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COHRIGENDUM

Last two sentences on wPage 3, contimedon the top of Page 4,
should readi=

"It has buen notaced that when the boundary loysr is laminar
this bricht line is separated from the dark shalow by & space where the
1liuuination 1f ~f norwal intensity, Comparisons between photographs
and liquid falr. trangiti on oeasurcnents have shown that this line
cenvergss on 1o the shadow very near the transition position, somewhat
a8 skstcheld in Pig.i."

—

Arigsing from inforaction whach has become available since
the ory, inal issue of this roeport in the A.R.C. Series 1t 18 now possible
to mak= tho following comments on statements an the last two parasgraphs
of the text on Page 7. The bright line scparated from the dork shadow
which ccours in the pregence of lamznar boundary laywrs, has besn noticed
in darcct shadow photographs of flov over two-dimensional aerofoils in
other high specd wind tunncls, Tt hes also besn realiscd that 1t is
sometimes present on Schlivren photogrophs af these are slightly out of
focus or if the depth of foous s net sufficient to permit o sharp focus ovver
the whole span of the model. The andication on these is nct, howsver,
a8 vlear or asg rulinble as on darsct shadow photogrephs and, morscver, it as
not pessible ty cover both surfaces with one position of tne knife-cdge
or the whole lach number range with o single sotting of the focussing lens,
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Summary

The "liquid £iln" evaporation mothod developed by Gray! for
indicating the position of boundary-layer transition on models in low
speed wind tunncls has proved satisfactory in the NeP«l. 20 in. x 8 in.
high speed tunnel. Observation of trangition over the complete span of
the model can be sinultancous with that of surface pressures, profile
drag and flow pattern.

Dircect shedow photogrophs taken in this tunncl also give an
approxamate indicataion of the transition point in cerbain cases, due to
the chenge in density profilc accompenying the ohange from laminar to
turbulent flow. Thus, uxcopt when ftransition occurs near the leading
gdge, a laminar layer is indicated by a bright line parallel to, but
separated from, the dark shadow of the aerofoil and converging on to
thais shadow to mect 1t Just dovmatresm of the transition point,

1 Introducthg

The state of 1ts boundary layers can have an important influence
on the acrodynonie characteristics of an aercfoil at haigh subsonic specds.
The profile drag i1s of course largely dependent on the position of the
transition fran lomanar to Surbulent flow and, in addition, it 1s now known
that laminar and turbulent layers often interact differently with the
shock waves, so that the other forces are likely o be affcected also. I
is thorcefore desirable that force nersurcments at high specds and shock-
wave photographs should be accompenicd by obscrvations of the transition
position.

These observations should, if possible, be simultancous with
the other messurenents m order to avoid discrepancies in tunnel or model
conditions end to check that regimes of leminar boundary-layver flow are
not contaminated by the woedge-shaped turbulent rogions caused by dust
particlas, leaky pressure holes, cte.

Holder® (1945) successfully applied the "china olay" technique
to agrofoils in thce 20 in. % 8 ine. tunncl. This mothed as not, howsver,
gasy to use.simultancously with other measuroments since access to the
model mn the tunel 18 diffacult, necessitating its removal for the coating
and sproying operations. Moreover Rogors? (19&8) suspccted an incresse in
drag due t¢ the presence of the indacator in a rather cratical oase.
Special carc is also needed to froe the small pressure holess The "liguad
fiIm" evaporaticn method develoved by Gray1 (1946) 18 much sinpler to use,
a film of orly ligquid being rubbed on to the surface of the acrofoil in
position. The above objections «o not arise for this method which has beon
uscd with succcsss The resulbs chtained have been used to confimm that
direct shadow photographs alse give an indication of the tremnsition position
in certain cases,
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2, The Liguid Filn Bvaporation Method

Gray1 lists the requirements for a good method of indicating
transition and describes how these are fulfilled by his liquid film method
in a typical lowv speed tunnel., These requiranents apply equally for the
20 mn. x 8 an. tunmnel with the addaticn that simultaneous pressure plotting
should be possible.

The prescnt obscrvations were made when trying the method in
this tunncl, during cther experaments with the Goldstein 144,2/4547 "roof-top"
gection, under the nomal test condaitions for which a suitable indicater is
requircd., The model, typical of those nomally used, was of polished brass
and liguads were iricd which were raecommended by Gx'a;sr"l tc give the surface
a dulled appearance when wet which becomes fully reflective again on ovaporation
in the turbulent regions. Of these, glycerol alpha-monochlorhydrin, usually
known simply as alpha-monochlorhydrin, gave good indications at a2ll lach
numbers up to the top speed of the tunnel, i.se. about 0.87, the time taken
varying from ebout two minutos at I = 0.4 to sbout a halfeminute at top
specd*; this hos theorofore been adoptod for general use.

Since the gize of the medel as only 5 in. chord by 8 in. span
no great difficulty was experienced in obtaining a uniform, very thin film.
Whoen cloth or chamois leather was used to apply the liquad, the specks of
material loft on the surface caused same trouble and good quality tissue paper
was more satisfactory. It was found better to use circular or chordwise rather
than spanwisc strokes since a discontinuity in thickness of £ilm fram one
sponwise stroke to the next can lead %o misinterpretation of the transition
Pattemo

It is not enrsy to photogreph the polished metal surface of the asrofoil
in position between the glass walls and for routine tests the trensition
Ypoint", which 13 usually at a well dofancd chordwise position end uniform
across the span, is obscerved visually at the end of the run. To illustrate
the results obtammed a fow photographs werc taken and cxamples arc
reproduced in Figs. 1-3. Although, no great pains werc taken with the

*icceleration and docoleration cceupy only a very few scconds so that even
for thesc very short runs the tunnel is stoady for most of the mm.

;‘Vcry little infommation 1s availsble on the toxicity of this compound, but

it is known teo be dangercus if swallowed. There is no spray of any kind involved
in the liquid filn technique and the liquad ig used only in ninute quantities

in the 20 in. x 8 i1n. tunnel, being applicd from cutside of the tunnel.

Morcover there is no discherge from the tunnel into the opsrating roon and, since
it is of the injector type an accumulation of vapour is prevented by a continual
gxchange of the air in the circuit. Further, thce boiling point of the campound
18 high and 1ts vapour pressure low. As uscd in this experinent, therefore,

the substance would appear to be hamaless provided that roeasonable care is taken
in handling to preclude, also, any possibility of skin absorption. TFor a tunnel
whore condibions arce less favourable and there is any danger of operators being
exposed to the vapour, an altermative compound should be usecd, e.gs one of the
distilled fractions of paraffain suggested by Grayl which are non-toxic but are,
however, dafficult to observe on a polished netal surfacse.
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lighting, the transition position is clearly defined, the

dull leminar regions being easily distinguished from the clear turbulent
regions whers evaporation has occurred. The apparent scratches are merely
poliahing marks accentuated by the grazing light. The sumultaneous surface
pregsure moasurements and direct ghadow photographs are also showm in Figs. 1-3.
Figs. 1(2) and 2(2) show transition well back on the upper surface at 0.5°
incidonce, for M = 0.46 and M = 0.8 respectavely;  apart from wedge-
shaped regions of turbulencs which were traced to small particles of dust
the trensition is ressonacbly unifom across the spen. At M = 0,8 (Pig.2)
therc 1s a reglon of local supersonice flow and transition occurs at about
0,06 chord shead of the nommal shock wave on this surfacc.® Pig. 3(a) shows
tremsition ncar the leading edge on the upper surface at 6,5° incidence,

M = 0.5,

Readings of surfucs pressurcs and profile drag were taken with and
without the f1lm on the surface and no adverse effect could be detected axcept
in one case where cxcess liguid had been applied and aotual droplets were formod.

In a gpecial experamcent for which the modsl was mounted in perspex
instead of the ususl glass wandows, the polished perspex surface deteriorated
when elpha-mcnochlorhydrin was rubbed against it.

For some runs fane dust and oil particles formed a light depesit
in the turbulent regions, simaler to those montioncd by Thom and Douglas® (1945)
in their account of sane German high speed tunnels, and the transition positions
deduced fran these agreed very well with those indicated by the liquid falm,

2. Dirget Shadow Photographs

Direcet shadow photographs sametimes yield information on the state
of the boundary loyer and an many cases glve an approximate indication of
thoe tronsition position. Although it is not suggested that these can replace
other nethods, such as that described above, which give a more positive indication
and cover the whole span, acme exomples together with a probable explanation are
bricfly described as a matter of intorest, and may be of use for interproting
photographs taken without other transition observaticns.

Parallel light antering the boundory laycr along the span of the
aerofoil is deflectcd outwards due to the positive density gradient. This
leads to an apparent incrcasc in the size of the shadow of the cercfoil and the
appearence of bright lines along the oges of this shadow. It has been noticed
that when the boundary layer is laminar this bright line is gseparated from
the dark shadow by a space where the i1llumination is of normal intensity
Comparisons betwoen photographs and liquid film traonsition moasurements have
showm that this line converges on to the shadow very near the transitiom

position /

¥ he rapid thickening of the boundary loysr azhcad of the shock wave tends to
compress the flow and to soften the shock wave near the surface. This effect
hes beon discussed by Danaldsont (1544) and others, and further cxamples will
be described in & roport to be assusd shortly on the types of shock wave
observed in the 20 m. x 8 an. tunnel.
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position, scnevhot cs sketched in Fag. {(1).

Dhirectiom of flow
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This as 1llustrated by the photographs in .'igs. 1{c), 2(c) and 3(c) =nd more
clearly by those in Tigse ) and 5 which ore enlargements of the rear part of the asrofoll;
the arrovs have been deavn to indicate tne transition position measured by the liguid
iln mothods In Fig. L(z), whicl shovs a typical low .lach nmumber casa,

« = 045°, i = 0,57, with transition fer back on both surfaces, the bright lines
separated fra- the dark shados are clearly visible, but are not present in Fig..(b) which
was teken at the same ancidence and rch number with both boundary layers turbulent

from about 0.7 chord back from the leading edge.® The example in FPig. 5, for

o= 6,5%, i1 = (.78, shows the bright line very distinctly on the lover surface; the
flow over that part of the upper suxface sho m 18 very turbulent behind a shock wave.

A control photograph with no carflov is shown in Pige. & to enable externmal obstructions,
gorotches on the glass, ete. to be recognised in the direct shadow photographs of

Figs. 1~b.

Since the displacenent of the light entering the boundary layer 1s largs
conparad with the thickness of the boundary layer, the density and density gradient will
vary considerably along the path of a roy through the whole span and the photographs do
not lend tha:selves to quantitative enalysis by existing theories which depend on the
assuiption of infinitesimally sitall deviations They can, howsver, bs considered
qualitatively. Thus, assunaing the [low to be two-dimensional and ignorang the density
geadient 1n the chordwise dairsetion, which is versy snall compered with the positive
gradient, ©Cc/0y, nomal to the surface, a rar of light entering the boundary layer
end oraiginolly perallul to the spomrisc axis of the aeroforl is deflected outwards in a
plane nomel to the surface, its curvature being <t any point proportional to Bp/ 3y
(see rel. 6, mage 98, for exmple). The image produced by the strip of light entering
the boundary laycer will thus depend on the distribution of Cp/"oy along the normal.

*Mhis photogragh was taken during measurenents, to be reported clsewhere, of shock-wave
pattems and pressure distributions to coapare with those previcusly obtained with
landnar layers, bhe boundary layers being rendered turbulent by stretohing a vire across
the tunnel parallel to and 1.5 chords ahead of the leading edge.
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The theocretical temperaturc distribution in a laminar bowmdary layer for a
flat plate with no heat tronsfer from the platos gaiven an ref. 7, §268, may he regarded
as typical for laminar boundery-laycrs end 1s skctched in Fage(ii). Since the pressurec

is constant along a nomel, this also gives the density distributaon, The interesting
characteristios arc (a) an incrcasc in density gradiont at A, near the surfacc, which
must causc a divergencce of light, succcssive rays sufforing greater defloction and

(b) a rapad deereasc in gradient at B, ncar the cdge of the boundary laycr, which must
causc a comvergencc of light, succossaive rays suffering smaller deflection. The braght
line obscrved in the photographs could be coused by this convergence, the rays focusing
somc way out from the dark shadow.

Measurcments by Elids (soo ref. 7, §465) havc shown thet for the flow in a
turbulent boundary-layer along a hoated plate, the tomporature distribution is of the
same form ag the velocity distribution. Assuming this fto apply alsc for an unheated
agrofoll in comprassible flovw, tho temperature and density diastrabution along a normal

for /
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for a fully dovclopcd turbulent layer will be of thoe form shown in Fig.(iii). Thoro is

o Y6 1O
Fﬁc; (1n)

no rapid changc in density gradient near the odge of the boundary layer as at B in

Fig.(ii), but tho gradient is much stocpor ncar the surface, the rapid dscrcase ocourring
quitc noar the surfaco at C.

Sincc it 1s thas rapid decreasce in gradicnt which causcs the foousang of
light, it scous very probable that ats shaft from the edge of the layer to ncar the
surfaecc is responsiblc for the observed comvergence of the bright line on to the dark
shadow when tramsition from laminar tc turbulent flow occurs.

Explorations of the ve%ocity profilcs near tho transition point on an airship
model, madc by Sirmons and Brown®(1934) and sore of which are reproducoed in Fig.7, show
that although the slope at the surfaco steopens suddenly on transition, the rapid change
in gradient ncar the cdge of the laycr daisappears morae gradually. If the velocity snd
density distrabutions change 1n o sinilar menncr when tramsitaon occurs an en acrofoil,
this would explain tho present observations that the bright line bogins to converge on

to thoe dork shadow at the ncasurcd transition point and ncots it slightly downstreem of
this position.

For the lower surface in Fig.2(c) the convergence 1s deleyed slaghtly,
presunably duc to delay in tho establishnent of tho typical "turbulent” distribution,
which nay be caused by the interactiun of thc shook wave.

The /
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The bright lince 1s not prescnt in some cases when transition
occurs near the leading edge where the boundary laycr is comparatively
thin, as i1n Pig.3(ec), for example, for which transition is at C.1 chord
back on the uppor surfecz, Faant lines aro, howaver, visible on
photographs obtained at this same incidencs at an carlier date. For
these the light was slightly out of alignment with the axis, more light
cntering the boundary layer on the upper surfacc and less on the lower
surface, and it 1s noticeable that the bright lanes en the lower surface
are not go clear as in Pig.3(c).

The abscnce of thas braght linc does not, therefors, necessarlly
amply that thero 1s no region in which the boundary layer is laminar,
but if it is prescnt 1t seams reasoneble to assumc that transition occurs
Just upstream, within about C.03 chord, of the point wherc the line meeta
the dark shadow remembering that it may be slightly furthcr upstrcem for
coscs such as that shown in Faze2(ce), wherc the line persists through a
shock wave in the presence of an obvious boundary laysr thickening.

It 1s not known whether this phencmenon has been observed in
other wind tunnels, but 1t will depend to some extent on the Reynolds
number, ecrofoil span and distance between the tunnel and the photographic
plate. The images produced are sensitive to the accuracy with which the
light 1s 2ligned to the aeroforl axis, and carc must be taken not to
confuse the bright lines duc to the lominar boundary-layer with thosc
causcd by the roflections from the surface of imperfectly aligned light,
which do not converge on to the shadow at any point and which would be
present on the control photograph.

The braght lines scparsted from the dark shadow would not of
course be prezcnt on a true Tocpler schlieren photograph since the
deflected light cscaping tho cut-off 1s re-focused, there being no
dasplacement i1n the final imago.,
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