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Addendum to Part I

August, 1953

Laminar Boundary Layer Separation

Tn this report the term "bubble vortex" (Sect. 6.1. et seq.)
has been used to describe the rotating mess of air lying parallel to
the leading edge nesr the aerofoil nose under the seoparated boundary
layoer. It is now felt that the use of vortex in this context is
misleading, sincc the air movement in the "bubble" may not resamble
that in a true vortex. The term "separation bubble" is therefore

suggestod to replace "bubble vortex" whenever it occurs in the text.

Liquid Frlm Studies {(Sect. 6ols)

The interpretation of the liquid £film patterns hos been
discussed wrth Mr, A, B. Haines and Dr. D. Kuchemann of the R.A.E.,
and alsc by the Performance Sub-Cormittee of the Asronautical
Research Council. When this roport was written, it was assumed
that the liquid f4ilm noved over the wang surface solely under the
influence of the shear stress amposed upon it by the traction of the
boundary layer flow above; it has now been suggested that the film
nay also follow pressure gradients existing on the wing surface.
The particulor conditions which favour one influence more than the
other have not yet been established, but swme work is at present in
progress which, it is hoped, will reveal the main factors controlling
the movement of Iiquid films.

Interprotations made in this paper of the liquid film
pattern should therefore be regarded at present as tentative only.
Some of tho unusual features of the liquaid flow mey possably be
attrabutable to the specific behaviour of the liquid f£ilm, wathout
necessarily implying the existence of similax flow characteristics

in the air boundary layer itself,
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Pressure Distribution and Boundary Layer
Investigations on a 44° Sweptback Tapered Wing
- By -

Jogeph Black, PheDe,

University of Bristol,

Department of Aeronautical Engineering.

Part I
Three~dinengional Tests on the Jing

22nd, December, 1952

SUMMARY,

An experimental investigation of the aerodynamic oharacteristics of a
tapered wing with & leading edge sweptggck L4° has been carried out in a wind
tunnel at 2 Reynolds number of 0.5 x 10°, based un & mean chord of 10 in.

Chordwise pressure distributions at a nuwmber sf spamvise locations vere
measured over & range of inoidence. Considerable attention was giwven to
investigating the boundary layer, quantitative measurements being made with a
novel form of yavmeter head, and the flow being studied visually using wool tuftse.
In addition, & technique for revealing the direction of flow and formation of
vortices in the layer was developed; this consists of spraying the wing with a
suspension of lamp~black in paraffin with the wind off and then turning the wind
en rapidiy.

One of the most important results established was the relation of the
unstable brealk in the pitohing moment curve at & moderate value of overall lift
coefficient to the initiation of stalling at the tip region. Another interesting
feature was the formation of a "bubble" vortex lying parallel to the leading edge
of the wing at low incidences, under the separated laminar layer. At higher
incidences, complex vortex potterns were disoovered, and the initisl stalling at
the wing tip was found to be associated in some way with the growth and inwerd
movement of a standing vortex,with axis normal to the surface, whioh forms on the
leading edge.
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List of Symbols

semi=-span

section chord

S
~ = wing average chord
b
v/2
/ o?dy
a -
—————— = mean aerocdynamic chord
b/ 2
. o
o
wing area

length normal to plane-of~symmetry

angle of swecpback

________ = pressure coefficient

static pressure

dymamic head of free stream

section normel~force coefficient

section pitching moment coefficient, about section leading edge
overall normal-forece coefficient

overall pitching moment coefficient, about wing mean

quarter-chord point

loading cocefficient, at some particular value of En

loading coefficient, general

total head
chordwise location of centre-of~-pressure
angle of cut-off of yawmeter head

hg
7- non~dinensional lateral co-~ordinate
b/2




1e Introduction

The effect of increase in angle of incidence on the aercdynamic behaviour
of a sweptback wing in incompressible flow is now well knowne At some moderate
value of the overall lift coefficient, well below Cy, pax » there may be a
considerable decreasc in slope of the Cp = O curve, vhere the pitching-moment
coefficient, Cp , is usually taken ebout the lateral axis through the wing mean
quarter-chord pointe With some planforms there may even be a change of sign of
slopes Numcrous pressure distribubtion tests and tuft studies have indicated that
this coincides with the onset of stalling at the tip section, the region of
stalling advancing inboard with increase of incidence. Sections inboard of the
stalled region not only do not stall, but in some cases increase their lift-curve
slope.

Various explanations of the phenomenon of tip stalling and its
associated cffect on pitching moment have been advanced, such as the increased
aerodynemic loading which is produced outboard on a sweptback wing, or the outward
drift of the boundary layer towards the tip, with consequent thickening and
separation.

In the course of an investigation of the aerodynemic characteristics of
a gweptback tapercd wing, ccrtain features of the pressure distributions suggested
the exlstence of some unusual flow conditions in the boundary layer. Attention
was therefore directed to an examination of the boundary layer flow with a view
to relating its behaviour to the changes in the overall characteristics of the
winge

This paper describes first the results from the pressure distribution
tests, and then deals with the investigation of the boundary layer and the
developument of the stalling on the wing.

The tests were carried out during 1951 and sarly 1952.

Ze Details of Model and Tests

The wing tested was a semi-~span model of that used on the D.H.108 (Fig.1).
The main features were leading edge sweepback L4°, aspect ratio 4.3, taper ratio
0.326s The acrofoil section was symmetrical with a maximum thicknesa of 106 at
LU of the chord; from leading edge to maximum thickness the section was
elliptic, and from there to the trailing edge it was quintic, with a 14L° trailing
edge angle. (Section ordinates are given in Table 1.) Twenty~three pressure holes
?ere disgributed round the line-of-flight chords at eight spanwise looations

Table 2).

For reasons connected with the main part of the investigation of the
wing, (not deseribed herc), the model was made of solid Perspexe

All tests were oarried oul in a 33 £t dJdlameter open-jet atmospheric-
pressure working section return flow wind tunnel, at a wind speed of 103 f£t/sec
corresponding to a Reygglds nunber, based on a mean aerodynamic chord of
1047 ine, of 04575 x 10°,

For boundary layer measurement an arrowvhcad, or Conrad, yawmeter was
used, in conjunction with a micrometer-traversing gear. Since this work was
corried out, the use of a similar instrument has been reported (Ref.4). The head
consisted of two hypodermic tubes, 0.06 in. outside diameter, soldered together
and ground off Yo form an arrovhead; the angle of cub-off used was 45°., This
angle produced a linear voariation of pressure difference between the tubes with
inclination, over an angular range of #15°; Brebner (Ref+4) used a cut-off
angle of 55° vhich increased the sensitivity, but reduced the linear range to
£10° of inclination.

Tho/
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The total head recorded with one tube, H', wvhen the heod wns 2ligned
along the flow was found to bear the following relation to the free-streom totol
head H:

H' = Hx cos® p

shere B is the ongle of out-off. This is in accord with a simple onalysis
based on a resolution of flow veloclties.

3e Pressure Distributions on the Wing

3s1 Chordwige Pressure Distributions and Isobars

3+1+1 Preasure Distribution at 0.83 Semi-span

The effect of increase in incidence on the pressure distribution at one
partioular spanwise location can be seen from Fige2e An increase of incidence
from 0° to 6° produces a large suction ot the nose which continues to grow to a
maximum at 9%, At 12° this peck suction at the nose falls away, but there is a
general inorease of suction farther aft over the section; the resultent
distribution is almost triongular. The collapse of the nose suction does not
indicate stalling, since the normal force is still increasing with incidence.
With further increase in incidence, the pressure over the forward region of the
section becomes almost constant, and at 18° the distribution is flat over the
vihols sections

Those pressure distributions rescmble those obtained in two-dimensional
tests of thin aerofoils by Geult and LIcCulloughz. The contrast in character
between thepe distributions and those of a conventional round-nosed aerofoil may
therefore arise as much from the irnherent properties of the section as from the
three—-dimensional effects of pweepback (see Part II of this report).

The maximunm positive pressure coefficiemt attained is 0.52, compared
with unity at the stagnation poimt of a straight wing. Sinoce the leading edge
is swept back 44°, this confirms simple sweep theory, vhich predicte that the
pressure coefficients will vary as cos?A , vhere A 1is the sweepback angle.

3¢le2 Pressure Distributions at Other Spanwise Locations

The chordwise distributions at the various spanwise stations are
presented isometrically on the wing planform in Fig.3(a) to 3(f), for incidences
from 0° to 18°., The isobars are also included in these fizures.,

At 6° incidence (Fig.3(b}) all stations have well-developed peak suctions,
but that at the root section is both smaller and further aft thon the others.
The maximua value appeors towards the tipe The isobars, on the whole, lie along
the constant percemtage chord lines, except near the root leading edge vhere they
curve round to lie normal to the line-of~flight.

Increase of incidence to 9° produces extremely high peak suctions about
0,75 semi-span, which fall away rapidly inboard and outboard. At the tip, the
distribution exhibits an unusual build=up of suction towards the trailing edge.
The isobars spread apart as they approach the tip.

At 12° (PFige3(d)) there are three distinet regions, in each of which
the forms of the distributions differs The root chord has lost its peak suction,
and what remains is followed by a narrow "dip" of Increased pressuree. The centre
distributions are still well penked, but at 0.9) semi-apan the distribution is
transitional to the "triangular" form existing at the tip.

Increase to 15° leaves the root chord distribution almost unchanged in
form: thie dip has been replaced by a small region of constant pressure. Only the
sections between 0.2 and 0.56 semi-zpan retain a pesk suction near the nose. The
"triangular” distribution is now located at 0.68 gemi=-span, and outboard of this
atation the distributions get progressively flatter.

At/
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A% the highest incidence, 18°, (Fig. 3(f)) the pecks are confined to a
narrow region bebtween 0.2 ond O.4h semi~span.

34143 Pressure Distributions in Tip Repgion

Chordwise preasure distributions over the sections near and at the tip
reveal an interesting phenomenon when compared directly. In Figeh it will be seen
that at 9° the tip section has a pronounced negative pressure rise from aboub
0.7 chord to the trailing edge, With increase of incidence, this spreads forward,
go that at 14° there is increased negative pressure, compared with the inner
sections, from about O.4 ohord. At 12° the effect is lessoning, and ot 15° the
section is completely stalled.

This aft suction pesk at the tip has been noted by Yeber- ; with an
untapered 53° sweptback wing it appeared at 4° incidence and was found to be
dependent on tip shapce 4 square tip produced a more marked peaks Babister¥ has
also commented on the phenomenon, which arose og a 45° sweptback untapered wing
at 12° incidence. Kuchemann, Weber and Brebner? noted its existence in tests on
a 45° sweptback wing and suggested that it arose from the rolling up of a
vortex sheet along the trailing edge of the wing.

%+2 Spamvise Pressure Digtribubtions

The pressure distributions along the constant percemtage chord lines at
the leading edge, 0.05 and Ce1 of the chord, are shown in Fig.b.

Along the leading edge, the pressure coefficients at zero incidence have
the constant vealue of 0.52 along the whole semiwspan, only decreasing at the tip
section where the backwsxrd ourvature begins. Thus the simple "cos® sweep angle"”
rule mentioned above appeags to hold along the whole span. This is confirmed by
other results: Dannenberg® recorded a CPo of 0.5 with 45° sweepback, and
Wick! obtained a of 0e2 with 63,4° sweepbacks Weber and Brebner, with a
complete wing as disfinot from a semi~span model, obbained a Cp, of unity at the
wing apex, which fell to the "ocos?" value at 0,08 semi-span.

With increasc of incidence to 6° the growth of suction over the outboard
span may be seen. At 9° the distribution along the leading edge is merked by a
peak suction at 0.8 semi-~span, with another lesser one at the tip itself.

The distribution at 12° is similar in form, but the pesk suction is
inoreased ard ocours further inboard, sbout 0.6 semi-span. This inward movement
of the peak suction cormtinues with incresse of incidence, until at 18° it is in
the region of 0,25 semi-gpane

L+ HNormal Forces on the Wing

L1 Results from Investigation of Pressure Disbribubtlons

The variations of the local normal force coefficients ¢, with incidence
are showm in Fig.6; these coefficients wore obtained by integration of the
pressure distribubionss The op -~ a curves are only linear ab all the stations
up to an incidence of about 6°. Above this incidence the slope at stations 0,025 2
0.195 and 0497 semi-span inoreases, the sections between remaining linear., At 12
the tip section reaches a o of 0.54, while the sections at 0195 and O.L4
gemi-span increase their slor@?x Stalling progresses inwards from the tip;

1245% for 0493 semi-span, 14.5° for 0483, 15.5° for 0,68, At the maximum incidence
tested, 18%, the inboerd seotions remained unstalled.

The slopes of the ¢, - o ourves (ovez.' the linear range) rise from
0,037 per degree at the root o a maximum of 0,062 at 0.7 semi=~gpan, then fall
smoothly to 0,037 at the tip (Fig«7)s The two-dimensional slope for the aercfoil
section of the wing is 04063 per degree (see Part II of this report).

Fige8 shows the sparmwise distribution of the normal foree coefficient

0, » At 6° the maximum oy ocours about 0.75 semi-spans The effect at 9° of
localized increase in suotion over the rear of the tip section shows up as a
recovery in o, olose to the tip. At the higher incidences the maximum op

ocours further inboard, wntil at 18° it is at mid semi~spans Sinoe/

ince



-8 -

Since the section mormal force coefficient, o,, 13 based on the local
chord, %he curves of Fige8 do not show the loading on the wing. To obtain this,
the local ¢, must be based on the wing average chord, opy , equal to
Area/Span, giving the loading coefficients ocpo/caye Thege are shown in Fig.9.
The relative deorease in oy over the iphoard sections at low incidence is
compensated for by the larger chord, hence the loading is more evenly distributed
along the spane Above 12°, when the tip loses 1ift, the combined effect of
inereased op and Ancreased chord produces a large load inboard.

Integration of the loading coefficients over the span gives the overall
normal force coefficient 5n. The curves of Fige9 may ther be comparcd directly
bg plotting in terms of o,0/Cpc,,, which is done in Figs10s The points for 6°,
9° and 12° lie olose to each other, and the mean line throuch them may be taken
as the non-dimensional loading on the wing in the sub~-stalling incidence range.

The overall normal force curve is shovm in Fig.11. There is only a
slight deocrease of slope towards 18°, the slope in the lincar range being
0.049 per degrece

Le2 Comparison with Theoretical Predictions

rghe wing characteristios were caloulated thcoretically, using the
Weissinger®, Stanton-Jones? and Diederich!® methods, since these are rapid and
convenient to use,

Le2e¢1 Span Lo Distribution

The span loadings are tabulated below amd plotted in Fige.10.

Span
Location Measured Wedssinger Sgantoq- Dicderich
v ones
b/2

0 1,07 1,198 1,194 1020 |
0.383 117 14154 1170 115
0,707 0.99 0.5k, 0,554 0.1
0.92% 0458 04560 04538 0.4.8

It will be seen that the Weissinger method gives too high a loading at
the centre and underestimates the load outboard., The decoreased loading measured
at the centre may arise from the platform mounting of the semi-span model, but
other tests with complete models of sweptback wings have also indleated this
decrease in loading towerds the root. Results from the Stanbon~Jones method agree
quite well with those of the Weissinger method, the points if plotted giving almost
the identical curve: this is not surprising, since the method is based on numerous
Weissinger solutions. To a certain extent, the same applies %o the Diederich
method, in that he bases his "ideal" distribution ocurves on lifting surface results.

L4242 Spanwise Loocation of Centre=of ~pressure

All tl;.e mothods predict the spanwise loocation of the overall centre-of-
prossure of the wing very well.

Measured, Welssinger S gxlgtegn" Diederich
Mo.p Ol 0u139 0,38 0.435
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he2.3 Posgition of Aercdynanic Centre

Because the Weissinger method gives an accurate prediction of the
sparmisc location of the cemtre-of-pressure, it should give a good prediction of
the longitudinal position of the aerodynamio centre. This is assumed to be the
guarter=chord point of the line-of-flight chord lying along the location of the
spamwise centre-of-pressure, Toup *

Uoing the value of my . of 0«39 from the last section gives the
chordwise locabion of the aerodyihmic centre as 0.29 &, compared to the
experimental value of 04325 Cs

Hoplsins (Ref,11) found the same measure of disagreement over his range
of planforms; he improved the accuracy of the prediction by asauming the chordwise
location of the aerodynamic centrc to be at 25% of a chord normal to the sweep
reference line, rather then a line-of-flight chords When applied to the test
wing, the theoretical position of the aerodynamic centre moved back to 0,335 ¢,
which is a slightly more accurate prediction.

1c pte tc pte
Measured Linc~of~flight Nornal to
Chord Sweep Axis Chord
- - -------------F ------------------- o e iy e v A - -
Aero Centre
% MoAsl, 04325 0.290 0,335

Le2el, Lift=-curve Slope

ac
The measured end predicted valucs of lift-curve slope 2 were as
do
follovisi=
------- bl - w—--'—----’-_-'_uq
[ Meagured Vleissingexr

dﬁn

- 0.05 0'057

a L

While this meosure of agreement may seem reasonsble, it differs from other results
in that the theoretical prediction is usually lower than the measured values. Thus
van Dorn and DeYoung!2 obtained the following values for an almost similar wing:

Experinent Weissinger Falkner
&y,
—-= 0.0538 0,047 0.0509
da

They noted that this bad agreement was the exception, the other planforms with less
swecp showing much better agreement,

On the other hand, De‘foung13 has plotted theoretical and experimental
lift-curve slopes for a large collection of planforms, and the result for the test
wing does lie within the general scatter, though admittedly it is on the opposite
si1dc of the line of perfect correlation to most of the highly swept planforms.

5+/
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5+ Pitching Monents on the VWing

The curves of section pitching moment shout the section leading edge are
included in Fig.6. The range for shich the moment varies lincarly with incidence
decreases from 18° at the root to only 5° at the tip. Ab incidences beyond the
linear range, but still below stalling, there is a marked increase in astability,
vhich eppesrs to be associated with the local inorease in doy/da. Vhen the
section stalls, an unstable moment is produced; thus at 18° sections inboard
of 0.68 semi-span are increasingly stable, while those outboard have gonc unstable.

The ratio of the sectional coefficionts, o /¢y, gives the chordwise
position of the local centre=of-pressure. {In the linear range this position also
corresponds to the aerodynanic centre.) The spanwise distribution of this
location, h/c, is shown in Fige12. At low incidence the local centre=-of-
rressure at the root is located about 0.35 ¢ aft of the leading edge, but liea
along the quarter-chord line over the mid semi~span; in the tip region it goes
forward to about 0.16 ce At 9° the change in tip conditions causes the oentre~of=-
pressure to shift back slightly; stalling of the outboard sections is narked by
a backward shift to about 0.4 c.

The variation with C,, of the overall pitohing moment coefficient for
the wing, teaken sbout the lateral axis through the quarterpchord point of the mean
aerodynamic chord, is showm in Fig.13. If negative slope is teken as indicating
atability, the wing is stable up to a 8, of 0.5, with a smell region of
instability about a 0, of 0.6, corrssponding to an incidence of 12°. Above a
Cn of 0.7, the wing becomes markedly unstable, owing to the loss of 1ift at the
tip, which is well behind the reference axis, and the corresponding increase of

Lift of the root sections ahead.

The small instebility region coinciding with the onset of tip stalling
at 12° was at first suspected, especially as these pitching moments are the result
of overall inwsprations. Its existence was indirectly confirmed by a study of
numerous balance test results for various sweptback wings, which revealed the same
small break In the owrves. This suggests the initiation of some phenomenon common
to all the planforms tested, which is associated with the onset of the tip stall.

6. DBoundary Layer and Stalling Behaviour

6¢1 Indications from Pressure Measurements

The two~dimensional characteristica of thin serofoils with a small nose
redius have been investigated by Gault and #cCullough?. Their results are
discussed in detail in Part II of this report, but briefly they found thet about
L° - 6° incidence the laminar boundary layer over the nose of the seotion
separated, becams transitional avay from the surface, andm-ettached further aft
as a turbulent layer. Under the separated layer a “bubble" vortex is formed,
vwhich rotates about an axis parallel to the leading edge, so that st the side
ad jacent to the surface the flow is towards the leading edges The presence of the
laminar separstion is indicated by a localized constant pressure region in the
pressure distribution diagramse -

Stalling of the section resulted from failure' of the separated
transitional boundery layer to re~attach to the surface.

In an attempt to detect vhethor a similer phencmenon was occourring in
the three~dimensional flow over the test wing, rressure measurements’ were made at
0.01, 0,025 and 0,05 of the chord at span locations of 0,32 and 0.88 semi~spane.
The results are shovm in Fig.14.

At the inboard station the localized constant pressure indication appears
between 0,025 and 0.05 ¢ at 6° A marked localized pressure recovery between 0.0
and 0.02 o exists at 9° and 12°, but disappears at 15° Oubtboard a similar constant
pressure resion cocurs at 6° and a pressure dip is present st 12°. Similar features
were exhibited by the root section at 12° and 15° (Fig.3).

Plotting/
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Plotting these results as variation of pressure at constant chord
positions with incidence (Fige15) indicates an intersection of the curves for
0.025 and 0,05 chord at 6° incidence at the inboard location; this suggests
laminar separation at this point. A similar intersection at the same incidence
at 0.88 semi=-span also suggests that the vortex extends spamwise,

The contrest in unstalled and gtalled behoviour at the two span
locations shows wp clearly; inboard at 15° the negative precsures continue to
incrcase with incidence, but outboard from sbout 10° onwards the pressures at all
chordvise positions recover and decrcose along a common path.

6«2 Boundary Laycr Measuremonts

Mcasurements of the boundary layor were made at 0.2 and 0.8 of the chord
at various sparwise locations. Typical results are shown in Fige16 for x/c of
0.8 2t Ou4) semi~spans. The increase in the thickness of the layer with incidence
is considerable; it grows from about 0,005 ¢ at 0° to Q.04 ¢ at 12°, and to
0410 ¢ at 15° At 16° the layer appears to be separatinge

The magnitude of the spanwise velocity component is indicated by the
flow deflection measured through the layer. At 12° incidence the flow is
deflected outwards through 15°, and at 18° this increases to over 30°, the flow
then lying almost parallel to the wing trailing edge. The greatest part of the
deflection ocours very close to the surface, the free stream remaining
relatively unaffected.

The layer wasg found to thicken with movement outboard along the span,
and also approached separation, as indicated by a steepening profile, at a
progreseively earlier incidence.

heasurements near the leading edge at low incidence indieated a thin
boundary layer with no appreciable deflcetion. Above 12° the youmeter did not give
consistent readings, even vhen rotated through +20°, No reason for this sudden
failure of response was then apparent.

£.,3 Tuft Studies

Fige17 shows tuf't behaviowr as incidence is inoreased. Deflection of
the tufts outwards becomes appreciable near the troiling edge about mid semi-span
at 9° incidence. The outward deflection is very firmly established at 12°, the
rear tufts streaming perallel to the trailing edge, with the exception of one
Just inboard of the Q.44 semi-span chord. All tufts along the tip chord are
agitated, ond those noar the leading edge appear to swing forwvard.

With further incrcase of incidence (15° and 18°) the outward
deflection is marked even to the root chord and the outboard tufts are very sgitated,
suggesting sceparated flovse In spite of their disorder, there does appear to be a
defimte forvard swing of the tufts as the trailing edge tip is approached, and
some of the outer tufts near the leading edge look as if they arc curving forward
apd inboard. The odd single tuft strcaming aft at the trailing edge still
appears, but its location moves inboard with increase in incidence; thus at 15°
it is at 0.2 semi-span, and at 18° it is obout 0.1 sewmi-spans. At 0,56 seni-span
at 18° one tuft can be seen to be spinning strongly, presumebly indicating the
presence of a shed vortex.

In order to dctect the presence of the suspected laminar separation
bubble vortex near the leading edge, tufts pivoted on pins projeoting from the
ving surface were located along the leading edge. External tufts were mounted on
stings projecting from the wing under-surface. In Fig.18 it will be secn that at
8° all the tufts stream along the line-of-flight, wilh a well defined wing tip
vortexs Increase to 109 causes the outermost leading edge tuft to swing round
to lie parallel to the edge; the external tuft remains streaming almost normal
to the pivoted tuft, showing that the free stream is still flowing porallel to
the plane of symmetry of the wing.

At/



At 11° the spamvise flow along the leading edge is well established, as
even the tuft et 0.56 semi-spen is stresming spanwise. The tuft at Q.4 semi-span
is inclined outwerds, but it never swings round to become parallel to the lcading
edge. This suggested that somewhere in this region there was a divided flow in
the boundary layers

6+ Liquid Film Studies*

Since tufting was obviously too coarse o method for deteoting the highly
locelized vortex formations within the boundsry layer, a technique which had been
succesafully used in early investigations of laminar-turbulent trensition phenomena
was applied. This was to spray the mcdel with a suspension of lamp-black in
peraffin with the wind off, amd then immediately on completion of spraying, turn
the wind ona The flow within the boundary layer was then clearly indicated by the
movement of the liquid f£ilm, and regions of intense vortiocity were located
imiedintely by the rapid acoumulation of lamp-black within them. A further
advantage was that after a few minutes with the wind on the paraffin evaporated,
leaving a flow pattern dried onto the wing surface vhich oould be studied at
leisure or photographed.

Sketches and photographs showing how the flow developed are showm in
Fige19.

The Pirst evidence of the formetion of & bubble vortex appeared at 6°
incidence. The wing leading edge on the upper surface was sorubbed olean back to
about 0s02 ohord, end immediately behind the sorubbed area, a narrow banmi of
lamp-black accumulated over a spanwise section of the inboard leading edge, and
farther outboard from about 0.8 semi-span to the tip. Within the vortex, there
was a strong spamiise flow which pulled the liquid towards the wing tip. The
voartex followed the ourve of the wing tip baeck to the truiling edge. The spanwise
regions between the two vortices appeared to have normal laminar-turbulent
transition on the surface.

At 8° the vortex extended the whole length of the leading cdge, except
near the root, whers it curved aft before fading outs The band of lamp-black
tapered, with its broadest width inboard, and approached the leading edge towards
the tip. Vhile the wind was on, and before the liquid dried, & thin column of
liquid could be clearly seen flowing steadily right along the leading edge and
acoumulating in a small patch ot the leading edge tip. This accumulated liquid
remained stationary at this point and rotated clockwise, l.e., when looking at the
upper surface of a port wing.

Vith further increase to 10°, the vortex band formed slightly nearer
the leading edge and extended nearcr to the rcot. At the tip, the small patch
previously noted became more oxpansive, and trails of liquid round it indicated
clockwise rotation over a larger region. The flow along the wing tip curve was now
in two distinct parts; forward, it was towards the leading edge and aft it was
towards the trailing edges A%t mid semi-span, there were signs of a slightly
unsteady rearward bredking of the spanmwise band of liquid. '

At 11° there was a marked change in the pattern. The bubble vortex
appeared along the leading edge outboard from the root, but sbout mid semi-span, it
swung eft abruptly and an intense band of liquid flowed steadily along 1t
chordwise towards the trailing edge. Just outboard of this change of direction,
the leading edge was scrubbed olean, but slightly farther outboard a new vortex,
much nerrower and closer to the leading edge, could be seen to growe

The close~up view shows the vortex at the point vhere it swings af't.
The faint lines in the photograph are 0.025 chord apsrt, so it will be seen that
the bubble is about this width, but narrows to sbout 0.01 chord before it turns.
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*A preliminary note describing the results of these liquid film studies hes
already been published (J.R.4e.Soc., April, 1952). The greater part of that noto
is repeated herc in order that the results may be more easily related to the
earlier pressure measurements and tuft studies.
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Just cutboard, the smooth deposit of lamp-black suggests normal transition, and
beyond this, the beginnings of a new vortex can be discerned, This is extremely
narrow. appearing as a slightly darker thin line much closer to the leading edge
than the main bubble wvortex,

At the trailing edge, the chordwise vortex turned and fluid flowed along
the edge out to the tip, Most unexpectedly, it did not collect there, but turned
and flowed forwards in a narrow band towards the leading edge. 1t proceeded
inwards along the leading edge to accumulate in a marked vortex with its axis normal
to the surface at the junction with the outward flow along the leading edge, The
main portion of the boundary layer between the cherdwise vortex and the tip flowed
outwards and then swung round, es sketched, In the photographs, this region
always appears almost clear of lamp-b‘ack, because the scrubbing action of the flow
seems to be very powerful, so that fluid :f.s either swept af't to feed the flow along
the trailing edge, or forward to feed the trail coming along the +tip,

At 12° the pattern exhibits the same features, but the chordwise flow now
gstarts farther inboard and towards the trailing edge the vortex curves outboard
more to flow along it, Instead of flowing right to the tip, it starts swinging
forward at about 0,9 semi-span, and similarly, instead of foilcwing the wing tip
curve, it slopes more sharply inboerd to meet the "standing" vortex on the leading
edge, This has zlso moved farther inboard to sbout 0,8 semi-span,

With further increase of inciden¢e, the features become more marked,
The leading edge "standing vortex", which is now indicated by an approximately
circuler acoumulation of liquid with a diameter of about 5% mean chord rotating
very vigorously, moves closer and closer inboard until at 18° it is about
0.45 semi-span, The curvature of the flow from the trailing edge starts about
mid semi~span, and hes completely turned inboard within 0,8 semi-span, A colum
of liquid streams in from the extreme rear tip to feed this mein stream and flows
into the standing vortex, There is still a small bubble vortex parallel to the
leading edge, but it extends only to about 0,2 semi-span before being swept round
eft, Trails of fluid feeding into the main stream cutboard of the standing vortex
indicete clearly the nature of the flow surrounding it,

The under surface of the wing waes sprayed and examined at various
incidences, with particular attention to the leading edge region on the opposite
side to the standing vortex, There was smooth laminar-turbulent transition on the
surface, and no sign of the standing vortex, The vortex is thus oconfined to the
upper surface,

This unexpected and most surprising behaviowr of the flow in the boundary
layer helps to explain some of the puzzling features of the earlier results, Thus
in the spanwise distribution of pressure along the constant percentage chord lines
(Fig.5) the suction peaks moving inboard with incidence, at the leading edge and
x/c of 0,05, from the extreme tip at 9° to 0,83 semi-spen at 129, and to O.44
seml-span at 18°%, coincide exactly with the location of the standing vortex at
these incidences,

The increase of the normel force curve slope for the inboard and outboard
sections sterting at 6° incidehce, discussed in Seotion 4 (Fig,6), may now be
agsumed to arise from the fact that at this incidence a laminar separation bubble
vortex forms parallel to the leading edge at these sections and so effectively
provides a thicker aerofcil section which must have an increased slope associated
with it., At 129 the vortex lies spanwise from the root to sbout 0,4k semi-span
before swinging aft, and hence only the sections inboard of this location continue
to benefit in this way, Conversely, at the same incidence the boundary layer flow
over the tip region is towards the leading edge, end this causes the tip sectioms
to stall,

With inerease in inoidence the inward movement of the standing wvortex
leaves, outboard of itself, a regime of flow which provokes stalling, and so the
stall progresses inboard with increase in incidence, in all cases being initiated
at the leading edge,

The location of the bubble vortex along the leading edge at low incidenoce
end its subsequent meanderings over the wing surfase cen be related to the pressure
gradients indicated in the isobar distributions (Fig.3) , espeoially the flow into
the standing vortex, which ocours at the region of highest suction mm the wing,

The pressure distributions do not help to explain the rearward swing of the bubble
vortex, however, because from Fig,5 it will be seen that there is a favourable
pressure gradient along the leading edge, 0,05 and 0.1 chord out to 0,8 semi-span
at 420, and 0,6 semi-span at 159, yet the vortex swings aft ebout 0.46 and 0.4
semi-spen respectively, The/
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The explanation may be that between 0.05 chord and the leading edge the
pressure gradients differ in tremd from those in Fige5 and that detailed investigation
would reveal a localized adverse gradient spanwise which would be sufficient to
deflect the vortex rearwerds. This is suggested by the fact that the phenomenon is
cratically dependent on the incidence, to the extemt that a I degree ol ange either
way will cause the vortex either to lie along the span or abruptly swing aft. TVhen
the incidence is altered to and fro, the sparwise flow can be made to bifurcate,
responding very ropidly to the changing conditions.

The inability of the boundary layer yawmeter to give sensible readings at
higher incidences (Section 6.2) is now easily explained. Rotation through %20
would still not align the head anyvhere near the flow, which is inboard towards
the leading edge, whereas it had been preconceived to be flowing chordwise from
the leading edge.

The effect of boundery layer fences, as fitted to some aircraft, has been
studied®. In the light of the flow pabterns shown above, the fences would not be
expected to influence the stallang behaviour of the winge. A typical example with
tvio nose fences extending two~-thirds of the chord aft is shown. It will be secn
that there are two strong "standing" vortices formed on the leading edge outboard
of cach fence, the main flow along the trailing edge appearing to divide to flow
forward in both regions of the wing.

Inboard of cach fence, there is formed a strong "standing" vortex. The
growth of the "standing" vortex at the leading edge tip, and its subsequent
movement irboards, is not affected by the presence of the fences.

7« Conclusions
741 The overall normal force coefficient O. increased linearly with

ineidence_over the range tested, 02 to 18°. The patohing moment curve, OCp./4
against C,, was linear up to a C, of about 0.5« At this point there was a
small 'bump! in the ocurve, which was followed at a slightly higher 8, , but still
well below Cp yn. , by 2 marked change in slope of the curve. Examination of
numerous other rcsults has shown that many sweptback wings tested have exhibited
a similar 'bump! in their pitching moment curves ot some moderate value of Cpo

72 The G, at which the 'bump' in thc ourve appears coincided with the
onset of tip stafling, as indicated by pressure distribution measurements.

7.3 Investigation of the boundary layer with a liqud film technique has
revealed the formation of a "bubble" vortex under the separated laminar boundary
layer at the nose. This first appeared at 6° incidence and grew spanwise with

increase of incidence to 10°, There was a strong spanwise flow within the "bubble"
regione

A% 11° the "bubble" vortex swung aft abruptly about mid semi-span, and a
new phencmenon, a “standing" vortex with a core normal to the wing surface, became

well established at the tip. This "standing" vortex moved inboard with further
increase in incidence.

The growth and inward movement of this vortex appears to be closely
associated with the stallin: behaviour of the wing and requires further investigation.
Tt does seem, however, that the combination of the abrupt rearwsrd change of
diroction of the "bubble" vortex, and growth in strength of the "standing" vortex,
coincides with the 'bunp' in the pitching moment curve.

Vhile the Reynolds number of this test was admittedly comparatively low,
it is believed that the phenomena described will exist at higher Reynolds numbers,

since they originatc with laminar separation, which is relatively indeperdent of
Reynolds number. .
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TABLE 1

Aerofoil Section Ordinates

Dists from Semi=-ht,
L.E. of Section
7 o % ©

140 1410
245 1473
540 262
?'5 2089
1040 3430
15 2490
20 Le32
25 Le63
30 LoBh
35 L.+97
40 5400
50 L.83
60 Lo 31
70 3.8
80 2442
80 1,22
100 0
TABLE 2

Pogition of Pressure Holes

Hole x

Noe %

1 LieEs
2 5
3 10
2 4 20
& 2 30
H 6 L0
] 7 50
E 8 60
9 70
5 10 80

11 8745
12 95

13 Tele

————————— i - F'1

1k 745

o 15 . 1540
9 16 25
51 i
- 19 55
) 20 65
3 21 75
22 85

23 9245
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Fig. 1. Houndary Jayer lampsblaék patterns,
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Fig, 4. Boundary laver patiern with iwo 4 chord nose fences fitted, o-==18",
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Addendun to Part II

August, 1953

Relation to Three-Dinonsional Tests (Sect. Let.)

In this section of the paper the appearance of a localised
constant-pressure region in the pressure distributions obtained in
the two-dimonsional tests was rolated to the change of direction of
flow of the accumilated liquid near the leading edge of the
threc=dimensional wing, since both occurred at naminal incidences of
botweon 10° and 11°, The incidences in the two tests bear no
relation to each other, however, becauso of the "non-two-dimensional®
charactor of the flow in the sectional tests; it is more correct to
relate the phenomena on the basis of local normal-force coefficient,
¢pne Thus in the secticnal test the "short-separation" bubble was
forned at a ¢, of about 0.65 (Figs. 2 and L, Part 2), and fron
Fige 6 of Part I it will bo scen that this value of c¢p is reached
at 0.56 sari-span at an incidence of between 10° and 11°, The change
of direetion of the liquid flow on the wing was observed abcut mid
semi~span at this incidence, which suggests that the spanwise staticn
where the liquid flow turns aft nerks the inboard limit of the "short"

separation bubble on the wing.
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Two~dimensional Pregsure Distribution Tests
on a 10% Thick Symmetrical Aerofoil Section.

Sth Januery, 1953

SUMMARY

Pressure distribution measurements, and liquid-~film investigations of the
boundary layer, have been carried out on,a 10% tnick, small nosc radius aerofoil
section et a Reynolds number of 0.5 x 10°. The existence of a bubble vortex under
the separated laminar boundsry layer in the vicinity of the nose has been confirmed
at incidences up to 10°.

Above this incidence, up to 15°, a different type of leading edge
separation appears to take place, which closely resembles that occurring on a sharp-
edged acrofoil. The flow scparates mmmediatcly at the edge itsclf, and re-attaches
further aft, with a2 tubble vortex located right on the leading cdge. IFarlure of the
separated flow to re—~attach to the surfoes results in a collapse of the leading edge
suction peaks, and producecs an almost flat pressure distribution. Stalling of the
section 18 thus accompanicd by an abrupt decrease in lift just after GLqu'

Similor results have been obtained in N.A.C.A. tests on various thin
aerofoil scotions at a Reynolds numbur of sbout 6 million, which suggest that up
to this Reynolds number at loast the main phenomens erising from separation of the
flow in the vicinity of the leading cdge arc little wmflucnced by Reynolds number,
although the actual cxtent of the bubble vortex may be affecteds Strcam
turbulence may possibly havo some cffcet on the seporotion and subseguont vortex
formation.

1. Introduction

Tests on the sweptback wing described in Part I of this report revealed
the existence of a "bubble" vortex under the separated laminar boundary layer
near the leading edge. Since the characteristics of the wing seotions must be
strongly influenced by the three-dimensional nature of the flow about the wing,
it was difficult to assess whether the unexpected behaviour of the boundery layer
was predominantly an inherent feature of the aerofoil section, or could be
aseribed lorgely to the effcets of awcepback.e There 13 a oonsiderable amount
of information available about the fomintion of laminar scparaticn vortices
on some N.A.C.A. aercfairl scctions 74; but it-was felt thaet the two-dimensionnl
characteristics of the actual scetion of the wing tested could-be more closcly
related to the results obtained on the winge Pressure distributions have thorefore
been measurcd on a new two-dimensional wing of the same aerofoil section as the
original swept wing modek

2./
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2. Degeription of liodel, and the Tests

The section is 10% thick at L0% chord, with an elliptic profile from
leading edge to meximum thickness; the nose radius was 0.007 chord. ¥From maximum
thickness to the treiling edge the profile is e quintic curve, with a 14° trailing
edge angle,

A constent=chord wing, of chord equal to the mesn serodynamic chord of
the tested wing, that is 10.7 inches, and span 6 inches, was constructed of Perspex;
thirty pressure holes, distributed es shown in ®ig. 1 were located along the chord
(7able 1)s The model was mounted between two large platforms, to ensure
two=dimensional flow. It wes found later that thesc platforms did not, in fact,
simlate infinite aspeot ratio; sance the actual aspect ratio of the model was so
small, and the effect of the platforms was unknown, no correction to the angles of
1ncidence has been attempted here. All incidences quoted are therefore the actuel
settings of the model, relative to the free stream. The platforms did, however,
prevent eny spanwise flow, and thus the flow over the central region of the model wos
cffectively two-dimensional, in contrast to that over the sections of the swept wing
modal.

Pressure distributions were measured over sn incidence range from -6° to
20° at a gind—sPeed of 103 £t per sec corresponding to o Reynolds murher of
0.57 x 10y In addition, liquid film studics of conditions in the boundary layex
were made, using the lampblacke-in-paraffin technique described in Part I.
3¢ Results

3.1 Pressurc Distributions

Some of the measured pressure distributions are shown in Fig. 2. The
suction starts to pesk over the nose ot 4° incidence, eand a smell constant pressure
region 1s located ebout 0.2 of the chord at this incidence. With increase of
incidence there is & rapid growth in the suction peaks over the leading edge, until
at 10° e C, of =3.0 is reachod. Just aft of this suction peak 2 narrow constant
pressure region is indiceted. At 15° the meximum negative pressure measured, a
Cp, of =7.0, was found at the leading edge. An increase to 16° led to the collapse
o% this peak, and a wide constant pressure region formed aft of the leading edge with
a pressure coefficient of just under -2.0; the leading edge hole still geve a peak
reading of ~3.0.

At 18° the stall waes well established, but the leading edge still had a
marked negative peek, followed by & =light dip. Further aft there was en
increased suction over the section. An elmest flat pressure distribution exista at
£0°, tut here again e highly localized suction persists right at the leading edge.

The develomment of the unusual pressure distributions over the leading edge
of the section may be seen more clearly in Fig. 3, which is a large-scale plotting over
the leading sixth of the chord. Up to 8° incidence the distribution has the usuel
smooth rise and fall of suction, but at 9° a slight inflexion of the curve occurs right
at the leading edge. At 10° there is a marked change in the fomm of the distribution,
with a constant pressure region from about 0.005 to 0.02 of the chord. With further
ncrense 1n incidence, the suction right at the leading edge grows, eand the
distritutions maintain & reflex curvature located ebout 0.02: right up to 15°%

3.2 Liguid Pilm Studies

The model was sprayed with o suspension of lampblack in paraffin, and the
wind was then tumed on rapidly. The first evidence of laminar separation eppesared
at 6°, when the lending edge wos scrubbed cleen, and a large quantity of lempblack
acowrmulated in a band porallel to the leading edge from about 0.02 to 0.04 chord.
The region of accumulation is indicated in Fig. 3 by shading.

The procedure was repeated at incressing incidences, but up to 10° there was

no apparent change in the chordwise location or extent of the "bubble" vortex under
the separoted laminer layer, The turbulent layer aft of the "bubble" vortex appeared

to/
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to be attached right to the trailing edge. At 11° the liquid film indicated some
critical change in flow, e narrow band of lampblack sccumulated as before about
0.025¢, and in addition an intense and much narrower filament of fluid was located
almost on the leading odge itzelf. Between the two bands of accumlated lampblack,
the aerofoil surface was quite clean.

With further increase of incidence, the rear band of lampblack disappeared,
end only the leading edge accumuletion remained. This was extremely narrow, and
resembled s thin black cord stretched along the leading edge. Stelling of the
section, betwcen 15° and 16°, was indicated by the sudden disappearancoe of the
liguid filement, and a goneral forwsra flow of the liquid from about half chord
towards the leading cdgo.

3.3 Nommal Force and Pitching soment

The normal forse curve, obtained by integration of the pressure
distributions, is linear up to 12° incidence with a slope 0.063 per degree
(Pige W)*. Maximum 1ift at 15° is followed by an abrupt drop at 16°, but above
this apngle the decrense in normel force is comparatively gentle; cnmax is 0.89,

The pitching moment coefficient obout the section lesding edge varies linearly
with ¥, almost up to C . (Fig. 5}« After stalling ocours, the curve turms
back on itself and suddenly > drops.

L. Discussion of Results

The lending edge type of stall is discussed by Geult and McCullough in
Ref. L, based on tests of the NACA 63-012 and 63-009 sections, Test results
for the NACA  6LAOCO6 section are given in Ref. 2. All these N.A.C.A. tests were
at a Reynolds number of about 5.8 million.

The pressure distributions obtained for the section under test exhibit the
seme features as those of the thin N.A.C.A. sections; the continual increase of peak
negative pressures, followed by sbrupt collapse at the leading edge end a
redistribution of pressure along the chord. The slight dip in the curves ncar the
leading edge after the pcoks collopse is elso present in all the tests, but is most
marked with the 6LAOO6 scction; in the case of the test section o higher suction
persists right at the loading cdge, but it is clear that a similer phenomencn exists
in both cases. Constant pressure regions further aft, as with tho test scction,
also occur with the N.A.C.A. sections.

The 1ift curves also resemble each other, in that the N.A.C.A. sections
show obrupt discontinuirties whon the angle of incidence for maximum lift is exceeded,
the peaks of the curves being sharp.

The N.A.C.A. tests established thot separation of the laminer boundery
layer cccurrcd near the nose and that flow re-attechment took place with a
transitionoal type boundary layer which become turbulont within a short distence
downstream. Lominor separation always occurred downstream of the pressure peak,
and the relatively constont prossurc region indicated the extent of the bubble,
although pressure rocovery begen upstream of the point of flow re-attachmoent.
The tubble forms well before the atteinment of maximum 1ift, shortly efter the
leading edge pressure peak 1s formed: the separated layer appears to follow a path
approximately tangential to the surface at the point of separation. Transition then
occurs, end the expansion of the turbulent flow spreads at such an sngle relative
to the path of tangency of the separated laminar layer that the flow quickly
re-attaches to the surface, Increase of incidence moves the pressure peaks nearer
the leoding edge, and bocsuse laminar separstion is primerily a& function of pressure
recovery, tho point of laminar separation also moves forward. The separation

Phis is a very small value for lift-curve slope, when compared to the value of
O.11 obtained in two-dimensional tests of similer sections, and indicetes that the
platforms, a3 already mentioned, were not effective in simulating infinite aspect
ratio.
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end transition thus ocour in & region of increassing curvature of the aerofoil surfeoe,
and hence the transition point is progressively moving a greater distance above the
surface, Stalling of the section presumsbly occurs when the transition point is

30 distant from the surface that the surface further aft does not lies within the wedge
of turbulence, and the flow separates completely, with the accompanying abrupt collapse
of the negative pressures st the leading edgs.

This hypothesis implies that with incresse of inoidenoce the bubble region

should progress towards the leading edge and become narrower, end in fact, measurements
and liquid f£ilm studies for the 63-009 section indicate that et 4° the bubble lies
between 0,008 and 0,01k chord, end moves forwerd steadily to between 0.003 and 0.006¢
at 8°, In spite of the similarities of the pressure distributions for the N.A.C.A.
section and the present test section, a different state of affairs wes indicated for
the latter section with the liquid film study. As slready desoribed, the bubble
appesred to be stetionary up to 10° (Fig. 3), which would be expected from the fact
that the preasure peaks were located about (.02 chord for this incidence range.
At 11° the pressure peak moved sbruptly forward to the leeding edge, and in agreement
with tne N.A.C.A. observations, the bubble formed immediately aft of the psak. This
leaves the d4ifficulty of interpreting the significance of the simulitaneocus lampblack
accumulation in its original location about 0.025¢ at this particular incidence.

The persistence of a negative pressure right at the leeding edge until
complete seperation, (Pig. ?), presumably indicates that some form of highly
localized bubble vortex exists right on the leading edge, but it is difficult to see
how this can originate without some initially ettached layer. A possible explanation
moy lie in the results discusscd by McCullough end Gault for thin serofoil stall
(Ref. 4); they tested a L4.23% thick double-wedge sharpwedged seotion, end found that
even though separation occurred at the lending edge the mechaniam is very differcent
from that deseribed above for the round=-nosed sections. The flow appears to be
unable to remain attached to the surface while passing from the stagnation peoint on
the lower surface arcund the sherp leading edge to the upper surface. The
theoretically infinite velocities at the sherp edge are physicelly impossible and
the flow separates right at the leading edge. This zeparsted flow pesses sbove the
surface and re-attaches further downstream, The boundary-layer velocity profile at
the reeattachment point does not resemble o typicel laminar or & typical turbulent
profile, tut graduslly edjusts itself into & fully developed turbulent layer profile
before reaching the trailing edge.

Tests of the NACA 6LA006 section suggest that at low incidences the flow
resembles thet on the 63-009 section, with an initial laminer layer, separation,
end turbulent re-attachment. At sbout 5° incidence the flow changes abruptly
and conditions then resemble those on the sharp-edged section, with seperation right
at the leading edge and re=-sttaechment some way afte. The pressure distribution curves
for this section just before and after collagse of the peak suctions resemble those
of the present test seotion in Fig. 2 for 15° and 16° very closely, end it would seem,
therefore, thet the flow cheracteristics of the tcst section follow the same trend
a3 the NACA 64LAO06 scction.

The behaviour of the flow round the leading edge may arise as follows.
At 6° incidence there is leminar separation Just aft of the peek suction at 0.02¢
(F1g. 3) with o bubble vortex fommed undernenth it snd re-sttechment ebout 0.0ke.
Conditions remasin olmost unchanged up to 9° incidence, but at 10° there is a very
amnll separation region right at the nose, since the stegnation point is now well
round the lower surface ond the leading edge virtually presents a shorp edge to the
flow, Thisz flow, which is still laminer, very ropidly re~attoches to the surface,
about 0.005c, but slightly further aft, sbout 0.02c, the conditions are such as
to couse laminar scparetion and the formation of a bubble vortex., At 11° both
régimes exist, and the lampblack acoumulates in the highly locoliscd separation
region right at the leading cdge and nlso in the bubble vortex further aft. At
higher incidences, up to 15°, only leading edge separation occurs, s indiceted by
the filament of fluid right on the leading edgo, followed by re-attachment. The
collopso of the nose pressure peaks at 16° presumebly coinoidos with the failure of
the soparated flow over the leading edge to ro-sttach,

Thus/
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Thus 1t may be surmised that the first separation erises due to
extremely high curvature in accelerated flow st the leading edge, while the second
further aft 18 produced by tho decelerations It does not seem unrcasonable to
agsume, therefore, that because of the favourable pressure gradient the flow which
geparatcd at the leading cdge would be quite likely to remain laminar, and re-attach
in that state, whercas after the sccond scparation the sdverse gradient would elmost
immedintely cause transition.

Further investigation of the flow in the vicinity of the leading edge will
be required before the explanation of the flow behaviour suggested above can be
accepted, and tests at a much higher Reynolds number would be desirable.

Some Japanese experiments on the cffcets on laminar separation of body
surfacc geametry, Reynolds number (based on length between the points of separation
and re-sttachment), stream turbulence, end a transition wire mounted at various
heights ebove the point of separstion have been reported5. A bent plate was
mounted in a wind tunnel with the shorp bend normal to the streom. The laminer
flow over the forward portion of the plate, which was at some negative incidence,
separnted at the edge of the bend and re-attached further aft on the rear portion
of the plate, which was at some positive incidence. A bubble vortex was formed
Just downatrcam of the bont edge; pitot and static tube traverses of the bubble
were mede, and it wes also studied visually with the lampblack technique.

With the plote set at a forward incidence of -9.5° and a rearwsrd
incidence of 7°, meoasurements were made ot wand-speeds of 26.6 and 50 £t per sec.
At the lower speed there was a rogion of lampblack at rest extending eft from the
bent cdge, followed by a region of accumulated lampblack, which ended in the sharp
line denoting reversed flow. Incrcasc of speed caused the region of lampblack ot
rest to diseppear, ond tho rogion of nccumiletion and the sterting line of reverso
flow both moved upstrvame. The dynamic prossurc was zero at the bent corner as the
bubble was crosscd, became negative, then inercased suddenly, rcaching a maxumum end
finally decreesed gradually. Tho downstrcam edge of lampblack accumulation coincided
with the position where the dynamic pressure began to incresse, end the sterting line
of reverse flow coincided with the position of maxamum dynemic pressure. The static
pressure distritution also changed with specd: ot the higher spoed the negative
prossurc cocfficient ol the bent corner almost doubled, and in agrecment with the
lempblack indicotions, the "flat™ portion of the distribution was very mich narrower,
showing that the bubble was reduced in chordwise cxtent.

It would appear, therefore, that there is 2 considerable Reynolds number
effect on the extent of the bubble, since in both cases the separation point was
fixed at the bent edge.

After separation the fturbulence of the layer spreads at an angle whach
incrcases with free stream turbulences, Thus, with a more turbulent free streem,
the point of re~attachment was closer to the bent edge. The transition wire
above the bent cdge also brought the point of re—attachment forward, the effect
decreasing as the height of tho wire sbove the corner was increased.

L,1 Relstion to Three~dimensional Tests

One of the most significent features of the two-dimensional tests 1s the
ebrupt chenge in the nature of the pressure distributions between 10° and 11°
incidence. This was the incidence renge for the wing model at which the bubble
vortex lying spanwise abruptly swung aft. Outhoard of this chenge of direction, a
thin filement of fluid was observed along the leading edge, which was described in
Port I of this report as the growth of a new scpatration vortox.

"It would appear from these two-dimensional results that on the wing the
vortex must either be located about 0.02c, as 1t 1s up to 10°, or if the wing
sectrion 15 effectively at a higher incidence, 1t must Jump forward to lie along the
leading cdge. This would account for the fact that when the wing was oscillated
gently from 9° to 11°, with the region of vortex chenge~of-direction kept covered
in liquid, it was iapossible to maintain e bifurcated accumulation of fluid.

)
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Either there was a continuous spanwise band of fluid located about 0.02¢, from
root to tip, or else there was the band curving aft about mid span, and the fluad
outboard of that moving forward rapidly to accumulate at the leading edge.

This knowledge still does not help to meke clear the actual mechanism of
the abrupt change of direction of the bubble vortex, but it does at least suggest
strongly that the lsading edge vortex formed further outboard arises from sectional
characteristics, and is not peculiar to a sweptback wang.

5. Conclusicns

Pressure distribution and liquid-film tests have shown that the sectional
characteristics of the 10% thick aerofoil section used on the swept-wing model
are governed largely by flow conditions in the vicinity of the leading edge,

At ineidences up to 10° the laminar boundary layer over the nose separates,
becomes transitional away from the surface, and re-attaches as a turbulent layer, &
bubble vortex forming under the separated layer. Above 10° the characteristics alter
and the flow behaves rather as if the leading edge were sharp, with a separation
ampediately at the edge itself, This separated flow re-attaches further aft, up to

15" incidence, but at greater incidences it remains separated and the section is
stalled.

Further investigation of flow conditions over the leading edge are required
before the mechanism can be fully understood. Factors such as Reynolds nurber,
surface roughness, nose radius and stream turbulence could influence the behaviour of
the boundery layer in this region, but no deductions as to their relative effect can
be made at present on the basis of these limited tests.
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