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Report No, aero,2170,
November 1946,

ROYAL AIRCRAFT ESTABLISHMENT, FARNBOROUGH

Transition and Drag Measurements on the Boulton
Paul Semple of Laminar Flow \fing Construction.

Part I

Measurements in the 13' x 9' Tunnel at the N.P.L.
- by -

J.H, Preston, B.Sc., Ph.D. and N. Gregory, B.4.
Part II

Measurements in the No.2 11% ft. Tunnel at the R.A.E.
- by -
‘K.%, Kimber,

part 11T

Joint Disoussion of Results, and Notec by J.H. Preston.

Joint Summary

Transition tests and drag measurements have been oarried out
on the Bou%ton Paul sample of laminar flow wing construotion to
R =9 x 10° in the N.P.L. 13' x 9' tunnel and in the R.A.E, 1‘13' x
8%' tunnel up to R = 15 x 106,

At small + incidences < + 2° and at R's up to 9 x 106 the
agreement betwecn measurements madc in both tunnels is good. At
incidences of + 3° and + 4° the transition moves forward with increase
of speed more rapidly in the R.A.E. tunncl than in the N.P.L. tunnel
and the transition front is considcrably more irrcgular in the R,A.E,
tumel. This difference occurs in spite of the slightly lesser
measured turbulence (this is to bc checked) of the R,4.E. tunnel
which may be expected to show up, on a wing with appreciable waviness,
near thc limit of the low drag range,

In the N.P.L, tunnol the theoretical low drag Cp range of
+ 0,35 is maintained up to about R = 7 x 106 with transition back
Yo beyond 0.4C (prussurce ndn. at 0,45C). In the R.A.E. tunnel the
corresponding R is slightly less., _The low draj range decreases as °
R 18 increcased until at R = 15 x 10° in the R.».E. tunnel the low
drog ronge of incidence is only + 1°. This reduction is attributed
to the waviness of thc nodel, exuggerated by the turbulence of the
tunnel stream. Nevertheless, the wing, considering its waviness,
has performed remarkably well in both tunncls, especially when
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corpared with previcus models of lower waviness, This is put
down to:-
(a) Absence of any skin joint’ (except at L.E.) in regions
_ where leminar flow is cxpected.

(b) The greantcr thickness of the acrofoil (185.) and the
moderate amount (0.45C) of laminar flovw aimed at, both of
which hclp to give the wide Cp, rangc of + C. 35 and the

very strong favourable pn.ssure gradi\.nts at amall Cp's,

* (e) The new cvaporation tcchniquss for determining the transition

o *front', which cnable surface imperfcctions giving rise to
turbulent wakss to be detected end renoved, thus avoiding
spuriously high drag readings.

The mininum drags ac measurcd in the two tunnels are in good
agreement with cach other, and also with thcoretical predictions
using the mcasured transitjon points over a range of Reynolds number
of 2,5 to 15 millions,

a tunncl-flight coaparison on a wing of this thickness designed for a
moderate emount of laminar flow would be very valuable, If, as
the present results in the R.i,E. tunncl suggest, some relaxation
of the vaviness rcquiremcnts ruy be possible on such wings, then
there is a hopc of present standards of construction attaining laminar
flow on such sections without resort to filling.

~ Wavincss necds to bc studicd further in rclation to transition

phonomena, and morc attention needs to be paid to the form and
number of waves in addition to the amplitude.
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Part 1.

1 Intyoduction

Part I of the present report describes tests made at the N,.P,L.
on the Boulton Puul smaple of laninnr flov wing construction. The
specinmcn is desiimed to achieve hirh standards of surface finish and
low wuviness which are nucussary if laminer flow is to be maintained
to the points of minimum pressure on_the surface of a wing in flight.
Three !prcvious reports by Richards?s2:3 on sar;ples subnitted by other
firms™ hrve already npperred, The wings so far sutmitted have had
differcnt profiles, with thicknussus roneing frou 1. to 1§ of the
chord. This wiskes it difficult t» dras: conclusions as to the nierits
of onc forr. of construction coupsr:d with wunother, Morcover in the
three provious tests no rolintle mensurcrments of treonsition were
obtained, sher::s in the tests to b deseribed, the 'china-cley!
techniquc of Richards and Burstal® cnabled the transition line to be
accurctely deterudned, whilat wokes arising from isolated roushnesses
or from pitting of thu surferce by nrit ot top spced, could be detected
and their causes removed., Henee the present drag measuremcnts are
more rcliable and this should be borne in mind when comparing the
results in this rcport with thosc of the thre¢ previous reports 1253,

ifter the wing had been tusted ot the N,P,L., it vas arranged
that it should be tosted in the R.u.E, 113" x 84! tunncl at the
R.i.E, This enatled o valuntle comporison between N.P.L. 13' x 9!
and the R...E, 113" x 8)' tunncls to be obtained. It slso cpabled
the present wing to be testcd to a Reynolds number of 15 x 109,

2 Mcthod of Construction

. A morc detziled duscription of the wing is given in the .ppendix
fron notes supplicd by Mussrs, Boulton Paul. & skctch is given in
fig.10 and photographs of the completc wing are shown in fig,11.

Briefly, the wing is built in two halves, which are locked
together in an ingenious manner in the finnl asserbly. The front
skin Joint is at the leading edec., The main spar is well back at
about O.45c vhich is about the linit to which laminar flow can per-
sist with idenl construction, The skin continucs beyond this to
the rvar spar, Strinccers of 'Z' section are attached to the 14
s.w.g. skir by thread cutting 4 B.i, screws inserted from inside,
the shoanks bcing carcfully trimmed off aftervnrds., These stringers
are in turn attached to special rib like mwmbers connecting the
leading edire .nciaber and the rear spar to the main spar, thus forming
a kind of double box-cpar construction (sec figs.10 and 11).

3 Surfoce Finish and Vaviniss of Wing as Received

3.1 Surfoac. Finish

The win' *aas rcceived in an unpainted but polished condition,
No attempt hnd been made to £ill in scratches or pits in the surface
of the skin. Thc finishing off of the projecting screw shanks
attaching the stringers to the skin could undoubtedly be improved,
as many of the. were slightly 'proud' of surface and could easily
be detected by the uye or by touch. There is of course, o fundamental
difficulty in producing a perfectly smooth surface where two materials
of different hardnesscs meet - ir thic case steel and aluminiun,

L Messrs. Armctrong and Whitworth, Mcssrs. Supermarine (Vickers)
and Mcssrs, Short Bros,

’




3.2 .aviness

Dimpling of the surfnce caused by the screws attaching the
stringers to the skin vz visible to the eye, particularly when a
straight cdge *ms rcflceeted in the surface., There wes a bad 'flat'
at the nain spar position on the lower surface, which was due to an
. error in assembly.

“aviness mcusurimcrts tuken on © 3" curvature gauge at threc
e positions arc shown in figs.2 sni 3. Vith the exception
of the 'flat' on the lower surface, the wnviness is comparable with
that achicved on the Supcrmarinc anl Short spucimens 1 tut is not as
good as that obtaincl by ilcasrs. Armstron: Lhitworth' or as that
achieved on a earcfully nnde voalen nodel at the N,P.L. Comparetive
figurvs for a varicty of wing's are given in Table I,

4 The Section

The scction was N.a.Cen. 65.3.018 and is shown in fig.1. The
designation indicntes that it is 185 thick and is symmetrical, with
a pressure ninitum at 0.5¢ (nctuaily 0.45¢), ajso it has a Cp range
Sof = 0,3 <Cp, <+ 0,3 (actualiy - 0,35 < Cy, < 0,35), American test
data fron their 2-dimensional tunncl at R = 10 x 106 shows that Cp, max
= 1.52 and that the 1ift slope for smell Cpg is C.11 per Jegree.

. » drawing of thce scetion and the potentinl flow veloclty
distribution are shown in figz.1.. The full line curve is computed
by smerican methods and the dotted line by Goldstein's method (3rd
approx.) with the theoretical 1ift slope, The velocity distributions
bty the two methods are in good cgreement at small Cpgq.  Near the
limit of thce Cp, ronge Goldstuin's method gives a small peak near the
leading edge to the otherwise nearly constant velocity distribution.
This is a.feature of some American nerofoils and arises from their
' more approximate mcthod of desipn.

5 Transition and Drag Mcasurements

.The 'china clay' technique, developed by Richards and Burstall”
wbs used for dctermining the transition line on each surface,” The
wing tms sproycd with a mixture of china clay, butyl alcohol, butyl
acetate and frigilenc. -~This was allowed to dry and it was then
carefully rubbed down with super fine sand paper. The surfaces were
then sprayed with nitro-benzene™ thus making the coating transparent
instoad of opaque, The wing wes set at 0° incidence and the tunnel
“‘was run at 180 ft/sec. The morc rapid evaporation in the turbulent
part of .thc boundary layer causes the chinc clay to dry out first,
if there are no wekes from excrescences tphc line of transition is
readily obtained (sce £1;7.12)., This wms found to be the case at 0°
inoidence, but at 2° incidence, two vakes wore formed on ths upper
surface (secc f£ig.12). These were traced back to their sources which
werc rubbcd smooth and the test repeated, If these had passed
unnoticod, the 'low drag' range of incidence would have been greatly
reduced as thcy were in line with the pitot comb, Transition lines
. wore determined on both surfaces at each angle of incidcnce for a
" range of specds, The drag vas obteinod from total head and static
:peadings in the woke at O,1c behind the troiling edge whilst the
.china cloy was drying out for the next transition test, thus saving
" time. . . .

F:L;;s..lq. end 5 show the variotion of transition position and OD!!with

® . gee important footnote in Part II on toxic cffects.

XX  Uncorrected for tunnel interfercnce -~ this would reduce them by
about 3%.
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incidence for three Reyzolda numbers, A 'low drag' range of incidence
of + 4% at R = 2,3 x 10® and of 4 30 at R = 6.9 x 106 was obtained,
Using the 1ift slope as determined by the americans, e.g. (.11 per deg.
and multiplying this by a factor of 1,375 to give a 1ift slope of

0.118 with tunnel interference gives a Cp, range of -0.47 < Cp < +0.47
at low kcynolds numbers :ni =7.35 < Cp < + .35 at high Reynolds numbers.
This latter is in excellent agrecment 1ith the theoretical value as

can bc scen fyom fig.1. It will te noted that the N.A.C.A. Cp curve
at R = 3 x 10% 1lics well below the curves ovtained in the present
experiments., .lco note the rapli forvurd movement of transition on
the upper surfacc vwhen the wing incidence rises above the upper limit
for lov drag.

. Figs.6 ond 7 show th¢ transition position and Cp for u = n° as
functions of Reynolds numbcr. It will be noted that the transition
position up to R = 9 x 10° is behind the position ¢f maximum velocity
at O.45c, except for onc observation at R = 9 x 10° on_ the upper
surfacc-curvc '.i'. At the lover Reynolds numbers R = 2.5 x 10
the transition position is back to C.6c, thus laminar flow is persist-
ing for 0.15c against a considcrable adverse pressure gradient,
reaches a minimum valyc of 0.,0053% at R = 8 x 106 falling slowly from
0.006 at F = 2,5 x 10°, .bove R = 8 x 10° Cp rises steeply.
Theorctical cstimates of the drag of this section were obtained by
Tetervin' s® mcthod using the meusured transitjon points, The agree~-

. ment with experiment is goodl up to R = 8 x 10°, but if both transition
lines arc assumed to remain back, then curve 'B!' is the result (fig.
7). If hovxver, vwhilst the traverse wus boing done at top speed,
the transition linc had moved forvard on the upper surfacc as found
on one¢ occasion (curve .. iig.6), then taking this in the theoretical
calculations curve » fig.7 rcsults vhich is in fair agrecment with
experiment, Ve found that at top specd therv vas considerable
difficulty in holding thu transition far .back on the upper surface
for any lcngth of timc, This was presumably due to abrasion by grit
in the airstream, Repcat drag tests were mads et R = 8 x 106 with
the china clay removed. They gave the same Cp showing that the
china clay had not masked «ny surface imperfcctions. , Note that the

- Nui.CoA. values of Cp for a range of R between 3 x 106 and 107 are
almost 20;. below the present results, A possiblc explanation is that
their model wms butter finished.which enabled the laminer boundary

. 'layer to procced well buyond the pressure minimum to about 0.65c.

A scarch was also made for the prescnce of laminar seporation
at the lower Ruynolds nmumbers by the use of o fine probe brought
near the surfrce from dovmetream z2nd carrying sulphuretted hydrogen,
which was allowd to stain lead cuzrbonate painted on the surface in
the neighbourhood of the transition line., No cvidence of laminar
separation wus found down to R = 1.5 x 10°,

6 Comparison of Prescnt Tests with Previous Tests in the 13' x 9*
Tunnel

In addition to the tests on the three previous specilmens already
referred to (references 1, 2, 3) & 6' chord E.Q.H.1260 model, both
with 2 wooden surface and with a m¢tal skin, has been test09 by Fage6
and an E.Q.H.1250/1550 merofoil has been tested by Richards!. Come
parative data nre rccordcd in Table I and fig.8 shows the minimum
drag cocfficiunt as o function of Riynolds number for the 7 aerofoils,

1t is scen that according to the curves of fig.8 the Boulton Paul
specime. is the best so for tested in spite of its-somewhet greater
waviness™. Morcovcr, the rapid dreg risc at R = 8 x 106 scems to have

X  This statement does not necessarily apply to the region very close
to the leading edgc, where mcasurcments have not been made on the
N.P.L. models.
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beon preventable - in view ‘of the fact that a far back transition

position has becn reeorded up to R = 9 x 105 (£ig.6) and also, as

will appear from Part II, the R....E. have succecded in maintaining
low drag up to R = 15 x 10° 4t "2 and 19 incidence,

The poor performance of the wooden models can be attributed
without much doubt to Avterioration of the surface by sbrasion due
to grit particl:a and to the glued Joints of the laminations being
raised becausc of humidity and temperaturc varictions. For instance,
from Tablc I, ¥.Q.H.1260C has a waviness of + 9.907", vheress E.Q.H.
1250/1550 has = waviness of + 0.092" on a 3% curvature gauge, but its
perforunnce is the worse of the two (fig.8). :

The significant featurc of the: Boulton Paul specimen, which
distinguishes it from th: previous ‘specimens (Table I) is the fact
that the skin joint is at the ieading edge and the rear skin joint
is well behind the farthest brck position at which laminar flow can
be expected, Richards in references 1, 2, 3 has called attention
to the poor nature of some of the skin Joints, These points may
viell be the chief contributing cause of breakdown of the previous
specimens,

The fuct that the sections are all different should not be
lost sight of, For instance, the Boulton Paul specimen is the
thickest (14%), the next in performance is the Short specimen 15.6%;
both these scctions have set out to achieve only a moderate amount
of laminar flow, c.g. O.45¢c. Next comes the JArmstrong Whitworth
section 145 thick, On the whole these thicker scctions have per—

" formed better than the 12% se¢ctions., A possible explanation is
that the thicker sections have a  reater average curvature and a
greater average favourable pressure gradient, both of which are
stabilisin;; influences,

7 The Theorctieal Computation of Drag

Fig.9 shows a sct of drag curves at constant transition positions
as calculated by the Tetervin method compared with a similar set,
interpolated for an 13% thick wing, obtained from the calculations of
Winterbottom and Squire (Ref.8), Similar sets of curves have been
used in previous rcports for estimating the transition positions,
before the advent of evaporation methods of obtaining transition
fronts,

It will thus be seen that with transitions bchind 50% of the
chord therc arc discrepancies and that had transition been estimated
from Squire and Winterbottom's curves at a given Cp and Reynolds
number, a further backward position would have resulted than actually
occurred., It is suspected that the values given in Table I and
those estimated in various flight tests suffer from this defect.

It has since beun Aumonstrated by Nr. R. Lock (Ref.9) that
the Squire-Young mcthod and the Tetervind-Holt method vhen applied
to the same acrefoil give drags which are in very close agreement
over thc practical ranje of transition moyement, It was found that
aerofoil shap: has an appreciablc offect on the estimated drag
especinlly with far back transition, In particular thc Squire-
Winterbottom charts verc calculated for acrofoils s:dith appreciable
trailing edge angles, whereas the Boulton Paul section is cusped.
A series of charts appropriate to this latter type of aerofoil is
given in Ref.9.

8 Conclusions

The waviness of the Boulton Paul teut’apeoimn,\ with the
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exception of thjse portions >f thc surfacc near §he front spar, is
oomparablc with that achieved on the Supermarine and Short” specimens
but it is not s jood as that on thc ~rmstrong “thitworth tcst specimen,
The finishin; off of the screw shanks projucting through the surface
could bc improved, Nevortheless laminar flow has beun obtained to
‘boyond Oéléc (the pruacurc minimum) up to & Reynolds number of R &
9,0 x 176 (the top specd of the tunncl) at 0° incidence and the
- theorutical low drng rgnc;e of Cp, ces5. -0.35 < Cp, € +0.35 has beon
obtained at R = 7 x 10° and cxceeds this =t lower Rcynolds numbers.
The wing has thercforc th: best performance of any so far teated in
the 13' x 9' tunnel in spitc of its wavincss and the turbulunce of
the tunncl strcam (contraction 4 : 1), This is probably duc
primarily to placing thz front skin jJoint «t the leadin edge and
the absence of mny furtacr joint in the reiion where laminer flow
can bc expected.,  Secondly the section being 18% thick and the
pressurc minimum occurring at 0.45¢ means that the greater convex
curvature and the stronger favourcble pressurc jradicnts resulting
from this may have damped out disturbances srising from waviness,
roughness and tunncl turbulenec.  4lso the new tcchn:lquc‘* for
obtaining transition has ¢nobled more reliable drag measurcments to
be obtaincd and the sources of isolated wekes to be removed,

It docs not however follow that a wing with this waviness would
have low druy; propertics at flight Reynolds numbers, particularly as
the flight tcsts on the King Cobral® have shown the ncecessity for
surfaces of hi,h finish and much lower waviness. Nevertheless it
remoins a possibility that ;rvater waviness and poorer surface
finish may be tsolerated on sonie profiles than on others., This is
a point vorthy of further investigation zs the demand made on the
desimmers' ingcnuity and on production by the tolecrance on waviness
recommended in the 'King Cobra' report'Y is a very scvere one., The
R.A.E, tunnel tcsts should shed morc light on the problem as a
Reynolds numter of 15 x 106 can be obtained on the present test
specimen,

It noy be remarked that the curvature gouwgs is not a very
satisfactory means of specifiying the wavineas as it does not enable
us to draw out the form of the waves, Nor is the practice of
specifying waviness by its amplitude as indicatcd by the curvature
gauge readin,, rcally good cnough, since the average pitch of the
waves in rclation to their amplitude and to the chord length must
come into the question, atteupts are being made at the N.P.L. to
design a wnchin¢ for measuring up the wing profile accurately,

The method of ustimnting the drag deseribed by Tetervind is
ropid and has given jood results in the prosent cose., Fundamentally,
it is the same as the Squire and Young method but uscs different
relations betvaen the momentuwn thickness and the skin friction to
pormit the integration of the momentum cquation,
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Part I. -

1 Introduction

The measurencnts of transition and drag described in this
part of the report wiere nade in order to extend thu Reynolds number
of the tusts from the 9 million obtainable at the N.P.L. up to 15
nillion. Ths opportunity vas tokun to obtnin a comprrison of
tranciticn in the N.P.L. and R.a.k. Tunncls using the samc technique
in vach ense ("China Clay"), and also to obtain a comparison in the
R.a.B. Tunncl of tronsition us determined by the "China Clay"% and
the 1iquid filn cvoporation!? methods. 1In addition, the N.P.L.
necasurerknts of surface vaviness werc supplumcnted by pcasurchonts
oxtendin; right to the nosc of the wing, using curvature gouge
lengths considerably shortcr thun that used ot the N.P.L.

The cxperiments were carricd out under the supervision of Mr,
Vi.Es Groy.

2 Transition, drsi and Curvaturc sicusurenents

Thu win.: '8 tested in the condition in which it was roceived
from the N.P.L., ;rvat core having buun token to proteet the surfaco
in transit; ocensionol slight roughnesses due to fine prit particles
strikin;: the forvinrd part of the wing during a test werc, howwer,
removed when they occurred.

The 1liquid film evaporotion uethod, duviloped by (?rrf.\y"‘I was
used for Jdeterminin, the position >t the trensition "front", This
method, althoush bascd on differcnticzl oveporation like the NLP.L.
"Chinn Clay" tcchniqus, docs not involve covering the surface to
bo tested with o fine coat of pigm:nt (owver /3000 inch thick);
instead, a very thin film of a slov=dryin.; liquid (luss than 4/50,000
inch thick) ic applicd lircetly to the wing. it low speed, ordinary
peraffin wns uscd for th. rilm, but tor the hijhcr speeds (above
about 80U ft/sue.) a loss volatile 1iquid was needed, and as a
suitablc 0il wes not availuable alpha-chlorhydrin was used., This has
a conveniunt drying time, mnd tno viscoaity is such that there is no
question of thu filu movin,; rcarward du. to skin friction,

For a polished mutnl surfnaece, as on the Boulton Paul wing the
contrast in surface appearance butween the dry and the wet parts
was good vnough to nllow photographs to be takun with the ordinary
tunnel lighting. Fig.17 shows thrue photographs of transition and
the relative cleanness of the transition boundary shows that the
thinness of the film was fairly uniform; intert'vrence colours arc
the cause of the light borders to the wet arcas,

The comparison of transitior bty the liquid film and China Clay
methods was made at 3° incidence only, as this was a sensitive case,
In using the China Clay tcechnique it wos found that ordinary Karaffin
is much superdor to the nitro-benzene recommended by Richardsts
(1) it docs not contaminate the tunncl with poisonous vapour®™, (2) it
does not softun the China Clay surface, as docs the nitro-benzene,
making it casily damaged by grit, cte. luring test, (3) it runders
the cley coating ncarly transparcnt,

Neesurcments of drag were nade at 0° incidenec in the usual woy
by a pitot comb in the woke.

X The usc of nitro-benzene in inldustry is hi hly undesirable because
of its insidious toxic effects. Sonu authoritivs assess it es being
about 100 timcs as toxic as corbon-monoxidc, with delayed action,
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Curvaturc nessuremcnts were teken along the chord over 8 inches
of profile from the L.E. at two spanwisec positions on the suction
8ide of the wing, chosen beecruse of the larwe difference in transition
botween them, For these mccsurements an ames 3ial curvature jauge
vas used, with ,zuge lengths of 0.6 and 1.0 inches, and thoe results
are given in para. 3.3.

3 Rcsults
3.1 Tronsition

The variations of transition "front"™ position, both with
incidenee and velocity, are shown in Fig,13. It will be seen that
at incidences of 0° and 1° the transition on the upper surfuce
rencined back at all speeds, and also at 20 up to & speed of 250
ft/sce. 4t 3° and 4O incidence transition bugsn to move forward
repidly at nuch lower speeds and was almost at the leading edge at
hish specd; norecover, the transition "front" bucnic cxtremcly
irre;ulaur across the span at interacliate specids, and this is
reproscnted by the shaded crcas betvieen the split curvea of Fig.13.
These irregular salicnts in the transition "front" arc well shown in
the photographs of Fi;.17, and their close conncction with surface
wavincss is discusscd in paro. 3.3.

The curve in Fig.13 marked "rear boundary" for a = 3° on the
upper surface gives the only readings taken at that incidence by the
liquid film method, and a comparison with the "china clay" results
is given by the neighbouring 3° curve, The slight difference between
these two curves vas unexpected, as the china clay coating was
carefully rubbcd down and in faet it covered up most of the roughness
due to the screw ends projecting slightly through the skin; this
roughness had not causcd wedges of turbulence, but the slight

covering of clay had bcen expccted to move transition rearward, if
- anything. No rcasonable explanation can be offered at present, but
the difference is not very scrious.

The more important transition points from the N.P.L, tests
have been added to Fig.13 for comparison (sec Part III of this
report).

3.2 Drag

Drag mecasurcments were made at 0° incidence in the usual way
-by total head and static readings in the wake, The results obtained
are plotted against speed in Fig.14; this has been done instead of
the conventional plotting against log R, as that method presents a
dietortcd picture of the wing's behaviour by cramping the important
high spced ona of the curves and exaggerating the low speed region.

Vhile the drag rcadings werc being taken a check was kept on
the surface condition by the liquid film method to ensure that no
"wedgea" of turbulencc were caused by fine grit particles damaging
the forword part of the wing and thus affecting the drag readings.

To obtain ¢ comparison between the mcasured drag and that
deduced from transition, drag curves for conatant transition,
calculated at the N,P.L. by Tetervin's method? were used in conJjunc=-
tion with the transition mcasuremcnts at O° incidence. Excellent
ogreement was obtaincd, as shown in Fig.i4,

3.3 Vaviness

Surfacc vavincas was noticcable to the eye, and tests at
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incidence heye shown thot lerge spanwise variations of transition were
prosont (se. Fig.17), clso that as speed was varied the irregularities
maintained a consistent pettern, This is obvious fram o comparison
of the photograpns (), ?b) and {c) of the figure, and it pointed to
spanwisc variations in wevincss being: the cause, Sinco the tronsi=-
tion ct 3° and 4° incidence movea forvard st the higher spucds to 2

- or 3 per cent chord from the leading udge this scemed to indicate
thet wavinuse therc ms an over-riding crus..

Two spanwisc positions were thoret'sre chosun for curvature
measuren.nts on the suction side of the wing; =t these positions
curveturc measurements vere made from th: nse to 8" round the
surface; they corrcspond with the beat and worsc transition positions
of Fig.‘l?(c) and cre marked A and B on tkat photograph,

The curveturc recorde arc plotted in Figs.15 2nd 16 using two
different 2nd rclatively simell gauge longths becuuse of the fundamontal
unsoundness of the normal curvature gauge as used for this work. It
should be stressed thot using o geuge length of several inchés on a
curved surfacc having vaves of small length gives a very nidluaeding
indication, and can show reversals of curvature as though they vcre
only minor varintions of curvaturs. The design curvatures for the
section have buen cstimatcd approximately and curves of what the
gauge readings ought to be on a perfect wing surfact arc olotted for
comparison,

ke

It is obvious from the curves that suction A is not as bad as
section B, althouygh for the first 2.5 per cent chord it is quite
bad; in spite of this the boundary layer keeps lominar to about 8
per cont chord in photograph (c) of Fig.17; on thc othur hand at
section B turbulence is seen from that photograph to start at about
2.5 per cent, i.e. just af'ter the mlmost flat patch at 2 per cent
chord, behind this the surface is seen to be very wavy for several
inches, and this might have caused transition there in the «bsence
ot the "flat" mentioncd, The effect of the bad irrcgularities at
leas than 1 per cent chord t'rom thu nosc cannot be assesscd from
these tests,

Errors in curvature close to the nosc of a wing have been
encountcred in several earlicr visual tranzition tests and their
effects shown, firstly by the chemical method1? in flight in 154413
and also in thc R.AE. No.2 11} £t. tunnci in 194514,

Three cxamples of forwnrd transition saliunts caused by local
waviness around thu fixing screws arc indieuztcd by arrows in the
photographs (a) and (b) of Pig.17. Had roughneas of the screw ends
been the cause of transition thesc salionts would have buen sharp
wedges with the apux of each at a screw,

3.4 Rou

The scrious waviness of this wing, and the resulting carly
transition on the suction sidc when the favourable pressure gradient
was reduccd by incidence, prevented the effects of roughness showing
up as they might have done in the absence of waviness., Some of the
roughnesscs wre of the same order as hod causcd vwedges of turbulence
in carlier tests and in flight teats. The wry favourable pressure
gradicnts on this wing at the lovur incidences may heve prevented the
formation of wedges, whilc at the higher incidences and spceeds the
treansition was clrcady almost at the leading edge duc to wavincss;
this precludcd wedgs formation and pruvented a full study of roughness
effects.




4 Conclusions

1, At incidences up to 1° there is no increase of drag, i.e.

rapid forwvard movemcnt off transition, up tc the highest specd testcd,
400 ft/scc. (R = 15 million), dsspite very apprecioble skin wavincss
near the nosc and som. roughnuss duc to projucting screw ends. This
is presumavly duc to the very favourable presswre gradients assoclated
zith th»i scetion shape and thicknuss anl to the surface curvaturc.
Fig.13

2, With decrease of favourabls preasure gradient, as incidence
increases, the sffcet of waviness in vringing transition forward on
the suction side is very marked, (Fig.13).

3 Owing to thc onsct of turbtulence duc to waviness, the effect of
roughness could not be stulied complctely., In thc tests there were
no wedges of turbulence du. to the projecting ends of the skin
attaching scrcws, but, had there bcen no waviness, widges might well
have appeared at the higher speeds and incidences., (Fig.17).

I While the rcsults show that the wing us constructed echieves
low drag ot small incldences and high speels in the tunncl, it is
uncertain bty how much th: low-drag incidencc range might be extendod
in frec air., As tunncl tcats arce buing uscd to ansess tho merite
of new types of laminar flow wing construction, it sc¢ems very
desirakle that cxpcriments should be mud: to giv: information on this
mmtn

5. Transition results by the liquid film .vaporation and china
clay mcthods were in suhstanticl sgreement. (Fig.13).

6. The relationship botween transition and drag is found to agree
with that calculatcd by Tetervin's methodd for the Boulton Paul
wing scction,

5 Purther Work

It is intcnded to usc the spocially prepared wing of the King
Cobra for a tunnel-flight comparison of, transition; this wing has
ths weakest 'favourable! pressure gmdionts of existing acroplane
wings of adequate surfact quality, and so should be well suited for
showing up any effect of' tunnel turbulence on transition,

It is suggested that a tunnel-flight compsrison should also
be obtained with the low-drag Hurricanc wing, which is thicker and
has its maximumn thickness f'urthcr forward, thus giving more favourable
gradients over the front part of the wing, Since thc present tosts
have indicatud that a2 widvr tolcrance on waviness can be allowed on
such wings, somc spccific waviness might be added on part of the test
section if the existing vaviness does not already cause an irregular
transition .f'ront when flying ot incidences of weak gradicent. -

Such comparisons would be particularly helpful in interpreting
the results of tunnel tests made to assess the merits of various forms
of low-drag wing construction, and would put on firmer ground all
future tunncl work on low-drag wings gencrally,
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Joint Discussion of Hcsults - with a Note on the

Influence of Shupc on the Maintenance of Laminar

Flow at High Reynolds Numbers by J.H. Preston,
1 Cooparison of H.P.L. and R.A.E, Teste

The Iimiting spued <nd Ruync)ds number for comparison are 220
ft/sec, and R = 9 x 10€ o3 thuse r-prosent the top specd condition of
the N.P.L, 13' x 9' tunnel.

At incidences fronm €9 to 2° the mevenint of transition with
speed on the upper surface was substintizily the scmc in both tunnels,
- Morcover, the 'china clay' and 'liquil £il:' t.chniques gave sub-
stontinlly the samc tronsition linc., At 3° ani 4° on the uppor
surface there ore differcnees betvien the N.P.L. and R.A.E. rusults,
It would seen that in the N,P,L, tunnel transition is further back
and that the movencnt with speed is different, Now at these
incidenccs the pressure gradienta on the upper surfaec arc very flat
or siightly unfavourazblc; imoreover the wing hus considurable wuviness

and som¢ roughness so that the luminer boundsry laycr must be in o
voery unstablc state.

Henee, slight diff'erunce in turbulence or even
in nolse might czusc & considcrabic shift in transition 'front';

moreover this moy no longer be a straight 'front', as spanwise
varintion of waviness will infiuence the result.

This was in feact
observed ond was morc narked in the R.AE. tunnel than at the N.P.L,
Proliminary hot virce ocasurvments have shown, hovever, that in the
N.P.L. tunncl the intunsity of sueil scale turbulence is slightly
greater than for the R.AE, tunnel, Thesc tests will be repeated
shortly. In nddition, dircctionnl steadincss and freedom from
sporadic ioir frequency velocity fluctuatlons are better in the R.4.E.
tunnel; these iatter nrv fenturus of 'large scale' turbulence, It
is nccordingly not casy to ¢xpinin why tronsition st 3° and 4°
incidoneu should be further beck in the N.P.L, tunnel and the need
for check neasurcrnts on the turbulence of the two tunnels is
enphasised,

Comparing Figs.7 ~nnd 14, it is seen that for 0° incidence and
the range of R covered, the Cp's are in agreement for the two tunnels,
The nceessity of carrying the tosts to os high o Reynolds
nunber es possible is gell brought out by ¥ig.13, In the N,P,L.
tests up tc R = 7 x 10° the theoretical lov drag range of+ 3° was
obtained (r slightly lowr R wus obtained for this condition in the
R.AE, tunnel),

Ir. the R.A.E, tests a lov drog range of & 2°0 is

modntained up to R = 10 x 106 and ~ range of + 19 up to R = 15 x 106,
These figurcs of course may be int'lucnced ty the degree of turbulence
prasent in the airstros:, but there is little doubt that the wavincss
and finish of the speciuen is now making itself felt and 1s restrict-
ing the low drag rong. at the higher Reynolds numbers, It would be
extremcly intcrcsting to tust a wing of the same chord and scction,
in which the wnwvinoss is a ninimun in the R.AE. tunnel,

It is suggested that in the future, tusts on specimens should
be made in the R.ALE, No.2 114" x B4' tunncl as the maxinun Reynolds
number obtoinable

=15 x 100 on o A ft, wing is not far short of
flight Reynolds nunbers and the tests are theretore wore likely to

show up suny inperf'sctiosns than tests at the N,P.L. at smaller R's,
The turbulcnce of the tunnel struwn will tond to give rosults which
arc pessinistic;

on the other hard it may be a useful 'safety factor'
and allow a mmrgin for the inercascd 'scale' of flight,

2 Influence of Scetion Shape on Naintcenance of Laminar Flo: ot High
Reymolds Nunbers

The excellent performsnce of the Roulton Paul specinmen (in
-1l -
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spito of apprecisble wvaviness) in the N.P.L. 13' x 9' tunnel, as
compared with previous specimens and other models, has already been
commented on in Part I. Vhilat the effect of waviness is snowing

up in the R.».E. tusts at incidences > 10 at high R's, the performance
is still remarkable in a tunnel in vhich the turbulence level is
probably fairiy high compared with the reputed level of the best
american tunnels, In Part I somc of this increased performance was
attributed to the placing of the. skin joint at the L.E.

The phenomenon of tronsition is not yct completely understood,
but the cxperimental work of Schubauer and Skramstadt (Ref.16) on the
stability of the¢ lamincr boundary iayer of a flat plate and similar
work by Licpmann on the ofi'.ct of curvature on stability (Refs.17,
18) which confirm thc stabiiity th-ories of Tollmicn and Schiichting
for the flat platc and that of Gortler for the concave plate, roepru=
sents a big step forward. Licpmann found that the stability of the
boundary laycr for convix surfaccus is of the type visualiscd by
Tollmien and Schlichting for the flat plate, Bricfly, oscillations
occur in thc boundary luyer of a fiot plate or acrofvil arising from

- externcl disturbances, which for @ cirtain distunce from the front
stagnation point are domped - for the flat piute this is represented
by a Reynolds number Ry 6 x 10M¢,  .ft.r this point the oscilla-
tions arc amplificd ond if the disturbencus from which they originate
are large cnough, transition may occur ut & R.uynolds numbcr Rm,
otherwise thcy then pass through this wcmplification region to a stable
region, The length of the amplifiication rugion is o function of the
fres})xfncy ot tlée disturbonees, Now in the casc of the flat plate,
Rp ==2.8 x 10° in a tunnci of low turEuluncc, znd for laminar flow
acrofoils it may bv as high us 25 x 10 1t is the gap butween Ry
and Ry for which there is no c¢xplanation in quantitative tenms. We
do know, however, that Rp is greatly increascd by fovourable pressure
gradicnts - in fect the posaibilﬁy of leminar flow wings depends
entirely on this, - but Livpmamn / has founu that convex curvature
barely affects Ry, ~hercas concave curvature was found to have a
pronounced adverse offuet, We alco know that Rp is decreascd by
increascs of stream turbulinee, of wavincss, and of roughness if
above a certain magnitudc vhich is a function of position on the
aerofoil surface and of the Reynolds numbcer.

As regards roughness, some unpublished cxperiments at the
N.P.L, on isolated roughnesses, roughly cubical in shape, located
at various positions on a laminar flow wing, show that turbulent
wakes do not form behind these obstaclcs it Ry (iocal Reymolds
.number of obstacle) < 400 when they are w1l back from the nose, If
located near the nosce, vhere pressurc gradicnts are very favoursble,
Rt >900 for transition to be affcetcd. Now disturbances are
certainly being shed by thesc obstucles for Ry > 100, hence it appears
that the frequency of the dlsturbance is such that the length of
amplification region is short.and that up to R % 400 the amplified
disturbance is not large enough' to af'fcet transition,

While roughnesses are cosily detuctud and removed, woviness is
a much more scrious problein and constitutes the chicef obstacle to the
achievement of laminar flow in 1'light. Page (Kef.19) has investignted
the offect of isolatcd hollows and bulges, It appears that when tho
. wave is sufficicntly abrupt the adverse prussure gradicnt associated
with it is sufficicnt to cause laminar scparation, ¢.g. Polehusen's
52
v
which may or maoy not be damped out, It would seem therefore that

paramcter N =

%xu—l = - 12, Disturbwmces arc then propagated,

X More rceent theorcticnl work by Protsch shows that i‘gr an acorofoil
(depending on the pressure gradient) Ry may reach 2 x 10°,
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noar the rose, vherc '3' the boundary laycr thickness is small and
where .E:.:ﬁ for the acrofeil is lorge and positive (in fact A =:7.0

near the nosc), morc abrupt woves might be tolcratcd - which is the
argunent for having the front skin joint thcre., The fact that it

is tho wrve form which isattors shows that the prectice of specifying
this by its cmplitude is not correct, nor for that mntter docs the
curvature gauge correctly give the emplitude, Moreover the frequency
of waves per chord length must also cnter the picture as it is clear
that onc or two lurge waves mercly constitute a slightly diffurent
aerofoil shepc., Agein, 2 lorge nwiber of small vaves may have a
oonsiderably greater offcet than o cingle wave of the same amplitude,
as the boundary loycr tends to be thickened by cach wowve und its
stobility thereby doercascd, However, thesc arguxnts do not explain
the supcrior performance of the Poulton Paul wing with its appreciable
waviness over say thc thin acrofoils srith smzll wevincss®, »1l that
can be scid is that the Foulton Poul suction haa - nuch greater Cy,
ronge and its pressurce minimwa is nearer to the noce than for the
E.Q.H.1260 type. In general, and excludins the nosca, whilst the
amplitude of thu waves as detcrmined Ly the curvature gauge -as
greater for the 'B.P.' wing for E.Q.H.126G, the pitch of the waves
wos even greatcr, so thoet in ¢ffect the waves on the B,P, were leas
abrupt., This sugmecsts that the devclopment of a profiliing machine
is a neceasity for further study of lov drag; scctions,

In conclusion, it would appcar thct in deciding on a low drag
scction, with cxisting standards of construction, designers would
be well advised to chooae vhere possible o wing with a wide Cp, ronge
and to aim «t modercte amounts of laminar flow, Further rescarch
should be carriud out to check this point and see whether the
allowablc standard vaviness recommended from the King Cobra flight
teats can be relaxed.

¥  The N.P.L. measurcncnts of wavincss atopped short of the nose. In
the case of the E.Q.H.1260 with mectul skin the R.A.E. foundll that at
the mose the vaviness vas ruch greater than further back, On the
other hand, one would expect the cllownble wavincss tolerance to be
greater ot the nose,
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appendix

Description of Lan:lmr Flow ‘ing Test Specimen.
(Notes supplicd by licssrs. Boulton Paul,)

Introduction

The speeimen deseribed in this note is vne of o series being
constructcd, by various aircraft manufccturcrs, in an attompt to
£ind & suitablc form of construction for & wing posssssing laminar
flow characteristics.,

aftor consultation witk N,P.L. and R.a.E. an N.n.C.n.653 - 018
syrmctricul acrofoil scction was selocted for ths tests. 4 hon
taperud specimen of chord 6 ft, 0 in. x span 8 ft. 10 in, suitable
in siz¢ for the N.P.L. wind tunnel was therefore constructed. The
specimen has been designed €2 ncet both wind tunnel and strength
test requircicnts,

In order to obtain a rational sct of loading conditions it

has been essumed that the centre of the section would reprusent the
geometric meon chord of u straight taopered wing, of cspect ratio 6,
sultable for a fighter type of acroplane hoving a maximun diving
apoed of 525 ni,p.h. E.ia.S. ot 10,000 £t, 4 preliminary ecalculation

. showed that similar loading conditions could be sbtuined by using
certain combinations of ultimetc load factor :nd wing loading,
thercfore the following thr.c combinations were selected as represento~
tive of the coniitions which could be obtained with thc type of
aeroplan: undcr consideration.

. Ult, Facetor %ind loading
Condition | (Norral Acccl. x 1.5) 1b/£t.2

8 50
10 Lwn
12 35

Design Considerations

It wus considercd that in order to obtain laminar flow a skin
covering of &t least 14 s.w.g. would be required, furthermore it was
felt that no spanwise Joints could be allowed between the leading
edge .at chord linc and a point well aft of the theorcticel transition
point. us « thick covering wos selected it was necessary fyom a
structurally ccononic point of view to develop as high a stress in the

wing covering as possiblc.

To avoid the possible deformation of the skin by attachment to
a rigid form of internel structurc, = light form of internal skin
bracing was uccd, The normal form of heavy spar boom e¢xtrusion was
thereforc replaccd by a lipght cxtrusion, nccessary only for spar web
attachment. Closcly pitcned skin touching stringers and upper and
lower stringer touching ribs completed the structure.

48 it was considercd inpossible tc avoid loccl deformation of
the skin when forndng a rivet it was deecidcd to attach the stringers
to theé skin by throad cutting screws, inserted from the inside of the

wings.
- 19 -
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Froo the foregoing it will be seen that a wethod by which the
whole of the asserbly could be carried out from the inside of the
wing would be nccessary, at the samc time o suitablc method of
Joining thc two halvcs together had to be dsveloped.

An over-riiing consideration was that thce form of construction
had to be suitabie for quentity production, and would fulfil the
requirements of serviceability and maintenance,

It must be emphaziscd that no filler, or coating, was appiied
to the outer surfacc of thu wing skin, The test specimen was
therefore left as constructel, no cttempt being made to improve
the surface by such neuns,

From actual weights it is estimated that a wing using this
type of conatruction could be built which would be at least as light
as any conventional form,

Details of the formr of construction are given in the next
section.

Method of Construction. (Sec Figs.10 and 11)

The wing takes the form of a load carrying box section, built
in halves (upper and lover halves, split ~long the chord line).
The laminar flow portion cxtends from the luading edge to 74% chord,
aft of this point the aerofoil section wue completed in wood solely
for the purposc of wind tunncl tests.

The skin was formcd by rolling 14 S.¥.G. light alloy sheets to
the acrofoil contour, After forming, anch skin was placed in turn
in a wooden crad.c such that complcte access wos obtained to the
inside surface of the shecet for assembly purpos:s, thc complete
assembly of each half wes made whilc held in this cradle, Light
gauge stringers, "Y" scction main spar cxtrusion ani a "TI" section
auxiliary spar extrusion vwere then attnched to the skin with
"Shakcproof™ trread cutting 4 B.k. screws., These being inserted
from the insidc, the shank which protruded through the skin was
left to be removed at a later stage in the asscmbly, The leading
edge extrusion was thcn attuched with similar screws, but these were
inserted from the outside of the skin.

The main spar and leading edge extrusion mentioned obove,
incorporates o bulbous portion throush vwhich a hole was extruded, to
close limits, over its entire length, . The bulbous portions were
nachined before assembly to form the complimentary halves of a
segmented hinge extending over the cntirc length of the wing,

The conventional type of rib wms replaced by four members of
top hat section, the rims of which were bolted to the stringers. The
ends of the rib members forward of the main spar were attached to the
leading edgs and main spar extrusions, the cnds of the rib members aft
of the nmain spar were attached to the main sper extrusion and suxiliary
spar web,

The main spar web was made from flat sheet reinforced with
light "Z" sections at cach rib and intemmcdiate position. 4
. segmented bulbous extrusion wos riveticd to thc upper and lower edges,

‘The auxiliary spar web wus made fro.. flat sheet in halves split
along the chord line, the upper edge being ottached to the "T" scction
extrusions alrcady assembled on the wing skin, the mating edges of
each half vere fitted with segnented complivientary cxtruded hinge

- 20 =
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sections. It will dbe seen that the internal structure of the wing
was complete at this stage, the final asserbly consisted of joining
the two halves together by the inscrtion of speclal tubular pintles
through the compiimuntury portions of the four hinge scctions. The
pintlcs consisted of hardencd and ground tubular members which wure
made from spirally wounl stcel strip. To ¢nsurc casc of assembly
this tubc or pintlc wos approxinatcly 2,015" less in diamcter than
the hole in the cxtruldsd hinge section. ‘Ten finaily essenbling the
halves of the wing, this tube is subjoctel to compression by nmeans of
acrewcd plugs at the cxtremities, thus the tubu is cxpanled in dia=-
meter until a tight fit is obtained in the hinge scetions, Con-
versely, when the plugs arc removed, the tubc roverts to its original
diamcter and can easily be withdrawm, thus fueilitating major rcpair
and naintcnance.

The comploted scction wos then removed from the cradle and the
protruding shanks of the thread cutting ccrews were cut off in a
spccial manncr and finally rdllced fiush with the skin surface.

Spreader plates und onl fittings, cte., to R.L.E. requirements
were then fitted for strength tests.

Before delivery to the N.P.L, for wind tunnel tests the bare
surface of the skin was polished, no filler or protection being used.




REPORT AERO 2170
FIG.

(‘xouddv _¢) NI3L507109

$3YNYI4 ‘'wry'N

|

IVIYNS ¥Imoq S€-0:

lll.l.\l\\




"30vi4YNS Y¥3ddn
.om%wIU el .ugﬂw .£ .mhzuiumm.m<m2 zOEmnﬂ.(E aNv mom_(O JUNLYAYND
. o

) g L e g Lﬂ 5 7 _ g i 8
*2IVIYNS ONOT S3H

.znm,moE "S13ANY 4C NOILISOd 3LVIIONI SMOYYY TIVIWS

Vil i e
by \,\5(\/)/

3

FIG.2.
3

REPORT AERO 2170.

g

SHLONVSNOHL

“HONL NV 40

“3NIM L3AIY 440°3 MO138 2! zo:.uumﬂ
*3NIT L3A1Y 3403 NO NOILI3S

"ANIT L3AIY NO '} 3A08V Il NOILIIS™

*@33ds Hum (N L0
LV) NOILISNVNL 40 NOILVIYVA|




‘30VIENS  Y3amod

3UNSVIN ANOLLISNYY,

/\\/ﬂ/ﬁﬂ. iy

REPORT AERO 2170,
B g

/

"033dS HLIM (- o0
NOILISNYYL 40 NOLLVIYYA

L]




REPORT AERO 2170.

FIG44&S.

*——i R 4614 x10®
p—oR:692 « 10*

POSITION OF TRANSITION .

rd

L i
-5 - -2 = 5 \‘l
INCIDENCE

FIG.4. VARIATION OF TRANSITION F’OIN1L
WITH INCIDENCE.

INACA. TEST
AT R16-0x10®

-t E ZSOO-I%‘ 260 F.PS).
-—- 614 xl $).
00 Rubos »10¢ (lsor. .8.).

3 4
INCIDENCE

FIG.5. VARIATION OF DRAG COEFFICIENT
R WITH INCIDENCE.







"JINNNL GNIM 6 *£1°Td'N 3HL NI @31S31 S11040¥3Y OVHA MO1 NO Vivd
JAILLVHVANOD "HIBWNN ,SGTONAIY HLIM LN3IDI44300 OVHA 4O NOUVIYVA

o
¥ 1]
- 99 I T T 59 »9 )

st Ot 09 ,0I*u [0§ oy o€ 52

L [NMS i3W 0921WO3 < ——
?n_m.sﬁnooéoom_:dd

(£°43Y) '(00OM)' 0551|0521 WDA

(1°439) aNN Y3IBWVI NO DINIYIVY
2992 VIVYN NO Q3SVE 9,91 HLHOMLIHM'Y
‘(2 °43Y) 40L400Y %2 INIHVWY3HNS
‘(€ 434) 9-51(52) -2 'VIVN 6 LYOHS
810 - 59 "vovN d'd

4
o




REPORT AERO 2170

FIG. 9.

TETERVIN, (REF.5),(ON N.AC.A. 65, ~0I8)
SQUIRE & WINTERBOTTOM , (INTER&OLATED
FOR 18% THICK WING),(REF.
25, , Rxlo™® B
64 5 ©6 &7
LOG o R.

COMPARISON OF THEORY.
VARIATION OF DRAG COEFFICIENT WITH REYNOLDS'

NUMBER FOR VARIOUS TRANSITION POSITIONS.
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FIG. I1. TEST SECTION OF WING, SHOWING
POLISHED SKIN AND INTERNAL ST RUCTURE
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FIG. 12. EXAMPLES OF TRANSITION FRONTS
FROM N.P.L. TESTS
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| FIG. 13.
SHADED AREAS SHOW
EFFECT OF SPANWISE
VARIATION OF WAVINESS.

TEST WITH
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°
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s
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°
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" 4 CHORD

TRANSITION FRONT ON BOULTON PAUL WING

IN THE RAE. No.2-11% FT. WIND TUNNEL.
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