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SUMMARY

An exploratory and sclely quelitative investigation has been made
consisting of visual observations of the flow over a small swept-back wing.
The tests were of necessity resiricted to low Reynolds numbers {about 40° based
on mean chord). Visualization was effected by two techmiques, namely, (1) the
adduition of small aluminium particles to the water, and (2) the introduetion
of air into the stream close to the model, 1in addation, the surface patterns
produced by the flow aftor the wing had been coated with o1l werc obtained.

Attentzon has been mainly concentrated on the type of flow that exusts
at high incidence, This flow 1s characterized by a flat horn-shaped reein of
scparated flow expsnding in extent over the suction surface from & position
inboard near the lecading edpe. 4 "part-cpan” trailing vortex has been revealed
and appcars to be a continuation of a discrete vortex situated .1 the szporated
reglone

Further work is planned to invesligate the cffects of sweepback
angle on the charecter of the flow.

1e Turpose of the Investigation

The investigatrion was matiatled by a request from the Performance
Sab-Commxttee for exploratory tests in a water tuwmnel io obtain visual
amformation on the flov over a swept wing particularly at the hagher angles of
incidence, Oue purprse was to see whelher the flow phenomena described by
thhamann1, particularly the part-span vortex sysiem, could be observed, and
another to attempt to correlate the observed flov outside the boundary layer
vriuth surface flov patterns such as those obtoined by Black®? usang the paraffin-
lampblack tecmmilque.

)

2. Range of Investipaticn

The inveatigation was solely qualatative and concisted of observations
of the flow over a small half-span model wing with a leading edge sweepback of
Ll . the observaticns were made at a water speed of about 5 ft/sec corresponding
to a Reynolds ngmber of about 1 based on the mean cnord. The incidence was
varied up to 25 . Visualization of the flow was obtained by two technigues,
namely, (L) the addition to the water of small aluminium particles and (11) the
wmjection of air into the stream closc to the model. In adantion the surface
patterns producced by the flow aficr the wing nad been smeared with o1l were
obtained, The flov patterns were recorded by photographs.
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34 The Model Vaing and the Tunnel

A stamless steel half-span model of the D.E,108 wing which had
rreviously been used in high speed tunnel tests was supported on a wall of
the water tunnel, and means were provided for incidence variatlon. Fige 1
shows the plan~form of the wing and gives the principal features and dimensioans.
The tunnel has a working section 13" x 10",

Lo Descriptzon of the Technigues

Aluminium Partaicles.- The particles are obtained in the form of a
powder which, after degreasing wath a wetting agent, forms a suspension 1n
water. The particles themselves are very small highly pclished lamellae, less
than 100 mesh, and each acts as a tiny mirror. When o quaniity of ihe powder
1s suspended in water and 21luminated by a lamp of nigh brightness particies
orientated agpropriately with respect to the lamp and the observer appear as
bright points of light, The arrangement for cbscrving flow in the water vunnel
1s showm i Fag. 2., The light from a mercury digchirge tube 1s concentrated by
a cylindriacal lens =and enters the glass-walled workang section of the tunnel as
a fairly thin sheet. Only the particles situated waithan the sneet of illuranat.on
will be observed, the usual direction of observation belng approximately normal to
the sheet, In widisturbed flow in a direction in the plane of the sheet of
1llumination particles appear to the observer and are recorded in a photograph
as long bright streaks, whoch correspond to the particle paths of the fluid. In
disturved or turbulent regions of flow, for instance wakes, a particle will
rotate so that the appropriate orientation for reflecting light to the observer
w1ll no longer be maintained, Turbulent regrons zppear to an cbserver as a
seintillation, and on a photograph as regeons of very short tracks or dots.

Even with non-turbulent flow in a direction which is not in the plane of
1llumznation, the lengths of the tracks will be cuctailed by the particles
moviag out of the illuminated rer.on. The gbove points have been stressed to
prevent any attempt being made to use the lengths of the tracks in tne
photographs as measures of the fluid velocataies,

In uniform flow the part.cles are randomly crientated. and thus only a

small provortion of those within the sheet of 1llumanation will be observed.

In zome cases of curved flow 1l 1s evadent that on account of the lzmellar

form of the particles they tend to lie an a delinite orientation. Thas
reference for a particular crientation appears as an apparent increase or
decrease of the particle density according to the relative disposition of the
Llipht source and the observer. Bourot3 has pointed out, and our o¥m experience
has confirmed his experimental ovidence, that in vortex motion the particles
tend to set in the memner sheown in Fig. 3. Ve do not yet fully urderstand taus
phencmenon.

Air Ingection.- Scveral methods of visualaization invelvang the
arntroduction of air into the tunnel werc attempted duraing the tests, The most
successful for the purposes of this investigation consisied of ejecting a jet
of air from a nozzle just ahead of the leading edge of the wing.

Duae to the difference between the densities of zir and weter; a
bubble of air in a stream of water 1s more responsive to the pressuare cnanges
encountered along its path., Along a path with a decreasing pressure gradient
a gmall bubble will be accelerated more than the surrounding water; against a
positive pressure gradient the bubble will experience more retardation. In
curved flow an air bubble will tend to leave the water particle paths and
nove to the centre of curvature. These properties can be descrabed in broad
terms by the statemeni that the air hos a tendency o seek, and to renain in,
regions of lov pressure, Thus injected air will move to the centre of a
voriex, and 1t has been observed that an almost permanent air bubble wall
saaetines occupy a region of separated flow.

Clearly/



-3 =

Clearly the flow régume must be aliered to scme cxztent by the presence
of air bubbles which will deviate from the water particle paths for the reasons
stated above, and also on account of bucyancy, but the technique has proved
ex'tzemely useful for the manifestation of regions of separation and discrcbe
vortices.

surface 011 Patterns.- The technigue in which cbservation 1s made
of the moverent of, ana the patterns produced by, a thin film of liquad on a
ving surtface 1n a m_nd unnel has been used Wy several invest 1.53'1‘50:0L2 O, In
the present experamento ““10 wing, afier being carefully draed, was coated w:.'t;h
a mixture of lignt machine o-l and a vivid red dye (monolite fest red); the
wvang wag then replaced in the tunrel, sct at the required incidence «nd the
stream svarted mmmedsately, Usuelly the oil flowed over the surface in ravulets
and collected in some regrens to be swept away by the strcam, The details of
the patiern were continually changing vath time, bul certain features would
persist until evenvually all the o1l had becn removed from the vange

5« Descripvion and Discussion of the (QULserved Tlow

& peneral description of the flow can best be given Tw consudering
two ranges of incidence:-

(1) Llow incidences up to 90, and
(11.) higher incidences (1.e., above 9°).

The Lover Incidences.- Faigs. L and6 {a)to (£)) show the flow, as

indicated by aluminiim pariicles, Tor 6° 1ncidence vhich 1s typical of the
lower incidence renge. The curvalure of the particle paths over the suction
surface are seen 1n Fag. 4 for vhich the sheet of allumination was arranged to
mnclude the wing surface, TParticles in the boundary laysr or in the wake (Llhose
producing short tracks) are deflected towards the tip. Fig. 6 shors thal the
thickness of the wake 1s much ihe same at all positions 2long the span. Although
not clearly seen wn the photographs, the cioserved deflections of the particle
pg. the over the leadang cdge at positions outbosrd of ebout half-span suggest that

scparation aad then reattachment o the flowv occurs close behind the leading
edge. This suggested Leheviodar 1s confirmed by the surface owl pateern shown in
MpEs 5 1 which 2 bend of o1l ramains in the separated bubble near the leading
cdge,

In Fag. 6(f), viaich refers to the tip, the rope-like appearance ol
th2 particle paths and the apparent znerease in pariicle density are indacatave
of the trailling vortex from the tip. In th.os photograph the majority of track
in the woke are just outbcard of the tip and thus they show pronounced urviashs

The Higher Incidences.- Between 90 and 10° ancidence a radical
change ccours in the flow characierisfics There 1z a thickening of ihe wake
abt stations towords the ftip, and between O 8 span and the tip the {low has

o*n‘nlptel separated from the suction surface as showm 1a Fig.7 {a)to(c)). 4%
104 incidence a new flow rdgime has been gstablisned vhich persists vath
gradual modzfication up to at least 25 ~ the highest incidence reached an the
tests. The Teatures of this régime are outlined in tneosketch shown 1n Fige 8
vhich has becn drawn on the basis of observations at 15 to 18 1inciadence, but
which 1s lypircal of the higher incidences generally., In the diagram, OABC
represent a free boundary which, together with the wing surface, encloses a
flat horn shaped region ol separated flov extending over lhe suction surface of
the wing. The horn expands spanwise and rearwards and turns downstream over
the ocutboard half of the wing to form a wake., The forward boundary of the
separated regron lies close behind the leading edge. A trailing vortex leaves
tne -rang necar half-span Jjust inboard of the wake.

Flgu 9
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Fig.9 (a)to(f))shows the flow across the chords at various sparvise
staetions at 15 uncidence. Fig. 9(a), which corresponds bo a sectaon such as
x, 3n Fig., 8, shows the separation near the leading edge and the subsequent
reattachment of the flow. The apparenil increase in particle density behind the
wing indicates rotation of the sluwainiwa pariicles into a delinitc orientation due
to proximity to a traxiing vortex. Fig, 9(b) corresponds to » cross-seciion
such as X; in Fig. 8. Here the flow after separating ncar the leading edge
"reattaches" close to the trailing cdge. The appearance of a bright rope-like
region behind the wing indicales very close proximity to the btra.ling vortbex.
The strong downwash behind the wing 1s also evident in tnis photograph.

Fag, 9(c) corresponds 1o a section Xz for vhuch the floir is cornletely
separated from the suciion surface, At about two chords behind the trarling
edge the turbulent wake 1s no longer cut by the sheet of 1lluminacton.

Fags. 9 (@) (c) and (f) show sections such as X througa the haghly turbulent
wake that leaves the winpg at the more outboard nositions.

Q
Fag. 10 shows the flow over the suction surface, agamn at 15
incidence. TFor this photograpih the sheet of 1lluminatron was inclined so that
it was gust grazing the wing surface as shovn in the cketch.

The introduction of a jet of zir close to the leading edge near the
root leads at the higher incidences to the formation of a horn-shaped air
bubble, as showm an Fig. 11, which occuples approxamately vhat would in the
absence of the air be the region of scporated water flow., Comparison with the
observations made using aliainium particles suggests that the character of the
flow outside the separated region is unaffected by the wmtroduction of tne air,

Fige 11 shows that the air bubbles from the jet are “caught" by the
low pressure of the separated region, and that a single bubble becomes established
at the apex of the horn, The forward boundary of the air bubble is clearly
defaned over the inboard portion of the wing and 1s situated at scme small
dzstance behind the leading edge. The fairly clear outline of the bubble 1s
broken at about holl span where mnxing with water tekes place, and then nearcr
ihe tip o wost of smail bubbles 1s lost downstream in the wake. Some of the
a1r 13 drawn into the low pressure core of the trailing vortex leavaing the
wing ot about half-span; this core 1s showm in the photograph as a discrete
traal of azr which is similor to that obtained from a wang tip at low incidence,

The course of the air from the jeot has been observed, although it 1z
not clearly visible un the photogroph, After being drawm inlo and folding round
wie rearward edge of the horn, which motion suggests the presence of a vortex,
sane of the air moves acrcss the wing surface in a spanmvise direction before
arriving at the mixing regien. “hen the supply of air 1s stopped the apex of
the bubble persists for some time, thus showang that with arr at least; tais 1s
a "dead air' region excevi for possible iantornal vortex motion, The shape of
the bubble was found to be only sligntly dependent on the position of the
nozzle provided it was outboard of the apex of the sevarated region. If the jcbk of
alr is introduced very  close to the roct the horn s not revealed cxcept at
very high incidences,

4 photograph of the surface o1l pattern for 150 incidence 1s given
in P1ge 12. A Teature of sign:facance is the "parting” which is situated
spproxamately at the rearward edge of the scparated horn, The parting 1s a
region of intense scouring ond represents the dividing line between the fluid
which 1s drawn 1ato the horn and the dovmstream flor, The varting resembles
the "herring bene' wpattern found on a 45 swept-back wving by Emslie, Hosking
and llarshell’® using & peraffin and laapblack technique in a wand tunnel. On
the cutboard side of the parting the o1l flows forward and cutboard. Further
cutboard the o1l flow turns more towards the leadang ecdge, and then turns
agean to travel inboard close behind the leading edge to accumulate at A,
This accumulation has the eppearance of a whirlpool and i1s clearly simuilar
to the phenomenon observed by Black® vho identified 1% with a standing vortex
1n the main flow, In the proscnt experimenis tho significance of the positicn
of this accumnlation of o1l i1s not clear,

Paige 13/
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Fig. 13 has been prepared from tracings of photographs of the air
bubble and the o1l flow pattern. It will bte noticed (1) that the parting in
the oxl flow lies inside the rearward boundary of the air bubbie - this suggests
that the presence of the air increases the exient of the separated region, and
(11) that the position where the rearward boundaiy of the azir bubble crosses
the trailing edge coincides with the point where the ridges in the o1l pattern
ere tangsntial to the trailing edge.

Cbservation indicailes that a particle™® entering the separated regicn
over the more inboard portion of the wing folluws some kind of spiral path until
1t 1s discharged dowmstream in ihe wake between B wnd € (Faige. 8). Apart from
strong vortex motion i the vicinity of the reasrward edge of the separated
reglon some spural paths oceur inside the wake near the tip. In character the
flow over the tip 1s smalar to that which occurs when o two-dimenszonel
acrof'orl i1s conpletely stalled,

Detaails of the motion inside tne scperated region, particularly near
the apex of the horn, could not be clearly cbeerved with aluminium particles,
but the observed motion outside the separated region and the evadence of the
orl patbterns, particularly the haph scouring along the parting, are consisient
vilth a discrete vortex filament situated a libttle above the wing surface and
forming the rearward boundary of the separated region as shom an Fig. 4k, The
strengtn of the vortex appears to increase with distance from the apex. On
reaching the trailing edge -he filoment bturns downstrcam ang becomes a trailing
vortex, A siumilar phenomsnon has been detected by brnberg in experiments on
delta wings.

The proboble structure of the scparated region i1s sketched in
Fige 15 {a) which represents the flow camponents in plane AA Fig, 15 (b). The
free boundary springang from the separation point just behind the leading edge
rolls up to form a discrete vortex. Tne daivision of the {low to each side of
the stagnation point S leads to the parting in the oil pattern (Fig. 15 (b)).

t will be ncted that Trg. 15 {a) also represents the separation
Tram the loading cdge of a two-dimensional wing at high incadence wvory soon
after the motion has started, For a two-dimensional system, the fluad in the
relled up vorwex sheet and 1ts vorticity can only be convected downstream 1.
the planc or the dragram, and the sketch repressnts only a transient condition.
In tae three-dimensiccal motion asscciated with a cwept~bock leading edge 1t Ls
pessible for an additicnal velocity component normal to the planc of the
crogram to remove the verticity continuously in the outboard direclicn. Skebch
g0 15 (a) thus represcuts 2 possible steady condation in three-dimensional
motlon. The vorticity thus removed in the outboard dircction augments the
verticity epringing from the leading edge seporation at positicns further
outbecards Thus the strength of the vortex grows in the outboard direction.

6« Variation of Incidence in the Higsher Incidence Range

o Afiger the horn-shaped region of separated flow has been cestablished
at 9 to 10% incadence 1l grows in extent with inecreasing incidence. %The
changes thal cccur areconveniently aindicated by Fags. 16, 17, 18 and 19 whoch
show the air bubble obtoined at 9, 105 , 16" and 24  ancidence respectively.
A%t 12 incidence the part-span trailing vortex leaves the wing at about half-
span, from whence 1t moves gradu%lly 1nboard with increasing ancidence
reaching guarter spen at sone 20,
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*¥Occasionally the carplete bath of small particles in the wateor (GV1dently
nob aluminium lamellae) could be cobserved, although their brightness was
not suifficient for photograrhy.



7+ Scale Effects

In view of the low Reynolds number of the experaments {about 10°),
the question naturally arises as to the extent to which the observationz are
applicable to the flow conditions at highsr Reynolds numbers, There 1s scme
Justification for the vaew that, although the flow at a particular incidence
and the criticel ancidences at which changes of flow pettern occur will be
depenrdent on Reynolds number, the flow at high incidence when lsading edge
separation occurs will be similar 1in general cheracter over a wide range of
Reynolds number.

In conjunction with the work of Messrs. Gerner and Bryer of the N.P.L.
different types of surface pattern have been obtained with two similar wings at
Reynolds numbers cof 1 - 2 x 10° 1n air and 10° in waber res spectively, Unl:l.ke
the water tunnel patterns no “"parting" or “herring bone" was appsrent in the
vind tunnel patterns. However this difference 1s not necessarily indicative
of a scale effect. The fechniques used in obtaining the patterns were not
coamparable with regard to the physical characterastics of the oil, or to the
thickness of the film in rclation to the boundary layer (the film used in the
water tunnel experiments was relabively much thicker than that used an the
wind {tumel tests) s and 1t 13 possible that the character of the patbtcrn depends
to a large extent on thesc factors. In thos connection 1t 1s relevant to note
that the "herraing bone" pattern of Emslic, Hosking and llarshall? was obtained
on a Z;.5 swept-—back tip-to-tip wing of constent chord at a Reymolds number
0.5 x 10° (vased on wing chord).

8, Conclusions

The znvestigation has shovm that some features of the flow over
swept~back wings can readily be made manifest by visualization technigues in
a water tunnel. A type of flow at high incidence has been revealed which is
characterized by a region of sep:..ation expanding in extent over the sucvion
surface fram an inboard position near ithe leading edge. This region would
appear to be related to the "long bubble" of two-dimensional flow as described
by Kuchemunn, sxcept that the observations zndicate considerable vortex motaion
inside the separated regionnear its rearward boundary, A part-span trailing
vortex has been detected which may be campared viith ihe rolled-uop part-span
voriex sheet also described by Kichemann. The trailing vortex appears to be a
continuation of a discrete vortex situated in the separated region,

So far the investigation has been mainly confined to a single plan-
form, but 1% 1s intended to make observations of the flpw for:-

(1) a family of tapered vangs covering a range of sweep back

angles
(:L:L) a family of delta wings with varization of the apex angle.

In each case 1t 1s hoped to make pressure measurements, particularly
within the seporated region, for comparison with the visual observations.

acknowledgement.~ The authors wish to aclmowledge helpful
suggestions from Dr, Kichemann of the R.A.E. regarding the use of air for
visualzization.
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