittency factor is associated with the random appearance
and passing of turbulent spots. At the same time as the intermittency
factor is increasing, the velocity profile of the layer changes in a continuous
manner as the flow passes downstream. Therefore transition needs time
and distance for its completion; this includes the case where transition
is precipitated by laminar separation.

Most of the transition studies to date have been carried out in regions
of zero pressure gradient. The use of wires and steps as a means of precip-
itating transition in some of the experimental studies has, however,
indicated that laminar separation may only have a modifying effect on the
main transition mechanism. Extending this argument to the case of a
severe adverse pressure gradient at the nose of thin aerofoils at incidence,
it is postulated here that the main influence of the gradient is to shorten
the distance over which the transition process is occurring without producing
a major modification to the basic mechanism. Some justification for this
assumption is given in Section 4.3.

4. LEADING EDGE SEPARATION

The remainder of this paper considers the specific problems of leading
edge transition and separation. It is propounded that, depending on the
Reynolds number, there are two distinct transition mechanisms. This

11*
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feature results in corresponding detailed changes in the associated laminar
separation bubbles. As a consequence there are two fundamentally dif-
ferent mechanisms initiating general nose separation.

4.1  Flow Upstream of Laminar Separation Bubble

As aerofoil incidence is increased the forward stagnation point ad-
vances down the lower or pressure surface of the wing. Owing to the rela-
tively small distance travelled by the laminar layer from the stagnation
point, the Reynolds number, Re, at the suction peak is comparatively
low. In addition, the highly accelerated flow ensures a relatively large
value of R erit,  the Reynolds number at which the boundary layer be-
comes unstable. As a consequence, transition is unlikely to occur before
the suction peak is reached.

The adverse pressure gradient downstream of the suction peak greatly
reduces the boundary layer stability. Nevertheless, there are many reasons
why transition may not occur upstream of the normal laminar separation
point in the high incidence case. The distance between this point and the
stable suction peak region is so small that, for transition to occur, a very
rapid mechanism would be essential. Tests at chord Reynolds numbers
up to 10 million were carried out by Gault(i2) and, with the exception
of one or two low incidence cases, transition always occured downstream
of separation. Data presented by Crabtreeu3) indicate that, for streams
of low turbulence level,  Retr.  is approximately 1300 for a boundary layer
in a zero pressure gradient and 750 for a laminar layer approaching sepa-
• ation; these values decrease with increasing free stream turbulence.
The former quantity relates to conditions at the suction peak.

In view of the above data it is not surprising that, to the author's know-
ledge, no actual observations of transition upstream of the normal laminar
separation point have been made for high incidence cases.

4.2  Laminar Separation Bubble

The first theory concerning the laminar separation bubble was pro-
pounded by von Doenhoff("). It was postulated that the separating layer
left the surface tangentially (Fig. 1) and continued along a straight line
until transition occurred at a Reynolds number,  RL  of 50,000. The sepa-
rated layer then diffused at an angle of 15° and re-attachment took place
at the point where the layer met the surface. General separation occurred
when this 15° line failed to intersect the surface. Although this concept
has in the past proved most helpful, it is now generally regarded as inac-
curate.

Many alternative theories based on experimental data have been put
forward in an attempt to explain the manner in which transition influences
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the onset of general nose separation. Unfortunately, the test Reynolds
numbers have often been limited to relatively low values in order to obtain
laminar separation bubbles of adequate size for detailed investigation.

TANGENT TO SURFACE
AT SEPARATION POINT

k.-
15°

TRANSITION

BUBBLE

RE-ATTACHMENT

SEPARATION

FIG. 1. Von Doenhoff bubble concept.

Recent experimental work, however, has indicated the existence or
two possible types of laminar separation bubble which will be referred
to as the low and high Reynolds number cases.

The low Reynolds number type of bubble has been extensively investi-
gated, particularly by McGregor"5). From measurements of mean and
fluctuating velocities he postulated the existence of a bubble which con-
sists of a "stagnant" zone and a vortex, as illustrated in Fig. 2. Efforts

VORTE X

RE.ATTACHM ENT
•

STAGNAN T REG I ON

SEPARATION

Flu. 2. McGregor bubble concept.

to obtain direct evidence of a vortex core failed and hence the above
diagram may be over-simplified. It is clear, however, that concentrated
vorticity does exist just upstream of flow re-attachment.

The lower pressure distribution curve in Fig. 3 illustrates the above
two regions. The flat part of the curve corresponds to the stagnant zone
which is bounded on the stream side by the separated laminar layer. The
development of transition commences at the downstream edge of this
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region and is accompanied by a steep increase in the surface static pressure
as the flow moves downstream. The concentrated vorticity associated

ith this pressure rise is an integral part of the transition mechanism.
It is well-known that the length of the laminar separation bubble de-

creases with increasing Reynolds numberuo due to a speeding-up of
transition in the separated layer. Less well-known, however, is the fact
that over a narrow Reynolds number range the rate of decrease is higher
than elsewhere. It is this Reynolds number range which divides the two
types of bubble referred to previously.

For a high Reynolds number type of laminar separation bubble, the
region of approximately constant surface static pressure is replaced by
one in which a significant amount of pressure recovery takes place (Fig. 3);
a similar result was obtained by Gaultu°. In this type of bubble the tran-
sition mechanism is apparently initiated immediately downstream of
the separation point. At high enough Reynolds numbers the laminar
separation bubble will be so small that, for all practical purposes, its
existence may be ignored.

There are no detailed data of laminar separation bubbles at chord
Reynolds numbers greater than 10 millionoo. It is known, however, that
increased turbulence and suitable surface roughness have a similar effect
to that exercised by increasing Reynolds number. McGregor records
that increased turbulence greatly modified the bubble, halved the bubble
length, reduced the strength of the reverse flow and to some extent destroyed
the region of constant pressure.

By using suitable surface roughness, Hurley(") was able to simulate
high Reynolds number conditions at a test Reynolds number of approxi-
mately 4 million. The optimum roughness was located between the 0.42
and 0.52%  c  positions around the surface from the leading edge on the
under-surface and consisted of 0.025%  c  diameter carborundum grains.
This arrangement facilitated transition in the separating layer without
increasing the boundary layer thickness above that of the normal laminar
layer at separation. Similar quantitative results were obtained on the
same model with discrete air jets in the same general regionu7."), sug-
eesting that the main effect of these is the precipitation of transition.
The results with air jets should therefore be representative of high Reynolds
number cases.

4.3  Experimental Data Relating to Transition in the Laminar Separation
Bubble

Before tentatively suggesting the manner in which transition is initiated
and developed within the bubble, some boundary layer work carried
out at A.R.L., and other external experimental work, will be discussed.
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Most of the A.R.L. work was carried out on the model shown in Fig. 4.
By increasing the deflexion of the trailing edge flap, suction peaks and
steep adverse pressure gradients similar to those experienced on thin
wings at incidence were reproduced. The model was designed with the
aim of obtaining relatively large boundary layer phenomena for investi-
gation in a wind tunnel of moderate dimensions.

The test cases chosen from refs. 17 and 18 for discussion in this paper
are listed in the following table:

Case P. D.

Fig. 5

Fig. 5

Plain wing

Air jets opera-



tive

Flow approach-



ing nose stall

Very stable
boundary layer

Low R e type
of bubble.

Representative
of high R e for
same incidence

as case 1.

! Test condition . ! Flow condition Remarks




Air jets opera-



t ive

Roughness as in
Sect. 4.2

Intermediate be-



tween cases 2
and 4

Flow approach-
ing nose stall

Ditto

Representative
of high R e

Ditto

Ditto

Fig. 6

5. Fig. 6

3. Fig. 6 Air jets opera-

tive

The discrete air jets with a spanwise pitch of 0.2°/„  c  were located at
a distance of 0.8%  c  around the undersurface from the leading edge.
The amount of air used in the above test cases is expressed by :

cusecs/ft span
CQ = 	 0-0001

U,c

The hot-wire anemometer employed in obtaining the boundary layer
measurements of Figs. 7 to 12 tended to precipitate a premature nose
stall and hence the results for cases 1, 4 and 5 correspond to flow condi-
tions less severe than those which exist just prior to general nose sepa-
ration.

For air jets to give results which are truly representative of high Reynolds
numbers it is desirable that they should neither produce transition nor
thicken the laminar layer upstream of the normal separation point. Proof
that this desired condition is attained in the present case can be obtained
from Fig. 7 and ref. 17.

At the Reynolds number of these tests, air jets reduced the size of the
laminar separation bubble greatly, as illustrated in Figs. 5, 6 and 13.



-1
2

	

-
I

0
 

•

C
p

B
A

S
E

D
 

O
N

 
M

E
A

N
 

T
U

N
N

E
L

 
S

P
E

E
D

(8
0

F
.

P
.S

.J

C
A

S
E

 
I 

P
L

A
IN

 
N

O
S

E

	

- 
8
 

.
O

C
A

S
E

2
 

C
Q

 
•?

.;
 

0
.0

0
0
1

- 
6

- 
4

- 
2

	

0
I

2
 

3
 

4
 

5
c
i 

7
 

6

O
IS

T
A

N
C

E
 

A
L

O
N

G
 

S
U

R
F

A
C

E
 

F
R

O
M

 
L

. 
E

 .
 

- 
S

 
( 

IN
.]

F
IG

.
5
.

P
re

s
s
u
re

 
g
ra

d
ie

n
t 

c
o
n
d
it

io
n
s
 

fo
r 

w
h
ic

h
 

b
o
u

n
d

a
ry

 
la

y
e
r 

m
e
a
s
u

re
m

e
n
ts

w
e
re

 
m

a
d

e
.

S
IT

IV
A

N

'V'1
1
'



B
o
u
n

d
a
ry

L
a
y
e
r

T
ra

n
s
it

io
n

a
t

th
e

L
e
a
d

in
g

E
d

g
e

o
f

T
h

in

W
in

g
s

C
B
A
S
E
D
 

O
N
 

M
E
A
N
 

T
U
N
N
E
L
 

S
P
E
E
D

(
0
0
 
r
.

 R
5

.)

0
C
A
S
E

3
C
o

0
.
0
0
0
1

•
C
A
S
E

4
C
o

Z
0
-
0
0
0
1

A
 

C
A
S
E

5
S
U
R
F
A
C
E
 

R
O
U
G
H
N
E
S
S

2
 

3
 

4
 5

 
6

 7

D
I
S
T
A
N
C
E
 

A
L
O
N
G
 

S
U
R
F
A
C
E
 

F
R
O
M

L
 
E
 

—
 

S

H
G

. 
6
.

P
re

s
s
u
re

 
g
ra

d
ie

n
t 

c
o
n
d
it

io
n
s
 

fo
r 

w
h
ic

h
 

b
o
u

n
d

a
ry

 
la

y
e
r 

m
e
a
s
u

re
m

e
n

ts


w
e
re

 
m

a
d
e
.



172 R. A. WALLIS

The possible elimination of laminar separation at certain spanwise posi-
tions for case 2 will be discussed later.

Transition in the separated layer for the plain nose case does not occur
readily, as illustrated in Figs. 8 and 9. In contrast to this, air jets facilitate
the establishment of a fully developed turbulent layer. For case 4, tran-
sition is complete when the flow reaches  S = 0.50 in. after travelling
a distance of only 0.2"/„ c  from the separation point. The magnitude of

I • 0

0 • 8




0 • 6 0 CASE I PLAIN NOSE

u.




0 CASE 2
sza 0 • 0001




V CASE 4 `.

0.4

0.2

0.005 0-010 0-015

DIST ANC E FROM SURFACE — y.
(

nis)

FIG. 7. Boundary layer profiles at S = 0.25 in.

the adverse pressure gradient is obviously a very important transition
factor as will be seen in Fig. 8 for cases 2, 3 and 4, which correspond to
different pressure gradients.

Transition is not complete until the boundary layer profile is of the
normal turbulent type discussed in Section 3. When the shape parameter,
H,  is plotted against distance along the surface, as in Fig. 12, transition
can be assumed to be complete at the chord location where  H  has fallen
from a laminar value or, alternatively, a high value at the re-attachment
point to that representative of turbulent layers. Unfortunately, the re-
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attachment profile for the plain nose condition was not obtained. However,
some boundary layer profiles from ref.12 have been reproduced in Fig. 14,
the marked similarity between the curves upstream of re-attachment

ith those of Fies. 7-9 for case 1 sugeests that the two bubbles are of an
identical type.

McGregor(13> quotes a value of 2• 75 for H at re-attachment, Bursnall
and Loftint") a value of 2.6, while Moore(19) has recorded a figure of 2.5

I 0

()CASE 1 PLAIN NOSE

OC.ASE 2

--- CASE 3 CQ az0000I

•CASE 4

0-8

0 4

0  2

o 0 01 0 02 0 03 0 04 0 05

DISTANCE FROM SURFACE (INS)

FIG. 8. Boundary layer profiles at  S = 0.38 in.

immediately downstream of re-attachment. All experimental results avail-
able show an extremely sharp reduction in H after re-attachment, of
which Fig. 12 is an illustration. Transition is therefore complete shortly
after the flow has re-attached.

In the literature dealing with laminar separation bubbles, transition
is assumed to occur at the point where the steep increase in static pressure
commences (see Fig. 3). It would appear to the author, however, that
this flow feature marks the point at which the turbulence associated with
transition is first established. Transition apparently commences in the
inner part of the separated layer. The boundary layer profile of Fig. 14
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shows a composite layer at re-attachment with a turbulent inner layer
and an essentially laminar outer flow, thus suggesting that the mechanism
by which turbulence is rapidly diffused through the layer is probably
dependent on an attached flow possessing the appropriate characteristics
in the inner region. Of interest in this respect is the paper by Kline") which
outlined both the origin and development of longitudinal vortices in
turbulent flow.

1 • 0

3-8

13 CASE I PLAIN NOSE
0 6

0 CASE 2
Al, C O i.o.000l

CASE 4

0-4

0-2

O

001 002 003 004 005

DISTANCE FROM SURFACE - (INS.)

FIG. 9. Boundary layer profiles at  S =  0.50 in.

According to Klineo) the three-dimensional vortex flows have their
origin very close to the surface and have axes which are inclined away
from the surface. The angle of inclination increases with the severity of
the adverse pressure gradient. In the case of flow re-attachment, therefore,
the influence of the inner turbulent layer on the outer flow will be more
quickly established in the case of the largest adverse gradient. A compa-
rison of the results for cases 2 and 4 in Fig. 12 is of interest in this respect
as in the latter case transition occurs sooner.

The importance of the inner region of the turbulent boundary layer
was also emphasized by the present authoroo concerning experiments
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in which the inner portion of a turbulent layer was removed by a suction

slot. A composite layer of inner "laminar" flow and outer turbulent flow

was reported downstream of the slot. Until "transition" occurred in the

inner layer there was no diffusion of turbulence in the 'y' direction; in

fact the level of turbulence in the outer layer fell during this period.

For a low Reynolds number type of laminar separation bubble there

is virtually no growth in the separated layer durina the period of con-

stant surface pressure; this is confirmed from many sources05."). There

is, however, a rapid increase in momentum thickness, (- , durina the

transition period after which the rate of arowth is markedly reduced.

Detailed experimental data relating to this are available in ref. 16. A study

of Figs. 9, 10 and 11 for case 1 in the A.R.L. experiments shows a similar

feature. On comparing cases 1 and 2 in Fig. 11 it is clear that higher fluid

losses, as expressed by increased 0, are associated with the low Reynolds

number type of laminar separation bubble and transition.

If the air jet cases are accepted as representative of high Reynolds num-

bers then, from the available data (Figs. 8 to 10), it appears that transition

commences immediately following laminar separation. Case 2 is of par-

ticular interest because of the possibility that, at various spanwise positions,

the transfer mechanism of the transition flow has been able to cope w ith

the modest adverse pressure gradient, thus avoiding local separation

(Fia. 13).

Experiments on leading edge flow conducted by Gault" at Reynolds

numbers up to 10 million are relevant in this respect. For modest adverse

gradients, i. e. low incidences, the commencement of transition occurs

close to the normal separation point for the higher Reynolds numbers.

The evidence available does not suggest that transition commences up-

stream of this separation point although under certain conditions such

a possibility cannot be overlooked.

4.4  Suggestion Concerning Initiation of Transition

The above data show a marked change in the transition phenomena

as the effective Reynolds number is sharply increased.

Suggestions concerning the onset of transition in the two cases under

consideration are now presented.

(i) For the low Reynolds number case there is strong evidence of a waN e

motion in the separated layer prior to transition. Experimental data sup-

portina this are available from refs. 10 and 14 and also ref. 4 from which Fia.

15 is taken. This wave motion is terminated by the concentrated vortex

line immediately upstream of re-attachment. Provided the aerofoil inci-

dence is significantly less than the nose stalling one, the flow in the laminar

separation bubble is a steady one. This implies that the three-dimensional
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flows required for transition are supplied at a steady rate from the con-
centrated vortex line. The manner in which this occurs is not clear. Since
it appears from the data just presented that transition is initiated in the
inner layer, it is logical to assume that the reverse flow along the surface

I 0

LAMINAR LAYER UPSTREAM OF SEPARATION

0- 8

SEPARATED L AYER PRIOR TO TRANSITION

6

-- LAYER IN WHICH TRANSITION HAS COMMENCED

4

0 2

}1 LAMINAR REGION

I TURBULENT REGION
COMPOSITE RE - ATTACHMENT LAYER

0 001 0-002 0, 003 0 004 0 005

'VC
FIG. 14. Boundary layer profiles of ref. 11 illustrating transition and re-attachment.

TIME BASE - 50 CYCLES/SEC

5
FIG. 15. Oscillations in. separated layer at S  = in. and y = 0-015 in. for 50

F.P.S. case of Fig. 3.

just upstream of re-attachment is of importance. The air particles in this
turbulent reverse flow will eventually be turned downstream to pass
along the free boundary of the shear layer and thus play a role in the
transition process.

(ii) At high Reynolds number there is no evidence from either the
general transition studies(8' '°) or the A.R.L. experiments with leading
edge separations to suggest the existence of a concentrated vortex. For
the high Reynolds number case it can therefore be assumed from data
presented that the transition process is initiated in the separated shear
layer thus eliminating the concentrated transverse vortex observed at
low Reynolds numbers.
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4.5  Flow Downstream of Transition

In the foregoing the details of the flow up to the point at which tran-

sition is complete have been discussed. If the aerofoil is at a sufficiently

high incidence, the adverse pressure gradient will cause the turbulent

layer to deteriorate, that is, the value of the shape parameter, H, will

increase with S. On thin wings, however, the pressure gradient moderates

quickly and this feature leads to a decrease in H downstream of a peak

value. This signifies a subsequent turbulent boundary layer recovery.

These features of boundary layer flow, which are illustrated in Fig. 12,
have been verified experimentally by Moore(") while calculations of

boundary layer properties by accepted methods also predict the above

trends(18- 19)• In particular, Moore has investigated the effect of increases

in momentum thickness and shape parameter at the point where transition

is assumed to be complete; both result in a marked increase in

It should be noted that, on thin wings, these high values of 1-Imaxare

reached at relatively moderate lifts.

4.6  Onset of Nose Separation

If there are two distinct types of laminar separation bubble, then it

might be expected that the mechanism precipitating nose separation will

also change with Reynolds number.

stm‘c"

sos c SEPARATION OCCURS

1 REGION OF HYSTERESIS

ANGLE
AT WSICH

FLOW
IS RE- ATTACHED

TO

NOSE
WITH

REDUCING
INCIDENCE.

R e

Fin. 16. Effect of Reynolds number on nose-stalling incidence—diagrammatic.

A convenient method of presenting Reynolds number effects is that

illustrated diagrammatically in Fig. 16 for a typical thin, nose-stalling

aerofoil. Over a Reynolds number band of approximately 1 to 2 million

the angle of incidence at which nose stalling occurs is sharply increased.
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The author has, from experiments reported in refs. 4 and 21 and other

unpublished work, established that marked differences in nose-stalling

phenomena occur over this range.

The value of H„ will, prior to the onset of general nose separation,

increase with incidence. References 4 and 22 reason that, if turbulent

separation occurs when H approaches a critical value, surface rough-

ness upstream of the critical region will precipitate such stalling while

porous suction will delay it. Experiments with such devices on the model

of Fig. 4 supported the theory for the high Reynolds number case and

confirmed the location of the critical chord region. Additional evidence

supporting the turbulent separation theory for the high Reynolds number

case is available in refs. 3 and 23 and unpublished work.

When turbulent separation initiates nose stalling, there are strong

reasons for believing that the separation point will move forward imme-

diately in order to establish equilibrium. There are then two possibilities,

namely the separation point will move into the laminar separation bubble

region and cause it to "burst" or else the boundary layer flow will be

stabilized with regions of both laminar and turbulent separations. The

first possibility is the one usually experienced but examples of the second

exist particularly when the critical region is in the vicinity of 15%  c rather

than 5%  c.
In the lowest Reynolds number case of ref. 4 it was noted that an insta-

bility appeared to arise in the bubble just prior to nose separation. This

is in qualitative agreement with McGregor who measured an increased

growth and unsteadiness in the re-attaching layer just prior to nose-

stalling. Additional evidence of a similar nature was obtained in ref. 23

where the large increase in drag associated with nose stalling was pre-

ceded by a sudden significant small increase in profile drag; in this instance

the laminar separation bubble contained a region of constant static pres-

sure thus suggesting it was of the low Reynolds number type. A sudden

increase in boundary layer thickness at re-attachment will produce a cor-

responding increase in 1-1ffia,and thus make the flow more susceptible

to turbulent separation.

The lowest Reynolds number at which turbulent separation may be

a relevant factor in nose separation is not known"). However, since the

stability of the bubble is by far the greatest single factor it might be useful

to look at the problem from this angle. As suggested previously, there

is a stability .problem at the downstream edge of the bubble where the

concentrated vortex line supplies energy for the three-dimensional flows

associated with transition. Unsteadiness will arise when the wave motion

feeding the vortex line is supplying energy at a greater rate than it can

be absorbed into such flows.
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Of interest in this respect are the experimental data of refs. 19 and 24.
It is suggested that a measure of the turbulent mixing associated with

flow re-attachment can be obtained from the pressure recovery achieved.

The coefficient of pressure recovery, o-, is defined as (Cp2—Cp1)1(1--Cp1)
N\here the subscripts refer to conditions at the points indicated in Fig. 3.
Experiments show that a. increases with increasing incidence until just

prior to nose stalling when the value of a levels off at approximately 0.36.
This suggests that there is a limit to the amount of mixing which can be

produced by the fluid mechanism present. This conclusion does not differ

greatly in essence from that just implied using transition arguments.

McGregor also expressed the opinion that nose stalling is the result of

an adverse balance of vortex or mixing enerey"a).
The hot-wire experiments of ref. 4 showed a growth in amplitude of

the wave motion in the constant pressure region of the bubble as nose

stall conditions were closely approached. Downchord of re-attachment

near-stall conditions were announced by intermittent high amplitude

bursts of turbulence being convected downstream. It is possible that this

excess turbulent energy represents that part of the wave energy not ab-

sorbed into the normal transition re-attaching mechanism at Reynolds

numbers below the critical.

A full solution of the manner in which the low Reynolds number type

of laminar separation bubble gives way to general nose separation must

a\\ait a more detailed study of the transition mechanism within the bubble.

5. CONCLUDING REMARKS

In the interests of clarity the foregoing discussion has avoided a study

of the phenomena present in the Reynolds number range dividing the

two distinct cases propounded. The experimental data available show

a smooth changeover from one to the other and suggest a blending of

the mechanisms involved. This suggestion presents no physical difficulties

in relation to the theory of this paper.
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