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SUMMARY

An untapered, sweptback wing of aspect ratic 4, sweepback 25°
and section 127 thick (R.A.E. 104 wath 1% caaber, o = 0.6) was tested
an the R.A.E, High Speed Tunnel. The pressure distraibutlion was
measured al the mad-semispan secliion at various Moach nudbers up to

6
0.86 at Reynolds nuubers of 0.8, 1.8 and 3.5 » 107,

There are coasiderable differences i1n the shapes of the pressure
dastributions at the three Reynolds nutbers, alihough the boundary
layer wos lamanar back to about 70% of the <hord in all cases. At the
highest Eeynolds number, the suctions cn the upper surface al hagh

CMach numbers aincrease [ron the leaduy, cdge of the wing rcapghi vp to

aboul 5Cs or 60% of the chord, whalec ai the lowest Reynolds nusber
they remain almost constlant from aboul 30% to about 60% of the chord,
This flat-topped pressuce distribution, which zs assoczated waith a
A=type shock wave, resulte 1n lower 1lalt coefficienis and hagher
pltchang moment coeflficients 1han those oblained al higher Reynolds
number.

Brief experaments, wath 1ransiticn provoked nenr the leading ed%e,
indzcate lhat ithe shape of the pressure dasirrbubicn at R = 0.8 x 10

15 then something simalar 1o thoi oblazned ot R = 3.5 x 106 with
transition frec and at about 657 chord. Ii appears, however, that
1induoing early transition artificially ot higher Reoynolds numbers can
seraously alter ithe pressure dastiribution at high opeed by causing a
Torwaxd woveienl of the shock wave and & separation aft of at.
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1 Introductaicn

Some lime ago variocus tunnel lesis piving the cverall forces on
models of a modern aircraft indigated that there were large Reynholds

murber effects up 1o 3 or 4 x 106 at high speeds, Il was, therefors,
decided to pressure plot a wang of similar section andsweepback in *
the R A.E. High Speed Tunnel to investigale the associated changes 1a
pressure dastribulion and also Lo shed some further lipht on the
geaeral probloem.

The wing scction chosen for ihe tests was R.A.E, 10k, 124 thack

with 1% camber (a = 0.6). (Table I). The wing was also used to
mvesiigate some pouints of tectiag technigue am the Tumel.

2 Detairls of Model

The lests were made on a constant chord Lesk model supported
on the floor of the R.A.E. High Speed Tuanel. The model was chosen
to be as large a» pousible, consisient wilh a reasoanable value of
the choking Mack numher, so that (a) end elfects would be acyligible at
the test section, and (b) the maxaimua Reynolds auwancr would be as high
as possible. The chord was chosen 1o be ? feel, the sean—span (from
root to 4ap) was L feet, aund the wing was sveptback 25°.

Forty four pressure plotlang holes vere wserted at the a2ad scun-
span of the wing al 5% wntervals aleng tlie chord and aluo ab 0.75 and
2.5% of lhe chord on both surfaces.

The wing was finashed wath black "phenoroc" to enable the chemical

sublazmation method1 to be used to irmdarcale the posaition of boundary
layer transition from laminar {o {urbuleat {low. Tn this method the
waing 18 sprayed with o 4%% golulrzon of acenaplhene 1a laght petroieum
ether and acetone, Thas leaver o Lhia whate T.lm over the surface of
the wing. The £ilm evaporates rapudly in repgions where the boundary
layer 1s turbulenl and muach morce slowly .o regions of laminar {low, so
that after runoing the tunnel for 10 to 20 wanutes at the requared
speed and incadence, ithe white film 1s st1ll present 1n the lamicar
flow regzonsg, hul the wiog iz ocuite clcean (and black) an regioas of
turbutent flow,

3 Range of Tesﬁi

The wing ves tested duriag Apral 1950, some check tests being
made 1n October 1950,

The main tests coansisled of pressure distribution measurements
at nine Mach numbeors up to 0.88 at Reynolds aumbers of 0.8 x 10,

1.8 x 10~ and 3.5 x 106 at 1ncidences of approximately ~1°, OO, 1.5°
and 3.0°.

The positicn of boundary layer transation was found to be between
65% and 70% ©f the chord in these tests. TFurther tests were, therefore,
made with. the. trankition posztion brought forward by artificial means,
Threads were attached to both surfaces of the wiag along the span.
When & successful choice of tlwrecad size and poszlion was found at
M= 0.82 and a = 0°, the pressure dustrabution was weasured over ihe
same range of Mach numbers and Reynolds nwibers as with transation free
but only at incidences of 0° and 3°.

...3._



An atiempt was also made to provoke forward traasition by placang

a 16 gauge wire 1a lhe chord plane about half a chord length ahead of

the leadiny edge of the wing, At R = 0.5 x 106, M= 0.82 and a = Q°

transition appeared to have heen brought forward to about 30% of the
chord, so pressure distraibutions werc measured at the same Reynolds
numbers and Mach numbers as before, but at a = 0° only.

L Presentation of Results

Blockape cerreclions were applied o dach nurber and Op according to

the method of Ref.2. A1l the haghest Mach auwber of the tests the
blockage correction to the uncorrected Mach number was 0.027 and the
correction to Op was 0.08 for a Cp of -0.8.

No correction was applied 1o incidence for the effect of tunnel
constraint. This correction, which may be about 0.3° at the highest
11ft coefficients of the test would not affect the comparisons made in
the report, although 1t would slightly lower ihe values of the slope of
the 1liaft curve.

Since the tests were made pramarialy tc find the effecl of Reynolds
nurber on the transation-free pressure dastribution of the wing, all
the results relating to this are presented farst (Figs. 2 to 143. In
the later fagures (15 to 20) and discussion the results of the
transition~fixed tests are gaven.

Pressure dislributions are shown only for a few typical Mach
numbers and Reynolds numbers, Faigs. 2 to 4 and 15 to 17.

The laft and patchang moment coefficients were found at R = 3.5 x 10
by integrating waith respect to % the dafference 1n pressure, ACp,

between the upper and lower surfaces of lhe aerofoil. The amounts by

which thege GL and Gm values daffered from those at R = 4.8 x 106

0.8 x 106 were then found by integrating with respect to % the differ-
ence between the values of AGP al each pair of pressure holes at

R =73.5x 106 and the corresponding valucs cof ACp at R = 14,8 x 106
and 0.8 x 106. Thus ithe dafferences in GL and Gy due to Reymnolds

number were obtained more accuralely than af each case had heen inte-
grated completely independently. (This work was all done on the
R.A.E. Dafferential Analyser, mainly because 1t was less taring to
use than the Amsler Integrator.)

Later, Cp

simple numerical integration, which was reascnably accurate in view of
the close spacang of the pressurc holes,

and G were estamated for the transition fixed cases by a

Form drag coeffrcient wau found by integratang Op against Y 1n
the tracsition free cases, bul owing to the labour involved 2t was

evaluated for only one case with transition fiaxed, viz: R = 3.5 x 10
and o= 0%,
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The integrated values of GL’ GD and G and thear deraved funcizons
are shovn in ¥ips. 7 to 14 and 19 and 20.
The results cf all ihe tesits made waith the transation andicator

present arce given 1n Table ITI. Some photopraphs illusirating spescial
poants are given at i1he cnd of the report (Figs. 21 and 22).

5 Results

5.1 Transilicn free (at 65 to 70% chord)

5.11 Low speed results. (Fig. 2)

At Mach numbers of 0.5 and 0.7 the pressurc daistraibution curves
agree closely at 1he three Reynolds numbers of test oxcept between
65% and 80% of the chord. It 18 probable that ihe observed increase
in suction here at low Reynolds cumbers 18 caused by a slight houndary
layer separation and subsequent reattachment of the [low., This affect
begomes morc noticeable with increasc in Maxch number untail a1t 18 masked
by the shock wave,

5,12 High speed resuits (above k = 0,8), (Fags. 3 to 14)

At higher ¥ach numbers when ihere 1: a shock wave on the wing
large changes 1n pressure diastrabulion become apparent on both surfaces,

At the haighest Reynolds number, 3,5 = 106, the suction ancreascs steadaly
from the leading edge Lo about 60% of ihe chord and then {there 1s a
fairly abrupt inerease in pressure lhrouph the shock wave, At the

lowest Reynolds aumber, 0.8 x 10, Lhe suetion remains almost constant
from about 30 or LX) of the chord to about 60%, piving a very flai-
topped pressure disirabution; also as full a pressure recovery 1s not
achieved at the traaling edpge. The shape of the pressure distribution
al low Reynolds nunbor is assoclated with o lhick boundary layer, the
flow beaing laminar at all the Reyaolde numbers ol test.

Ackeret5 found sumilaxr changes with Reynolds number i1n the pressure
dastrabulicn on a curved pluaite and asscecaaied ihe flat dastrabution at
iow Reynolds number with a "A" shock. His work would suggest that the
farst slipht rase in pressure occurred al the farst lamb of the A shock
wave and the main rise in pressure ut the rear lumb, Ackeret found in
his teste that 1he flow hed separaled betwoen the liwbs, reattaching
itself as o lurbulent layer at ithe main lamb. It was therefore suspected
{hat the {'low was separated on the wing in the prescal tests at

R =0.8 x10 and some confarmation of this was obtarned by using the
chemical transition indicator descrabed na scetion 2 and also by using
tufts., Figs. 6 and 21 show how the transatzon indicator evaporated from

the wing surfece ot M = 0.82, R = 0.0 x 106 and a= 0°, The development
duraing the farst L0 mnutes was normal, but the Front edge of the
andicator usually continues to reilrent rapidly backwards until all the
andicator hae disappeared. In thas case there was a marked tendency
during the lest 15 minutes of the lesls for ithe indicator to remain an
the region where i vias expected thel the [lov wap separoted. Some
further evidence vae ohiazned from nylon lulfts which were pul on the

wing between 505 and 70% of the chord. Unfortunately the tufis seemed

to cause o slight ancrease an -G, of about 0.08 between 40% and 65% chord,



although they dxd not bring the transition forvard by more than 5% of
the chord. In Fag. 22 it can be seen {rom the random arrangement of the
tufts that the flow 15 separated al least aft of 60% chord at

R=0.8x 106, M=0.82 &« =02 A test made at R = 3,5 X 106 and at
the same Mach number and incidence showed the tufts to be neatly aligned
along the wing chaord.

The only other large difference in the pressure distributions is
on the lower surface where the separation which cccurred at low speed

at R = 0.8 x 106 between 60% and 80% of ihe chord became more and
more marked as the Mach number i1ncreased,

The effect of Reynolds mumber on the values of GL’ Op and Gy

obtained by integration cof the pressure distrabution curves 1s quite
large., As the Reynolds number 1s increased the loss of CL with

increasing Mach number ccours later and becomes less severe (Fuig. 7)
and the value of O becomes more nose down (P1g. 12), The drag rase

15 also delayed by about 0.013 in Mach nunber as the Reynolds number is
increased from 0.8 to 1.8 x 106, but there is not much further change

between 1,8 ard 3,5 x 106 (Fig. 10). There are large changes in the
11ft curve slope (Fag. 13) and in tho position of the aerodynamic
centre (Fig. 14).

The flatiening of the upper surface pressure disiribution as the
Reynolds number .5 decreased accounts for most of the loss an 1aft
coefficient and increase in nose up priching moment coefficient helween

R = 3.5 and 1.8 x 106 and about half of these effects between

R=1.8x10 and 0.8 x 106. The remaining decrease 1n CL and 1ngrease

in Om at the low Reynolds number probably comes from the separated region
between 60% and 80% chord on the lower surface. Thas is also mainly

i

responsible for the inereasc an drag coefficient between R = 1.8 x 10

and 0.8 x 106. At low incidences some of the increase i1n drag is caused
by the increased trailing edge suctions at low Reynolds numbers, bhut at
hagher asncadences 1he iraizling edge suctions are practically ihe same

at all three Reynolds nunbers.

5.2 Comparison with N.P.L. tesis on R.A.B, 104 section, 10% thick

< Two aerofoals of 2 inches and 5 inches chord and section R.A.E. 104,
A0% thick were tested in the N.P.L. 20" x 8" High Speed Tunnel, and the

tests are reported in Ref.4. The Reynelds numbers obtained at a Mach

number of about 0.8 are 0.7 x ﬂ06 and 1,8 x 107 and hence are comparable
with the two lower Reynolds numbers in the R.A.E. tests.

In general the N.P.L. results agree very ciosely in character with
the results of the present lesis, At about 0.7 of the chord at low
Mach numbers there 18 a laminar boundary layer separation, which ancreases
as the Mach nugber increases, At Mach nwibers above 0.8 the character-
1stic flat-topped pressure distribution is again apparent, particularly
at the lower Reynolds number, and has been assogiated by schlaeren
photographs with a separatioa aft of the front limb of a M type shock
wave, As an the R.A.E. testos, the separation occurs slightly further



back along the chord at tne higher Reynolds number. The measured pressure
rise through the shock wave 15 steeper at the higher Reynolds number

and at zero incidence the pressure reccovery 1s much more complete at

the trailing cdge.

5.3 Trensation fixed (sec Table II)

The chonges in pressurc distribution coused by fixang the trans-
i1tion forward on the asroforl are shown in Faigs. 15 to 17.

In general the local seporations apporent with transition free at

R = 0.8 x 106 on both the upper and lower surfeoces are cbolished and the
pressure distribution curves follow closely the shape of the distributzon
6

2t R = 3.5 x 1Cﬁ. At the higher Reynelds numbers of 1.8 x 10 and

3.5 x 106, however, although the A shonk system 1s no longer evident

and the peak suctions risc to o moxamum jJust ahead of the main shock wave, the
fhock wave 1tsclf 1s further forword and there 1s a separation behaind it
Flg. 18)0

The cffect on Cp and G of fixing transition at R = 0.8 x 106

is to brang the valucs much closcr to those obtained at R = 3.5 x 10

with trangition free (Figs. 19 and 20). On the other hand at R = 3.5 x 108
with transition faxcd the effect of the forward movement of the shock
wave mentioned above, 1s to give CL and.Cm curves which follow more closely

6
the transition free curves at R = 0.8 x 106 than those at R = 3.5 x 107,

As mentioned in section 4, QD hag been evaluated for transition

fixed with threads on the wing surfaces only at a = —0.50 and R = 3.5 x 1d@
The values, which are not plotted, show on increase at all Mach numbers

of about 0,003 above those at R = 3.5 x 106 wath transition free.

The results obtained with o 16 gauge wire aheed of the wing leading
edge agree closely with those obbtained with threads on the wing surfaces
(Figs 17). The wake behand the wire was found to be about 1.5" wide
ot the leading «dge of the wing.

5.4  Additional tests

5.1 Faixang tronsition by a jet of air near the leading edge

As an alterntiive method of fixing tronsition, the effect of a small
Jet of ear issuing from the wing nesr the leeding edge was tricd. To '
do this the pressurce holes ot 15% chord on both surfaces were conmected
up to valves ir the observation room. Since the tunnel was at o low

pressurc (% to /10 of an atmosphere) sufficient air wos sucked in when
the valves werec opened to start a transition wedge (Flg. 23). The centre
Iine of the wedge wes at an angle of 5° to the wing chord, and as the
wedge angle was only about 5° at the low Reynolds number and high Mach



numbers, the pressure plottaing holes were still i1n a region of laminar
boundary layer flow., Opening the valves therefore had lattle effect on
the pressure distributilon, merely increasing the suctions on the upper
surface slightly.

It was anterestaing to watch the effect of the air jet on the upper

surface when the wing was tufted at R = 0.8 X 106 at M = 0,82, Waith the
valve closed the last thres eolumng cof tufts were blowzng arcund in a
random manner, but a few seconds afiter opening 2t all ihe tufts 10 the
row below the pressure plotting section aligned themselves aloung the
chord (Fig. 22).

5.42 Thread in supersonic region

A test was made with a 0.015 1nch diometer thread at 37% chord to
fand the effect on the preosure distrabution of a ihread in tho super-

sonic region, At M= 0.82 and R = 0.8 x 106 transiticn was brought
forward only to 65% chord, bul the shape of the pressure distribution

18 pnearer that obtained at R = 3,5 x 10° wath transition free, The
thread seems to have no other serious cffects on the wing apart from a
very slaght increase ain pressure at the 35% hole.
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At R = 3.,5'x 10, the thread causes an apprcciable increase in
pressure ahead of 2%, and at the higher Mach wnunbers there 13 a forward
movement of the shock wave and a separation aft of %,

6 Sumnary of Results and Concluding Reparks

At the lowest Reynolds nuiber, the boundary layer, which 1s laminar
back tc the shock wave, 1s lhick and the shock wave 1s of the A type.
The farst limb, noted cn ithe pressure distribution by a small increase
in pressurs, 15 assocaicted with the bepinming of a separation of the
bourdary layer. In the region of separated flow the pressure is
almost constant up to the main linb where there 1s a fairly gradual
pressure recovery. On inereasing the Reynolds nunber the position
where the separation cccurs moves back along the chord so that, at

3.5 % 106, the first lzob has dasappeared. There is then no region of
constant pressure and the suction rises contanuously toc just ahead of
the shock wave, The subsequent pressure raise s then fairly steep,
Although the boundary layer i1s stall laminar up to the shock wave thas
pressure distrabution is probably the same as would be cbtained im
transition free flow with a turbulent boundary layer.

The above Reynolds number effects may be expected on most aero-
fo1is, although they arc probably not so aimportant on thimmer sections.
5 naca 0015°

and, as mentioned above, on the 10% thack R.A.E. 104 section®, This
suggests that such effects arc not confined to thick cambered sections.

They have been noticed on several sections, e.g. NACA 23021

The eff~ot on CL’ CD and Gm 15 that the changes 1n these coefficients

as the Mach number s i1ncreased, associnted wilh the onset of shock waves,
occur at a lower Mach number when the Reynolds tunber is low, Thus the

Mach number at whach the CL collapses and the C and Cp begin  to rise



decreases as the Reynolds number is decreased. This means that the
no lift angle and the value of O”b both increase as ihe Reynolds nunber

1s decreased. Further, al low incidences, before the suction peak
moves forward on ths agrofoil scale offects probably increasc with
inereasing incidence. Therefore, ai low incadences, the 1aft curve
slope decreases, and there s a forward meovement of the aerodynamic
centre, when ihe Reynolds number as lowered.

In general at may be concluded that faxing transition forward on

the wing at low Reynolds numbers (say undec 1 X 106) removes the main
troubles caused by a thuck laminar boundary layer., However, as a
method of provading results similar io those which would he obtained
wath a turbulent boundary layer at hagh Reynelds number, 1t must be
treated with some reserve, 1t scems that al some Reynolds nunbors

(say > 107), the pressure distribution so cbtaincd docs not agree, as

to the positzon of the shock vave and the amount of scparation at the

traaling edgs, with the distribution obtuined when the boundary layer

flow 1s lamainar bui 1g than crough for the A shock wave system 1o have
disappeared,

It camnot he slaled conctusively which pressure dasiribuvtion is
most reprssentative of flipght condations, since 1t hao not been shown
yet whether there are otell furiher pressure distribution changes in

going from the thin laminar bourdary lxyer flow at R = 3.5 < 10 4o
naturally turbulent boundary layer Tlow al o hipgher Reynolds number,

All the above transation Mrec offccls weee found Ln the tests on
the model of a complute arrerift on whaich Lhe wing an the prescnt
tests was based, In general, tests made un the BLALE. Haigh Spocd
Tunnel are at a Reynolds number of 1.5 40 2 » 10° based on the mean
chord of the winp, Thus 1t 18 poosuible thabt soine of L€ spurious
effects discusced 1n this nolue may be presccul pariicularly towards the
tips of tapered wings whers the leocal Reynolds number 15 lower still,
Every effort 1s made to keep the Reynolds nunber as high as possible
and to look out for possible irouble from secale effects. As fixang
lransition scems bo abolish the A shock system and ats associated
separation and heuce the mran scale vffect troubles at low Reynolds
nutber, testo are cffven mnde bolh with tronsition free and with
transition Tixed, I there 1s no apprecigable d.uffcrence in the results
1t 15 assumed thal Reynolds number effectc are not important on 1laf't
or longitudiral stability below the stull.
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TABLE i

Ordinates of Seclion

R.A.BE. 104, 1% camber {NACA camber linc o = 0.6)

%, 100 Yo
} Upper Burlace Lower Sufface:
0 o 0
0.005 0:9652 , 0.8770
0.0075 1,1881 1.0647
0.0125 1.5443 11,3557
0.025 2.2007 1.8697
0.05 3.1156 2.5512
0.075 3.7969 3.0557
0.10 k4, 3460 3.4142
015 5.1903 .5.9805
0.20 5.8349 1. 3815
0.25/ 0. 3025 © o L.66L7
0.30 6. 6400 L, 8570
0.55 6.8610 4.9740
0.40 5.9752 5.0118
0.45 6.983L 4. 983
0.50 6.8831 L8831
. 0.55 6.6632 L7040
0.60 542915 L h2L5
0.65 57040 3a 0042
0.70 1..9866 3,928
075 419352 2.9368
0,80 5.3597 2.3569
S0.85 7 r2.5129 1. 7747
0.90" 156673 1,191
0.95: Ge8265° 0;6027‘7
1.00 0 0



TABLE IT

Position of boundary layer transition at preosure plotting section

Upper surface

Posation of

M |Rx 10'6 &® | Transation Remaxks
%
[
Transition free
O-L[-9 305 "0.3 0-67
0.82 3.5 -0,3 0.67
" 1.8 " 0.65
" 0.8 " 0.70
" " i 0.65 Tufts on wing between 50% and 70%
chord
Transltion fixed
0.49| 0.8 |-0.3| 0.20 %0.015" dia. thread ai ¥ = 0,17
aAppProx
0.821 3.5 -0.3 0.08 0.005" noow %2 0.08
t n 2.7 1 ft " 1 1 n
Separation from about Yo = 0.53
" 1,8 -0,3 0, 60 0.005" daa, thread at 76 = 0,08
Wedges from high spois on thread
" L n 0.12 0.010" d1a. thread at Ve = 0,12
" 0'8 i 0.58 ~t0 1t LI | ] 1t n
0. 62 Wedges from high spots on thread
" “ n 0.20 0.015" &1a. thread at %% = 0,08
apprex
" n 4 0.65 0.015" dia. thread at Yo = 0,37
approx
" " " 0.28 16 zauge wire at Yo = ~0.57 (1.,
approx ahead of L.E. of wing)
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