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Plow on a L5 Swept Back Wing
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F, il, Burrows, D.C.Ae,

Stpsr an secount is presented of o theoretical and experi-,
ctudy made in relaticn to the bc-unmuj layer flow on o :‘;.50
wing. Porticuler attention is given to the onsct of
loyer instobility its association with critical values
"l«‘"‘j flow Reynulds mwrbers as defined by Owen and Rondall

Seiral aspects of the problent are o nplrlerc.u, cach in scme deotail,
i some dntoresting results both theoretical and experimentsl are

procented,

To zatisfy the need for tests at Reynolds mubers compatible with

iull scale, the expe .(‘L'lt,l’l.,: were performed, in flicht, on a large

ntipored; Uhuv‘.l.ﬁ,bu.(l 5% swoph back helf wing mounted as a dorsal

_ *u e of an fvro Lanecas tw {.._.1_ L?q.) the
oved-beling 3,50 = 10 - 292 x

z_,hr...r-. details of the meosured distributior*s
chordwise loadings, and the boundary leyer flow,
sive detail, for wing gecmeiric dncidences in
upper and lowver surfeoces, and for test Reynolds

o laminer flow was found to exist on cither the upper or lower
suricee of the wing for Reynolds muwers ot, and in excess of 1,55 x
1Q¢ per foot thus showing the need for some form of boundary layer
control to suppress the effeocts of sweep instability.
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. Theoretical and Experimental Study of the Boundary Leyer

e} o
Flow on a L5~ Swept Back VWing
by

P, il, Burrows, D.C.Ae,

an sceount is preoented of o theoretical and experi-
ui::;l;.' nade in relation to the boundary layer flow on a 45°
el wing., Porticular attention is given to the onset of

3 l:-.ye.r instobility wud its association with critical values
dory flow Reynolds : ag Gcfined by Cwen cnd Rendedl

?'r~-3b"l-’-"- are considered, ecach :'u; some detail,
csults both theoretical ond experimentsl are

7o zotisfy the need for tests at Reynolds maibers compatible vwith
m,_._lu,, the experiments wore performed, in flicht, on a lorge
red, unbwisted, 45° swoph back he lf‘ wing nounted ns o dorsal

2In vman the wid upper fuselsge of ma fvre Lonecaster (D.4..474 ) the
' ' ved Peing 0,380 = 40 = 4,92 x
Ciovis are presented giving details of the moasured distributions

¢t stoatic pressure, chordvise loadings, and the boundary layer flovw,
e 1""c'w" in extgnsive detail, for wing gecmetiric incidences in
o - 10 , upper oand lower surfaces, and for test Rc;;molﬂs

mubcrsgin the ronge defined above.

7o laminar flow was found to exist on cither the upper or lower
suricee of the wing for nmrnol@“ mmoers ot, ond in excess of 1,55 x
1C°® per foot thus showing the neced for scmc form of boundory layer
control to suppress the Cffcctu of‘ sweep instability.
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The cxperimental prozremme .of work discussed in this report wes
mads possible by a Ministry of Supply Contract (3.o.S. 6/Aircraft/

807/C3/6n).

Tne cxperiments were performed during the early summer of 1956,
following the design construction and installation of the required
model and equipment into the aircraft used as test wehicle
(Lancaster P,A, L7k, ) this work being almost entirely carried out

at the College cf f;bI‘O'I]ELdulCu.

To some extent the prograrme has been one of a previously untried
nature, but the quality of the experimental results obtained would
appear to suggest that the particular methods of test adopted might
be more fully exploited in the future in order to facilitate aero--
dynznic investigations and explorations at Reynolds numbers compat-
ible with full SGEJ.lt,,

The zuthor is however aware of the existence of some minor short-
comings in the details f‘ the techniques cmployed fer the boundary
layer explerations, but suggests that these are by no means as

rst be supposed. Refinements to these techniques,

serious as might at fix

il considered necess ‘ry, migind follow as logical developments.

The experdmental programme was completed in o Oumu"I':..’thCly sho!
lgrth of time, thisg .,...]Ilf; m~de possible by the enthusiusm and close
supnort 0 P persons, all of whom the author would grate-
£ ;ions do not pomait the presentation of

2PAY '?h,mf detailed 1biwuﬂcea to all those
indirvectly involved, and in moking mention of but a few
the author immlies 1c"c1*o1¢eu to all associates,

ag performed in the main by lr. B.F.

tent by 111'10' Commander C.G.B., McClure, AF.C,

el by "-Jth pilcts {assisted by G. Leongland,
i ,.dum';m".“h

; 11 tim
d, whilst the lc:v‘y av@l i l.i.l“Lj of the aircraft a:".d its
s to be attributed to Mr, H.W. Gover, Chief Aircraft

. W, Abbott, Chief aircraft In-vpector, and their staff,

P

7
” 111':1 acgourataly reproducing tne
L &

1
'!

i)

The experiments were supervised by ird,C,Wilson, A.F.C., Senior
weturer in the Department of Flight, on vhose cxpc:r ence in the
ficld of flight testing the author was allowed at all times freely
‘c.o draw, whilst the laborious task. of reduction of the experimental
esults to the required form was to a large extent performed by Mr,

J, Walton, who also flew with the author as an observer,

The design of the experimental wing and its installation was performed
by ¥Mr. A, MacDonald, working under the direction of Mr, A.F. Newell,
Deputy Head of the Department of Aircraft Design, These designs
received pre-flight approvel from the Resident Technical Officer of
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Messrs. A.V.Roe Lid,, liarchester,

Helpful discussions with members of the staff of the Department of
Acrodynamics are also gratefully acknowledged, as is the assistance
of dr. S.V.Ingham in performing numerical computations.

By close cooperation between all concerned it has been possible to
perform the experiments as reported and it is hoped that these will
form the basis for future bubt more elaborate work of this kind at the
College of Acronautics, Cranfield.
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QF SYiBOLS USED

Oriy the principal symbols uscd are listed, other syribols being
dctined as ond where they occur in the toxt,

XsT 32

:-:1 k] :)‘-1 r] Z1 ]
X

2 7 y'?, ZE’

u 2 AR 3 W 3

q(}:,}‘)
Fiow wa
q1 .——1.':’1 /
U, Vyary b0,
W oo
s ¥ =

orthogonal cartesian coordinate systen

(sce para.
2,2 ond fig. 14)

orthogonal cartesion coordinate system
coordinate systenm

the

orthcgonal ‘curvilinear

velocity ccriponents in boundery layer referred

to xX,¥,%

velocity components in the boundary loyer referred
to oy Ty B,

velocity commonents in the boundery layer referred

to x,, Vas %,
potential flow velocity at

plane x,¥

the wing surfece in the

potenticl flow velccity at the surface in the

1e o ir
plene x, 3,

velocity components just outside the boundary loyer
aleng :v:,},rj:;, ete, (suffiges denote of

refercnce

ELECH

clong streamline just outside

a2y

total loczl veloclty

the boundary lay

strecmline coordinote systen

velocity of the undisturbed strean

locel static pressure

free strecam static pressure
static pressure coefficient

(L denotes lower surface of wing, U denotes upper
surface of wing '

Reynolds nuniber (porticular cascs are scparately
denoted)

Sceondary flow Reynolds nuiber
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EAPOR i

2 v © oy

Q

Q

3]

...J_'_,.

streamline curvaturc in the plane x,z, (3, = 0)
angle between the streamline and the axis X,
eir density

kinenmatic viscosity

wing chord measured porallel to the undisturbed
strean

wing chord measured normal to wing leading edge
geometric incidence of wing

boundary loyer thickness (absolute physical volue)

[ (1 - %)daf boundary leyor displacement thickness

&

124
U

01| o
="

<‘i - %)dy Boundary loyer momentum thickness

shape poromcter
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1.1 Purwose of this work

The reason for end purposc of this work was to further the study of the
wept wing boundery layer, bogua by W,BE. Gray (ref 28) with particular
refercence to the onset of 'l\clmd:'.i‘:)r layer instability, and subscquent [
sition, and its asscciation with "eritical walues of the Reynolds '
mber ascribed to the sccondary flow as defined by Cwen and Randall
ref. 17)

W

Sty
I
3

Since the scale ceffcoct is of prime importance in such a study, the idea I}
of con truct:mg the eguipment and conducting an experiment at something AR
appreoaching full scale Reynolds numbers was exploited, resulting in the i p

testing of a large model swept back holf wing mounted as a dorsal. fin
upon the mid upper fusclage of an Avro Lancagster Mk,VII, the aircraft
being suitebly adopted and medified to cccormodate the necessary
L"T.l_.ﬂ--_cn't

inpbes i B st

By o suitzble choice of both experimental equipment and techniques, it

has been vossible to make an cxtenpive yeb rapid exploratory survey of i 3
the boundary layer in this woy for a number of conditions of Reynolds it §
mumbors and incidences, and o nunber of interesting results so cbitained ;
are to be diseussed i

%

i
1,2, Ronze end Extent of the Investimtbions i

The cxporiments were performed on an untapered, untwisted, 2;5 Swrept back
half vwing of gen .\,r"_l dimensions as given ..ill figs. 3 & L. It will be
: te -Bi-}-o [ER Sk -G t;.\._, Vil £

: was of unconventional section, and the
his choice of scction are discussed in 3':\:*_1‘&. 2els

Q
*o'
H
6]
U
i
0]

the tests was to include measurcment of the stati s
over the model from the positicen of maximunm 'tl"lf"% =2s8 to the
1"01' a Reynolds number rhhng;t. of from 0.88 10 L

pm foot, and for a geonetr'lc incidence range of from
both u.p.pa,r and lower surfaces boing considered,

-

neoy Lo, che w

. )
e Pl

]
1
i\
i
i
Pounlory lover velocity profiles Were mea. 13.1“(“‘" a.t threoe spanvise uuc._t.I_OI'J.S "

rals nlong

TLLEE B L) $ 3 " bl B

2 exeending from near o the looding cdge to the position of maxizaum

Co-Ta e )
thiclmess, and for selected values of Reynclds number and geometric

cnce in the ranges 0.88 to 1.92x 10° per foot and ¢ = 09 - 4C° ]
respectively for both upper and lover surfoces, 1

f

Theoretical consideration is given to the boundary layer flow nenr to the _
leading edge of the infinite sheared wing at zero incidence, the stendy !'
boundary layer flow being calcm:_w.te.d using the method of Pr:‘ncltl (ref,19.) i
and Sears (ref, 20) for the spanwise flow and the Blasius series for the RHER |
chordwise (normal to the leading edge) flow, the calculations being dd
periormed on the basis of hoth the ‘tQVOI‘Ctlr""‘lly and experimentally derived
velocity distribution for the section., Consideration is also given to i
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the secondary flow occcurring in the boundary.layer of a wedge shaped
profile using the methods of Hartrece (rcf.?1) and Cocke (ref.32).

The experimental results quoted give details of the general nature of
the boundary layer flow found to exist on the wing, and summarising
quite generally, show to the further suppert of already existing evidence
(refs. 6, 26, 29) that without the cpplication of some form of boundary
layer control the possibility of meintaining regions of lominor flow of
any apprecioble magnitude on either the upper or lower surface of a swept
back wing at full scale Reynolds numbers, is remote.

1.3, Limitations of Present Work

The investigotion of the flow in the boundary layer on a swept back wing
by the methods of lest with which we are to be concerned, leads to a number
of problems which would not arise in the case of similar experiments conduct
in a wind tunnel. The main difficulties arise from the fact that the boun
loyer is essentially thrcee dimensional in cheracter and strictly speaking
does not permit the use of techniques established for two dimensional flows
for its measurement. For a dctailed and precise exploration o traversing
mechanism with at lenst four degrees of freedom is required, and this nced
together with the problem of pilet fatigue which is very closely rclated

to the satisfactory use of such geor in flight (sec para, 3.2, ) leads to
the adoption of more smple methods for measurement,

Now the number snd degree o:[ the simplifications made to the cxperimenta
techniques will depend upon the gc‘.-z-.,r-_:l nature of the flow to be invesbigs

il upon the information so rcquir;fl, Hence if we can distinguish two
ses of flow, the one in which three dimensional effects are known to be C

5% order importance and which derfinitely requires a three dimensicnal
rmique for its moasurement, and the other in which three dimensionzl
3cts are of lesser signific
s
a

ot

ance and which can be measured to a good
1ified techniques, then if wc concern ou:sel'-r
sition to make a number of uqcxul measurement

by methods .chh an he easily simply and rapidly applied in flight experim

2 "LpplD‘:’.‘._f aticn w‘lng

For tne .irm}r e ‘hp discussed it was obse“ved from wool tuft observations th
for certain : Or) i > range of v_r*rr incidence ~ 5P

e -“.—,-... -5 Y

o

Al

..rhlcn th”’ Ilo». directions as indicated by 1001 tufts could be interpreted
(ref,9). Consequently it was assumed that techniques for measurement cf
the boundary leyer, strictly correct for the two dimensional easc only, cot
be applied in the above regions on the wing and vhich could be expected to
yield results accurate to a very good first order approximation. (see pars
3,2, for further details),

Such an assumption does however constitute a limitation which must be impos
upen the interpretation and validity of the experimentsl results quoted and
the reader should quite clearly understand that taken 21l in all these rest
give only a general picture of the boundary layer on the swept back wing.

(s,
-
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Tt is pessible that there were cases in vwhich the effects of transverse
; assumed greater significance thnn has here been assigned, but until
such time es a great deal of effort has been expended in moking mere
detziled ond accurate measurements, then experimental results such as
those quoted will be of value 1..:,1:1'1 regard to the assessment cf the swept
wing boundaxy layer.

!5 far os the theoretical work is concerned so little is lmom of the
vehavicur cf the swept wing boundary layer that for its colculation wve

foy enly epply e: 1st ng theories with some reservation. By means of the
Irdependence Principle however (ref.l. ) ealculations of the steady boundary
loyer flow over sufiiciently short az_gwn es of the wing surface con be made
sing existing methods (e.p. ref. 20), and since the effects of scocendary

g in which we arc interested occur in the neipghbourhcod of' the leading
elze we may accordingly toke steps leading to results_of interest. . Such a
preccdure does lead to approximations, and hence, we must endeavour to make
sure that these are both recasonably .cbur“_te and valid,

3

"y
1=t 6
=

Thus with regard to the interprctation of both the theoretical and experimental
results guoted the reader shmlu_ guitc clearly understond the limitations and
~ptiocns vhich it has bcen found necessary to impose and make in this

ent of the preblem., They will cccordingly boe debailcd as and vhen
troy occour in th\.. text,

L,

]
RS )
£
—

1.l, Cutline o the Genersl Frohlem,
~ithceugh it is some time now since the swept back '\'-."ing wes introduced in
L tb- ige 1 it vet relating to the characteristics

hat althoush the conpressibility drag
ui the critical Ilach nunber can be success-
3 mv"g of swept planform, other phenomena are known

9 ¢ocur which f“'u.ct the boundary l;.yr..r flow over the wing to such an
e¢xtert That the skin friction “11*1 hence profile droyg become increased to

the dotriment of the low speed charscteristics. By low speed character
istics = do of course muke reforonce to speeds below that range in which

z531bility {‘fr‘ ots must be tokoen into account, speeds which might

Wit PIETOO LS O fy 10X

vy layer associated with this type of
y ¥
4

e b iy

48]
v

[3

{

v

b

I's

-

—b 53 _]_'\wu nse

> 5 _.‘,...
1 resulns oL riment

) mechanics
ow in the boundary layer on the swept back wing at low spced may be
then it becomes possible to give consideration to further asscciated
such as the possibility of using devices incorporating distributed

cr d:i.scr—:f:‘bly applied boundary layer suction, for its improvement.

S SR W RPN =k

cund u;:_l;‘:"r“m ling end apprecia tJGﬂ of the nature and

t s the observations of W.EB, Gray (ref. 28) that first brought to light
he presence of swept wing boundary layer pﬂencrnono of a special nature

F i

his investigations at full scale Reynolds number suggested that for

[ R o e |

=
o

most flight conditions the possibility of mainteining any appreciable areas
¢f lominar flow upon the upper surface of a swept back wing might be more
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than somevhat remote Gray's observations (ref.33) of the stristions
ccurring in the l:mlnmr boundary loyer above certain values of Reynolds
number (subsequently to become termed critical Reynolds mmbers) were to
provide in subsequent years an experimentally determined besis for more
eloborate studies of the flow problbms of the three dimensicnal boundary
layer with special reference to its stability., The trend in this direction
was towards a theoretical investigotion of the effect of small perturboticns
of the type u(x, ¥, z) et ,(v:nc,;.e N is in genersl complex and dependent on
timeiupon the equations of motion for steady flow in the three dimensional
boundary layer, These investigotions performed by Owen and Randell and by
tuart (refs. 16, 17.) have qultc, clearly shovn that under certain conditions
of the flow just outside the boundary layer we can expect the development of
systems of vortices, (of o type similar to thet considered by Gortler.in o
study of the boundaory layer flow over o concave surface) , vithin the boundary
layer itself, which, for certain external flow conditions tend to result in a
drastic change over from laminor to turbulent flow occurring, The vortex
formation to be expected differs from the usuel Gartler formation in that the
rotation of the flow about each vortex axis is in the same sense (ref, 17) as
comprred with the opposite rototion of adjacent vortices which occur in the
flow cver concave surfaces

The alignment of the axes of tbo vortices is such that they are very nearly
parallel to the streom lines at the uutcr ze of the boundary layer and
trail dovmastresm as shovm in fig.416a. It is due to the prescnce of such a
system of‘ vortices that striations may be observed in the surface pattern on
t wing vhen meking liquid film studies of the boundory layer flow, the
spacing oi‘ the striations corresponding to the spacing of the vortices or more
particulerly to cne disturbance wavelangth (ref. 12:)s

theorcticsl studics of Stuart and Owen and Randall showed that vhilst
steady boundary layer {low in three dimensions the independence principle
e applied, in the case of the disturbed flow there is no longer on
dependence 01 the main and spanwise flows and the study of the disturbances
esclves itself into an eigen value problem for the compeunded motion,

S.“_l (,r')

owing the initiantion of these preliminory idecas on the cause
ot wine boundnry layer m"*" 711747 a mmber f t““Ct‘f'“L'Tl'““+"

4 .&_'\““""l' i

',:.".' r;-, cj o
rorzeel provided informotion of great velue but perha +
fepture of ;;L. was the sul‘prlg:_rrg ﬂ*egult obtnined from both theoretical and
experimental consideration, (e.g. ref. 29) that an increase of incidence cr
2cymolds number, the latter to beyord values Repit, 15 accompanied by
Duu.nd:-zry layer instability of considerable intensity giving rise to ralpld
forward movements of the transition fronts on the lower surfece of a sweph
back wing Similar results in flight experiments were also obscrved by
Lllen and Burrows (ref. 26.). '

o
the moss notic

g

HAith regard to the flow conditions on the lower surface, the forwvard
movement of the transition fronts occurring with incrcase of incidence is
cf course contrary to what would normally be expected for wings of zero sweep
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on which favourable pressure pradicnts cxisted, snd

truc significance of thc possible consequences cf o
boundary layer flow is illustrated. Thet such & 3
in the presence of favcurcble pressure gradients al
the megnitude of the destabilising influence.

ms 1 P W o o
The root of the

¢’ the wing as it is in ti

the curvature of the strc

LataL

If we resolve the stcady boundsry layer flow inte ccomponent

%0 this streamline, we find that whilst the compenent distributicn of velccity
clong the stresmline is well crdercd, the component distribution normel to the
strcamline contains a point of inflexion (sce fir,16.) the velocity of *his
sccondoxry flow reaching o moximum at some fraction (i.8.8/6 < 4 o e
boundory loyer thickness from the wing surface. Owen 5 ©

e Ao = R T T e ]
cuments for the existence of

have been strongly substanticted by calculaticn,

forviard sound physical cxy

Thus given the existence of such flow cenditions we nre furd

(e.z. ref. 34) thet since this secondary flov prefilc contains o Hoint of
inflexion then for velues of sceondrry flow Reynelds Iiusber x ztcve the
critical it is inhcrently unstcble to the effect of smanll disturicncss such
o supposition following on noturally from a study of the flow in ine

ENNINET TTXEDB.

We can therefore argue to show thot since the sceondary flow profile denencs
upon the local streomiine curvature, (just cutside the tcundary I_Layc;) znc the
magnitude of the local velccity, it in turn depends upon The éistributicn cf
velocity along the spen and along the chord (normal to the leading edge) vi
agein and in themselves depend upon the nose radius of curveture and upcn the
angle of sweep.

Since due to the magnitudc of the secondory flow Reymolds mumber required

for instability to cccur, the general effect on the swept wing boundary logsr
is one of full scale then it is only by systemotic tests at something

daTe A oy ~ e

| we Call acne

approaching or even at full scale (c.g. Gray's e}:per:imcn‘.;s) th
4o cbtain further experimental information to moke for o beticr understong
of the behaviour of the swept wing boundery loyer, and it was thus to this cnd
thoet the cxperiment to be discussed was dirccted.

1aDs Final Introductery ncte.

The work presented is essentially divided into two secticns: <ne Zevoted to
a theorctical discussion of the problem, the cother o cxperdmoric
considerntions ete, In gencral, only results arc quot in

ed in thes text, the
=

T N ! e 0 -
GG WA &Neericlili

L
deteils of their lerivation being relegnted to oppendicc
is draewn as ond where necessary.
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2 Thecretic~l Considerations,

Zils Choice of ¥ing Section.

The threc dimensionsl boundary layer insteobility phenomene in which w
sre interested requires a study of the flow over and near to the lending

edge of the wing at something in the region of full scole Reynolds numbers
for an understanding of its essentinl detoils. Consecuently if we suppose
that we cen simulate the flow conditions in this region by using o represcn-
tative or effective wing scetion hoving o forceshortened trailing cdge withous

so incurring eny undesirnble effects in the gencrcl flow over the wing, thon
ideally we need only concern oursclves with the flow over the forward portion
of such a recprescntative wing (i.e. from the position of maximum thickness ©0
the leading edge) in making our study of the boundary layer, Horeover, when
considered in the absence of sweep instobility, the boundary layer flow
characteristics depend upon the Reynolds number referred to the distonce fraom
the stagnation point (two dimensicnal cose) or line (three dimensicnel case)
%o the plane considcred, and so in attempting to reduce the effects of scale
%o o minimum we crdeavour to construct our test model with the largest possitl

Gimensions consistent with the experimentsl frcilities availeble.

The serofoil scetion ~san for this experimentsl work is shovm in fig.h. ond
vwas intended to form ¢ rpromise between the above twe frcters. It wos mhde
up of two semi ellips one of which constituted a faired or foreshort
trailing edge, the cther corvesponding to the leading edge portion of o

o some 430" chord (measurcd

e Sy

5

thickness to chord

streon direction). o chord ratio,

e 8 -t oF .

thia section that the

dirscted, The vwing

By the use of o Foreshortened or faired trailing edge the moximun test
Reynolds Numbcr, bascd on the length between the leading edge and the nositicr
of moximum thickness (which for wings of conventional section corresponis o

S P =~ PLIS 1S . A - 1 Frqa e T e P
che dligonnee To m i BUoTLION 8v BECO

ireroft

£ L Woulite

u — AL

design load limitaticns and alsc frem the point of view of aircralt

in flight.
It mirht be arpued thot in using whot really cmounts to a "bluff" trailing
e some difficulities might be cncountered due to woke instability, but

% . 2 S hY
as we sholl see loter, experimentnl evidence has showm (prrn,7ek) that T
his particulsr wing no trace of such o flow condition could te detec

]
]

e

27

>
ted

Lla

o 2

Tt is evident both from the present scrics of tests apd from previous work
of a more qualitotive noturce (ref. 26,) on a sweptback wing of similar

section, that this supposed representation of =n cff'ective section cons itut
sn erroncous argument as far as the simulation of flow conditions is concern
This we shall show later by rcecourse to both theory aond cxperiment.

L o
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At the same time however, it dece not mern that the cuperimental resul
chtained are invalidated, It simply menns thnt the results guoted I:";-_'X_‘,T‘
pe compared, with reservotion as dictated by circunstonce, to those for

wings on which similar distributions of prussu*e sy be fow(- to eidst
in the regions considered.
~ o0 MY~ - T o T =T i

- R Y 1 Caris oo o i
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ror both the theorcticsl and experimental work it is convenient to use
three orthogonal co-ordinate systems of 1"‘"‘f0""C"'CG, these being as shom

in fig.14. The systom x, y, 2z, has its origin ot a point 2long the

chord line corresponding to the position of m:.‘Y:LrU“ thickness of the wing
end the axis x is along the direction of the undisturbed stream, The

axis z is normnl to x ond lies in the plene of symmetry of the wing scetion,
and 7 is orthogonnl with x ond z,

’f“h" seconil system of oxes, Xy, ¥1, %4, hns the exis x, olong the directicn

5 1
 the wing chord no ormnl to the leading edge and its origin coincident with
t'r‘“ for x, ¥y, z . z and y are crthogonnl with X 08 tefore,
1 1
.iO cescribe the boundnry loycr flawr we shnll J‘."unil"c an orthogonnl) curvilinesyr

st{.-m of nxes X,, ¥,, Zp; the nxis x, huving its origin on the staz nochion Line
~ding edse of the wing and .L@l].f"':u1 the contour of the wring surface
“"rnc nermal o the leading edpe. The avis %, will be tcoken 1::..4.:1101 to
the leading edge snd lies in the plane of the wing surfcee whilst y, is
orthogoncl with z, and .

Components of velocity cte. referred to in cne or other of the above systems
of axes will unless otherwise defined bear the same suffix ns the axes to which
they may be referred.

The physical visuanlisation of thesc systems of axes in relotion to the wing
is simplified by rcference to two planes (plane x y and planc 4 ) these being
s shoim in fig.1h.

2o 5 Theoretical Distributions of Vcloelbty and Pressure for the Swept

Beck Wingr,

To facilitate the study of the boundery laycr flow and to make comporison

betwecn the results of theory and experiment we I‘L,QLU_I*D to know the distributicns

of velocity and static pressure over the swept hack holf wing. Ir tms
requirement is rcstricted to the zerce ]IlClCILI"lCL. and hence zZero circulation
(symmetrical section) case then it is possible to make thc-. nocess:ry caleulaticns
to o sufficiently high degree of cccurncy by considering the wing to be of
infinite span ond representing the section thickness by o systun of sources
distributed along the chord line. In this vy the perturbotion potentizl

tokes the form: -

e o e e R sl et . ook S e

ol W
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— in which the total source strength elong an elementary length dx is
civen by‘c*(x) dx. TFor the wing of infinite spon shenred by 2n

angle A and having the "aotunl" section of fig.15. it con be shown

(see appendix 11.3 that the velocity distribution is given by an cquation

of the form:-

q (%Z_J.) , \)(_‘31_)2){ T (2.3.2)

where
(1) £
9y ] b LN A/ " A% N
= (%, Yi3) = F [Cosl&+ = 1) 3 —-*——-—-! sech T ) |
x [__.,.‘ L
1 feet ‘\! 4 e :.12:2-

and the pressure coeffTicient by:

o (al=y) T .
GP (‘“:}) = 1 {___.U_’._. J (2.3.1}4')

o

- in which expressions tho co-ordinntes are as defined in para. 2.2 and
shovm in figs. 14 ond 15,

irting to the devivetion of the ckove exp
. s

PR e S i i T TP, et £, U 1 D it 2 Jirr g il . m Vg %
' o in appencix IE, vhere hHotlh wne wo Aimencional ond the inianlee

. i P R S L i EA M., PPN O ORI L | o 1) T o = TPVRE (. P
shos el CASESs e (iBTUIDE . 5 EK aPfeotive’ secuion (L1 JA5 ) reoryed TS

pera.2.1. is also considered in appendix Il

The pressure distribution coleculated from (2.3.&,) is shovn in f£ig.17. where
it is compared with thot enloulated for the "effective” section the marked
differcnces in the two distributions being very evident.

Ve moy at once deduce thet provided focd agrecment is to be obtained betwecn
the calculated (e.z. 2.3.4.) ond measured distributions of static pressurc

for the actual wirg section then we should no longer concern ourselves with
the iden of rn effcctive section as discussed in para. 2.,1. £8 VWC shnll see

this is subsequently confirmed.
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. The Potential Flow Stresmlinc Over the Infinite Sheared Wing,

20

Pcr the sheared wing at incidence the components of the fres
velocity U parallel to and normal to the leading edge are rc
(ref, 5):- '

U
o

costgsini
and U
0

"\
vhere the true wing incidence is given by:

ﬁ’:tanh1 (tamc_zsecih). (

Tor sufficiently small values of incidence a, (2.4.,1) and (2,4.2)
reduce to

a4
1

U sinh =W
0 o]
U cosd,

0
B = asccl, (

e the effect of the wing thickness distribution is to cause th
flcr velocity along the wing surface in a direction ncrmal to the

o

streanm
spestively

cos? acos?iesin®a } (2:5.%)

2,L,2)

2,4.3)

- leading edge to vary with chordiise position, whilst the spanwise
: normonent remains constont since the wing surface in this case is
& ¥ surface Hence, using the orthogonal curvilinecar co~ordinate

s
s

I X Z
2 =
in potential flow we have

:

B

-

=2 dz W

a2 2 0

i =, ¢ T,

. 2 2 2

B .
% - sziraoa the streamline lies wholly in the plane x z (i.e. the wing
o 2 2

i - Tive any strean i G erdvpan e

3 efics:, Thus any streaniing is given b

___ z = ax 4 &

iy

- vhere ¢ is an arbitrary constant of integration depending on the
spanwise position of the streamline,

If we now define the non dimensional velocity Q2 as

A
Q2: Ua (XZ)
Uocos]‘L

et ]
(fig.1L4.) o5 o frome of reference, for any streomline

(2.0.14)

(2.4.5)

(2.4.5)
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then (2.4.4.) tokes the forry -
dz an A
g
ax, &
“ 2

together with a?z - - ton A a%, A W s

1l

: B 2
i ax? 8] dx
2 2

- 80 thet for the curveaturs of the strecmline we cobtein -

1
. A— 3 as
'{'3‘ . 2
dx 2B
G2 + tan?® A (/2 2 (2.4.8.)
2
0
It con be seen from (2.4.8) that, since the velocity gradient 5
s o | 1.3 o - e ral -1 A1 S - \2
is relatively lerge for regions cloce to the stagnetion line at
the lecding edge, the strecmline curvature will olso be 1“*1;0 in thot
region (ru_ SN e &“.r at this iz true for the ::-'-..'r:L_-t back ving under
consideration een ilo. i .thmc’uou of figs. 20 amd 25b., the

notine thot if ¢ is the mazle

(o]

A
, then from (2.4.4.)

Cu:_'ve shox-.-‘n in

T, () (2.4.9)

e
The sicpificonce of this strermline curvature din relation to the bounc

The sig an
loyer flow is cne of nojor drportoncs for it g-:ivn,u rice to the secondory
flow with which we hove learned (refs. 16 ond 17) 4 szociate the phuno'-.':z-sna
g i cungory Lever dn Rel-tion to 'the Bxtersel Direcn Line.

The strecnline Jjust outside the boundoary ]"'-'cr we choose to regerd as o ds_tw'-_'

to which the flow in the boundery layer 1oy be referred. It as, to
N . k1
clecse approximotion, cur’rca according to the rc,l tionship (2.4.08.) o

Nﬂ-l 8]
d‘
J4e
Ul

convenient to set up a right angled plonar co-ordinctc systeom g i ‘-‘-11:-

its origin ot any 'Wb:l_ur"r.r_"-r chosen position on thc streamline &s "hu.m af

Fig.16. If the total local velocity along the emline is q then together
e

* Mote here that we moy with sufficient accurccy cssociate the potentinl ¢lc‘;-
stresmline with the streomline in viscous flow just external to the bounde
1la yer.
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vith the tnzic ¢ cclewleted from (2.4.9), we mey vrite

2 sin ¢ + -— cos 9

i T.'é .
= i u -

G 1 & Ty _ 2 . 2.5,4

-~ cog ¢ = -—= gin ¢ (2.5.1)
a
in which up ond Viy BXE the components of the steady boundory laoyer
=1 1

flow resclved clong and normcl to the streemline reospectively, and u,
end W, &re the components of the steady boundary layer flow referred

respectively to the oxes x , z , ond vhich may be colculated from equation
- a

Mow Sturrt (Ref. 23) and Oven and Rond=ll (Ref. 47) have independently showm

=

tins tie bourndeory loyer veloeity distribution characteriscd by uz yiclds

profile ¢f the usunl form, vhilst thot given by w 41(339011_&-1‘_3: flow) contoins

a point of inflexicn, the two profile forms being illustrated in Mig.16. in
afzoelotion of the Lfora of the -:"f': 1{)1‘oi‘il»:.- with thot developed in o laminoxr woke
tozetlior with its inhercat inflexional instebility formed the besis for
Thooretiorl & tlree dimznsionsl boundery loyer flow of this kind

Ty the *oove & g. 2% and 17). that we con convenlently

relotes the onset of the inflexional instobility of the secondory flow to the

P T I . A CR L . . R | e A i
externcl flow conditions by an exvression of the form -

X crit. N U,
T = e 2 B s =
- - ?_J
g r; 3
¥4 St Vel

Im vrien xis the Reynolds Muber referred to the secondary flow end -

vhich teizes the form ~

P q\;.rg’,,rn.:-::nr.6 I . . {2.5.3)

the medulus being token aince %, is in general negntive with respcoet to the
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With the onset of this type of instebility, a system of vortices is
formed, in the outer rcgion of the boundary layer, which trail
approximately dowmstream from the disturbance origin and the effect
of their growth is to lead to an ultimate breakdovm of the flow into
turbulence., The axes have discreet spacing corresponding approx-
imately to one disturbance wave length (ref.17) and are so aligned
as to be very nearly parallel to the external stream lines.

Experimental observations of the initial formation of striations in
the laminar boundary layer using the liquid film ~ china clay tech-
nique, (e.g. ref, 6) and the association of these striations with the
vortex formations referred to above have led to the possibility of
fixing a value for N in equation (2.5,3) (see ref, 34). On the
supposition that the initial appearance of the striations coincides
approximately with the initial formation of the vortices, it has been
suggested that N lies somewhere in the region of 100 - 150 which is of
the same order of magnitude as that found in the case of a laminar wake.
Thus from a knowledge of the distribution of X over the surfece of the
wing under consideration, it would appear possible to cstimate the

2
Reynolds number R rei'crred to the external flow above which laminar

flow may be expected to break down,

The restriction imposed at present on the use of such an empirically
derived relationship is the lack of evidence available with regard

to its generality, Furthermore, the evidence obtained from the present
experiments does not permit an attenpt to give confirmation to the above
chosen value for N since the techniques reguired to illustrate the
presence of the striotions were not and could not readily be employed.
From a knowledge of the extent of laminar flov cbserved, together with
the external flow Reynolds number, we are, however, in a position teo
infer both an upper and lower bound to the value of N as we shall see
later, (para 7.0)

che Threce Dimensional Boundery Layer

2.6:1 CGeneral WNotes

The difficulties to be encountered in attempting a calculation of three
dimensional boundary layers cannot readily be surmounted because, since
so little is accurately knovm of their behaviour, eny approximations
mede must inevitably be associated with some degrece of uncertainty. As
far as the yawed cylinder and the shearcd wing of infinite span is
concerned, it has been suggested (ref,L) that since the equations of
motion for the boundary layer flow show no intcrdependence between the
chordwise and spanwise component cxpressions,then we may calculate the




soundary layer giving sepnrate consideration to each component flow,
25 to how the actusl caleulations are performed is a question of
cheice in relation to the degrie of accuracy required together with
the mcthods available, but it is ncvertheless usual to encounter
scvere restrictions in applying more exact methods to the problem,

Prandtl,. Sears end Cooke (refs, 19, 20 and 32) have given consid-
cration to the equations for three dimensionsl laminar boundary layer
flow and the calculations due to Secars (which were later exteﬂ.l\.d by
Gortler, Ref, 10) have facilitated the application of a solution by
mcthed of serics. This latter method received a thorough treatment
by Howarth (rof, 7) for the two dimensional case and the extension to
three dimensional flow is for convenience summarised in Appendix ITI,

In practice we find that to apply this method to the calculation of
the three dimensional swept wing boundary layer, the problem reduces
©c one of expressing the velocity normal to the leading edge as o

pover series in the arc length from the stagnation line, the form

vthe summatlon occurring by virtue of the at
nge of tabulated fL'l’lf"t.l.f.)"lu _(?}) and g(n) (sec
ary for the calculation of the required flow

pendix ',L.L) T
ceoponents,

though a munker of flow configurations exist which can be accurate-
7 doscribed by putting O € m < 4, the type of velc“ity distribution
_{#.) in which ve arc interested (i,ec. swe Tat wing, low incidcnee

in above

) ey
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* The supposition that the principlce of independence is true

can only be asserted for the stendy flow case as is shown by Stuart
(ref.16) who has studicd the equations of motion for disturbed flow.
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bzacome more serious as the thickness to chord ratio is decreased.
However, if we restrict oursclves to a considecration of relatively
short distances from the stagnation line, then the calculations not
only become possible but can in fact be madc quite simple. In
passing we may note that the extension of the Von Karman-Pohlhausen
approximate two dimensional solution to the three dimensional case
has been performed by Wild (ref. 35) and Rott and Crabtree (Ref.36)
have shown that the calculation of the laminar boundary laycr to an
adequate degree of accuracy may be accordingly simplified, Ve

shall not however concern ourselves with a discussion of these methods

here,

For the present work two methods of calculating the laminar boundary
laycr over the leading edge of the swept wing were tried vhich we

shall now discuss.

2.6.2. The Boundsry Leyer at the leading edge of the Swept Back Wine,

For an enquiry into the nature of the seccondary flow occurring near to
the leading edege of the swept back wing at zoro incidence used in the
present experiments we retfer first to the measured and calculatved
¢istributions of velocity, between which there is excellent agreement
(see Fig.19). Tdeally we require to calculate the boundary layer
cver an extensive region of the wing, but the shape of the velccity

Aistribution (Pies,19) doss not lend itself to expression os a series

5,

> reguised form (see A,3.5. ) hoving small number of Terms, we
cen however, represent the distribution over the lcading cdge very .
i
accurately by an expression of the form ' 1
i
m
) 3
A x 2L g LAY LAY o
2 Nad 2 2 1 % 9 Tl X
= & %2 2 750
n—o B 120
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(zce £.3.12) for o < X, < 2.5 (vinere %, is in dimensional form (inches)
silce we are considering a particular case) and hence procced to a
calculation of the boundary layer by the mcethod of series, The chosen

procedure is given adecguete discussion in ippendix IIT.

Resclution of the caleulnted chordwise and spanwise boundary loyer
veleeity components on to the co-ordinatc systom €1, ;’,1 of the
external streamline (F 1.16) yields the primory and secondery distributions
shovm (Fig.21) ond in this case the sccondary flow Reynolds number is
given by:

5

e cos i
o

I

| Veme | T, g

(2.6.4)

in vhich qs = 9 and where nig is the vnlue of 7 chosen to
U"J

erresent the boundory laycer thickness. In this coase it is con~

venient to toke the value of N eccrresponding to Y, = 0.99 thus

referring the second~ty flow Reynolds mumber to a "physical profile
width", It would no doubt prove more suit-ble to choose values for
4

n crresponding to the boundory layer displacanent or momentum

thislmess along the strenmline since these quantitics arc more

rendily defined precisely. However, as stated above, the choice
vas mode for convenience, and the resulting distribution of x/
is ehomm in Pipg.2L.,

The Boundory Levsr TFlog for o Wed

ol =1
&=

icns in the immedinte vicinity of the leading cdge an approxi-
ntely similar velccity distribution to that existing over the
forvnrd part of the ving is represented by an expression of the

form
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for which the boundary leyer mey be readily calculated following the
methods of Hartree (ref.31.) and Cooke (ref,32), (see Appendix E
for details). lMore particularly a velocity distribution of this
kind describes the flow in the neighbourhood of the leading cdge of
a wedge shaped profile (for which in the planc A, the wedge angle B

2m

R
hence does not strictly bear any relation to the present work as far

is given by g , and the nose radius is vanishingly small) and

as the experiments are concerned but is nevertheless an intcresting
example worthy of some considcration from a theoretical point of view.
We use it herc together with the results of para, 2.6.2, to illustrate
(para. 2.7.) the effects of nose radius upon the secondary flow for
regions very close to the leading edge.

The calculations (performed as outlined in Appendix E yicld the
velocity distributions shown in fig.22., whilst the Reynolds numbers

for the sceondary flow (fig.2)) are given by:

b -
.{;,1 max

b4 l % } ::_iﬂ na xﬂ e
S]

2,7. Bocondasry Flow Velocity and Associatcd Reynelds Numbers.

Yooy T oagsr cvbdemy of tho meodmn values of the seconinry

......

flow velocities asscclated with the two types of external streom
considercd, exhibit very different properties in the neighbourhood
of the leading edge, as was expected. The results clecarly show

the important influence of the absolute magnitude of the lcading edge
nose radius upcn the maximum velocity attained in the secondary flow
and its corresponding influcncc upon the profile Reynold's Numbers.

I1lustration of this effecct in relation to the velocity along the
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1 crtorral streomline is focilitated by reference to the curves shown in |
s #3 = B), ' '
R L st (T H
[ | I
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Frcm the calculaticns made for the boundery layer flow over the wing ; . |
leading cdge (nccording to the method of pora,2.6,2) it may be seen ’ _ I
= X s 8
thet the secondory flow Reynolds Nunber reaches a peok velue | — = Wil

1]

: g Bl
i 0.05;.85) at 2 short distance from the stagnation line, this b
trend agreeing qualitatvively with that given by the calculations of i 1§

2 }
g 1 Owen end Randall (ref.17.). _ F ,: fl
] i

o The caleulations do not unfortunately give eny definite indication of Eh
. o iR . i
= the behaviour of — for regions further dovmstrcam than those | | |
- RZ S
ccnsidered,  To obtain such information using the more exact methoeds e
. : . . biil g
of poundary layer theory would involve a step by step integration ! !
. ; ; ; . ; i
: storting from some chosen calculated velocity profile,from thence Fiiglt
T § Hii
% T . : o
2 procecding the requisite distance devmstresm,  However, on the yill g
i
= sssurption thet the peak shown (fig.2h) represents the meximum velue i
- . | ?!
= attained by 7 R:’ , then following Owen and Rondall (ref.17) the condition i
- LS <
o instobility to ocour in the secondary flow may be written as:- bt
S
P . il
mx N * i

crit, (2.7.1) i

with %mox 0,0L85 from the calculcotions.
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instobility is spporvent, N can be fixed.

2.8, Scecondnry Flow: General Notes i

The caleulation of the boundary layer by the method of para.2.6.2.

vields an accurate representation of the flow conditions cceuxrring
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over a short distance from the stagnaticn 1ine, It has shomm the
principal effects of the scecondary flow to be confined well within
the region considered, thus rendering them readily calculable,
Furthermore, since the distribution of x,/RJg is accurately knovm with
regard to distance along the wing surface then the regions in viich
some form of boundory layer control should be applied to suppress the

secondary flow instobility are correspondingly well defined.

The calculotions for the wedge profile sugrest that, since for the

casc considered -)-c-_-a_ increases continuously with increase in %
R=
then a dctailed study of secondary flow instability together with the

subsequent vortex formation in its relation to the Reynolds number o

the externsl stream, is possible,
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2. FXPERTMENTLL CONSTOERATIONS.
Z.1. Buitable Test Hethcds

In para.q.h. we have mnde reference to the fact that the study of the three
dimensional boundary layer cccurring on a swept back wing is one in which
the effects of scale are of great significance and it was pointed out that
the needs were, thercfore, for experiments enquiring into the nature of this
Tlew to be ccnc'luctuﬂ at .Jor ething cpproaching full scalc Reynolds Numbers.
To achieve this cdbject we can proceed in one of two wnys; we can choose
cither to perform our tests using o very large wind tunnel or by mounting
the test wing on to a suitable aircraft as test vehicle, in the manner
deszeribed, The nroble'r wns reviewed by Britland (Ref, 15 ) and the various
problems associated with eithor tcehnique briefly outlined.

hs for as wind tunnel tests are concerned, in the case of a swept wing of
finite span we are very much morc restricted than would be the case with
the two dimensional wing,. Briefly, this is mainly due to the corpounded
effect of sidewash and wind tunnel constraint, the result being thot a
relatively large working section is required for the satisfoctory testing
of 2 model of relcotis ““lj smoll spon., Therc is olso the added effect cof
wird tunncl turbulence which is necessarily related to and has an effect
e the behaviour of boundery layer transiticn., On the other hand, if we
our test wing in the mormer o be deseribed and in fact moke frr,e
ight tests, e have firstly the added advantage of an easily obtained
velue of Reynolds number and secondly the further advontage of a
J.-'Wbly small deg‘ree of free air turbulence, Armuments will inevitebly
= that the effects of propellzr noise on the L,m’cLl“t of the boundary
ryer might lend to premabu : he transition fronts, but in
lity little is knowm of significonce of such on E.f'fr:.c't
in some previous exper z_mcm,“l test work performed in flight on the

ayer ch;‘.racterisﬁca of a swept back wing (Ref.26.) it was found
to '*“nlbve oppreciable areas of laminar flow and we may conclude
effects c}_ch__._u noise and the disburbance effects of the slip
gtrson tubes 5_‘1.(1 not influcnce the behaviour of boundary layer tranaition to

snzr eonarent extent, In b the '"Hing Cobra' wing, Gray observed also
there sopneared to hae no ‘::"_"_"*'—'*"f" effects of any si m“._flc:““ ce, arising
5 g o1 L g opd =l Truce Gioburbosnoe, in relatich 16 tl*-.': boundary
Corsideration of both the adventoges ond disadventages inherent in either
methed of test led. to ul’lt.. choice of testing in free flight (using an Avro
Lengaster B _\{I_ as test vehicle), the experimental vwring being mounted as
a dcrs—?l fin upon the mid upper fumcla 6. Tested in this way the wing may
ke considered free from any constraint whatsoever on its induced side wesh,
Suc"r- 2 procedure however nccessitoted the derivetion of o simplified test
tecknique for the measurement of the boundery layer so that the exporiments
could easily, sinply and rpopidly be accomplished with the minimum of flying
timc ond vwhilst, in view of these simplifications, we are ncecessarily res-

tricted to some degrec in our intcrpretation of thc cxperimentol results so
chizincd, it has ncvertheless beun found thot the chosen toest method wos
mest s“tlsfactory in its application,
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3+2. Chcice of Experimentel Plan, Technigues and Procedurs

In the initial stages of the conception of this experimental work it
iie.s hoped that pressure tronsducers could be used for the required
ccrodynomic measurcments, hut lack of expcericnce with this type of
ccuipment resulted in reverting to the ususl liquid monometer methods
fer the recording of pressurcs, In view of the rclatively hich test
Reymolds Mumbers to he encountered and the liquids available as mono-
metric fluids, together with the deproe of accurrcy roduired in measure-
ment, it was necessary to use o very lerge vertical moncmoter installcd
in the aircreft, Although ot first this prescnted a problem of some
cifficulty it wos eventunlly overcome snd as describod in Ref,25 a

50 tubc mencmeter, scme 7 £4.1in hcight, was inastalled in the renr fuse-
loge of the aireraft togethor with comera obscrvation unit, This lotter
is a necessity for experiments of this kind when conducted in flight

for although the required cxperimental conditions can be set with a hish
degree of accuracy and stability by the pilot, such conditions con only
be set and maintained for a rcletively short space of time duc to the
ccrbined effects of pilot fatigue and noturel disturbonces to the steady
flight of the acroplane. Thus the requirement is for measuring apparatus
in which pressures can he Jdisplayed and rccorded vith an absolute

irsvitskle discrepancies which would occcur in measurements of this kind
¢ over relatively long pericds of time, Experience had previously
shoom thot a moxdimum time deloy of 10 sceonds was all thot could be
ollowed between the initial establishment of the required experimental
conditions and the rccording of the displeyed pressures if the degree of
cccurncy admed at vwas to be achicved., To this ¢nd, therefore, the design

4 L

cxd construction of the cxperimental equipment was directed from the cutsst,

3 sure distribution over the swept wing
medel presented no difficulty ot all, the pressures being measured in the
usual w2y and displeoyed on the monometer, However, for the measuremcnts in
the ptoundery layer, the cnoice of a suitable experimental technique was
2t first cne of some difficulty beccuse of the very nature of the

flow to be expucted on o wing of this kind, Nevcrtheless

The mecsurement of the static nres
51

2 em aim mmmn Y 4 R 2k en e dlysesTit mnegithle Por the wrines undar
i : Ly g ify the boundory liger messurements b

.

hnigues strictly correct for the two dimensicnal case cnly, to

in regions of the wing, The actual techniques chosen were similer to
used in the flight experiment of Stovens ond Haslem, (Ref,411) the
voc of boundary layer combs uscd in this case being as shown in Figs.12
and 13. The method of expcriment was to study first the boundary loyer
ot the moximum thickness of the wing by attaching a nurber of the boundary
leyer conbs to the wing surface by means of Scllotape ot various positions
along the span, from thence procceding in stages of chosen length tovards
the lending edge of the wing. In this way it was possible to conduct the
experiment with the best possible surface finish alwnys cxisting in regicna
ehead of the plane of measurcment. With the combs in position at any one
chordwise station, on one surface of the wing 2 flight wns made and the EGV-'*:'
ary laycr measured for a number of configuraticns of speed and wing incif?‘-f»ﬂc."
The mensurements were referred to both upper and lower surfaces of the wing

t—l (

1
s
J {’D {
Q

o N -

e ae e T




w BB

th::.u be:mg poss ible hecause the wing was of symmetrical section and the
ratzlletion in the aireroft permitted its rotution in Jither dircction

vt the asdis of thoe main spir citbension to snm cxtont of < 102, Tims since
.asurements were mode using cne side of she sding only, the effucits of
to 7 contour irreguloritices would itlms be cosaon to the results obtained for
Loth unper <nd lover surfaccs,. VWith a vicw to pilot wnd crew T

bouréery layer sxploration of this kind was found to constitute “J.i"‘ficic*lt
crperimental work for one flight, these occupying on the avercice sbout- 1% hours
flying from toke-off to landing mnd roughly involving mcasurcments in some
230 Bc qur,...,:r"y 1,\/r‘“~. Provided the 11'1'1itutio¥1r." imposcd upon the results so
cbteined by the noture of the technique us [

tiguc, o
iy = b

cre understood, it can be scen
thz—.t the method docs neverthoeless constitute a very ropidly determined
asseszment of the boundary layer flow,

B ity of comparison we rofcr to a number of other svept wing boundary layer
tczus wnich heve been conducted at the Colleoge using a traversing gear os
CL\_.SCZ'."_D':I]_ in Ref.26, the measurcment of all (,om.r,om,:nt of the boundory leyer
-ow in curvilincar plencs adjacent to the wing surface being possible with
ierr. Lt was found that,to cxplore the boundixry loyer at onc chordwise
for onc voluc of wing incidince mnd teot Auynolds Number, & flight

nebely 30 nimates duration wes requived (inclusive of tale off

Tho cdreresft uced es vehicle for thoe serien of teste under considerition
3 Loneaster 25 7 Peofte 474, This alrcraft wos subjuc m‘,l to & numbor

1 modifications in order that the wing could be mountcd cbove
2 upper Fuselage. The position chosen for the mounting of the wing on
the 21id upper fuscloge was o compromise betwceon fuselage structural design
considcrations and the results of preliminary cxploratory tests reloting to
the roiare of the flow field over the fuselage. ¢ shall not concern our-
7ith a discusszion of the voriocus design features in this report, the
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L,2, The Pressure FPlotting illast

Consideration of the nature of the flow ficld over the mid upper fuselage
of the circraft into which the wing ins to be immerced has baen the subject

of Giscussion in Ref.2L in which the equipment acthods and techniques wuployed
for calibrating this ficld weroe treated. Since a full description of the
prescure plotting mast is thercin conteined,further consideration in this

work is unnecessary.
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Le3. The Wing and Installation

The swept back half wing constructed for the tests under C.:.L.;CU.SSZLCH ves
of reneral dimensions as shovn in Figs.3? and 4. It was of L.5 sweep,
untopered and untwisted and its streamwise secticn was intended to
effectively represent a 10% thickness to chord ratio aerofoil of 130 inches
chord (as discussed in paragraph 2.1.), the represcntation being attempted
by geometri c'mlly constructing the wing section of two semi ellipses each
of minor axis 13 inches and of major axes 104 inches and 68 inches for the
forvward and rear portions respectively, Although the leading edge itself
was detachable so that different nose radii could be fitted if so desired ,
only one value of leading edge nose radius has been considered in the
present series of tests, this value being 0.822 inches,

Consideration of the structural design and surface finish requirements together
with the constructicnal problems involved led to the choice of a composite
wood metal structure for the wing, Basically it consists of a conventional
metal spar, having birch ply bonded to each faece of the wing, and leadjn;‘
and trullmg{ edre beams of spruce, The wooden ribs wore closely spaced (at
Sinches centrc line to contre line), ond the skin was 16 8.7.G. Light

Ailoy Sheet bonded to birch ply., The skin was attached to the ribs using
the normol glueing technigue ond during assembly an internal humidity scal
was effected by spraying the weoden merbers with phenoslaze G.3500 as and
vwhere necessary. The lending and trailing edge members thoemsclves were

of laminated mehogeny construction, these also being conted with phenogloze,

5
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or sttachment of the wing to the eircraft,two heavy stecl jeint plates
cre used to carry the svor boem end leoods u11'0 both the root end rib and
the wing spor extensicrn, the latter of vhich is attached to internal

members of the airersft fusclage (see Ref.23) and is suitably hinged to
permit rotation of the wing sbout the axis of the spar extension so that
the axis of symmetry of the wing scction may be moved to any desired i
angular positicn relntive to Jrhk, plane of symmetry of the aircraft within

ke
K-‘I’J

S -
the range 90 (see Fig.6b), The angular position of the wing in relction :
to _h, plene of symm ;ur_,r of the Dlr"l‘“ft (:L,C. wing geometric incidence

Aovid he TEixed fs desirod by mesms of two :3-;“‘.. nloe ﬁﬂ‘J_ ot Cl"l."‘"" a8 "‘_"l(‘""‘n.

| M Mmoo
ablyr clhicsen 1higelage

L L il e 2 Suied

mempey & heavy incidence actuating JL..\-.L‘C was tt:Lch;iL and the arrangement
of the whole assembly was such that the wi f-oo"letrlc incidence (1.6.

engular position relative to aireraft plane of symmetry) cr*ulrl he
conveniently adjusted to any desired position in the range x 10 indexing
being achieved by reference to the incidence sector plate and pom+er as
shown in Fig.bc.

o s Sl B iemee ol W

To reduce the interference effects of the aircraft fuselage boundary layer
upon the flow over the wing, a wide boundory leyer fence was fitted as
shown in Fig.6c. This fence was not large enough however to consitute a
reflection plate,

i
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pressure distribution measurement chordwise rows of stotic pressure
pings were built into the wing at three spanwise stations., There were
:rtef:n tappings in each row ond their pesitions along both the span
el chord of the wing arc given in Table I and Fig.3, The lendls from the
static pressure tappings were of 5/32" diameter copper tubing and passed
through the interior of the wing adjacent to the main spar and from thence
into the interior of the aircroft fuselage and so on to the mancmeter.
Prcvision for a number of‘ additionnl static pressure tappings positioned
around the nose of the wing was made by means of necprcne tubing let into
the leading edge as shown in Fig,6a, In this way o number of closely
spaced static pressure tappings could be obtained by simply drilling into
the neoprene t‘“bes at chosen chordwrise positions, each hcole so formed
teing secled vith beecswax upon becoming redun ﬂnt

The wing surrace wes finished using; Titanine lacquers (colour, black)
on to meet the requirements fer surface waviness in relation to laminar
1 " a number of mC"'LSUI'LI"‘iL.ntS were made during the preparction of the

‘*'f’.wcc fer the purpose of leocoting Yhigh s‘wots" cete., so to dircct the

urse of the "rubbing dovm" ond. f:}_ll:r_n processes, Initial measurements
ere mn de to this end by menmns of ~ curv ature gnuge of the usual type,

t difficulties encoutered with the interpretation of such measurements
_“‘"her with the times reguired to so inspect the surface led to the
..-lCC, of' en oblique lighting technique not unlike that devised by GIL_;

In this case a fluorescent strip light was suitably mounted
“ ¢ the wing in the painting room and by observing an cblique
ion of this light in the wing surface loecal high spots and surface
s3 could be .J.Lr‘uly and roy )'Lc"LLj detected, Using this technique the
rubbing dovm and filling processes beceme one of continuity,
mch earcful work the desired results wore cventuolly achiev c,L.L
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2or the convenience of surface position reference on the wing, a vhite
"zrid" was sprayed onto the surface (see Fig.10.) this being made possible
Ly suitably masking the wing and proceeding in the usual way., Only an
extremely thin 001t of paint was required to achieve this object and so
vhilst in fact each line of the "grid" does constibute a discontinuity
surface cr.w,‘.-,."_.ur, the mhonitnde of this discontinuity was considered

1 =nourh to ?."ﬂ nerlected, is o £innl messure the wing surface was

1 e

LS i ..

3 to very hich ~dnsas

The wing structure and assembly weighs approximately 500 lbs. and was
censtructed by and under the direction of Mr.Martin in the workshops of
the Department of Flight at the College of Acronnutics.

Lol, Instrumentation: The Manometer ond Recording Apparactus

L Tifty tube mancmeter, some 7 feet in height and 30 inches wide, complete
with camera observer unit, was installed in the rear fuselage of the
airereft as indicated in Fig.2, A detailed description of the design,
censtruction, and installation of this large instrument in the relatively
cenfined :r.ntc*‘lor of the aircraft fuselage may be found in Ref.25 and
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we shall not therefore concern ocurselves with the various design
features of the unit here. Suffice it to say thot static and dynamic
pressures supplied from conmections made in the ususl way to the chosen
pressure sources, vere displayed as required on the instrument, the free
stream dynamic head (uncorrected for 8,P.E.C.) being directly indicated
on a scparate 'U! tube unit incorporated in the moncmeter and connceted
to the aircraft pitot static system, Two further tubes, one at each side
of the manometer face were comnccted to the aireraft static system for
the purpose of providing under tcst conditions a datum to which all
meosurements could be referred, By this mecns allowonce could be made
Tor the effect of small angles of bank occcurring during tests and the
corresponding settling of the fluid to its grevitational level,
Depending upon the range of pressures to be measured two different
monometric fluids were used as required. These were:—

Carbon Tetrachloride S.G. = 1.599
Distilled Water (using fluorescenc for-colouration)

Observations of the manometer were facilitated by means of an F,2L

comera in o form slightly modified for improved film economy, illumination
of the manometer being accomplished in a most satisfactory moomer by
means of a system of back lighting (see Ref.25 for full details) supplied
from cne of the 24 V. power circuits ovoilable on the aircraft,

L,5, Direction~l Yaowmeter

Since one of the basic requirements of the tests performed wns for stecdy,
straicht and level flight at predetermined angles of sideslip a vane type
yvmeher was fitted to the starboard wing tip of the aircraft as shovm in
Fige2, This yawmeter was cormected to a Desymmn type indicator mounted on
the pilot's instrument panel, and following a suitable calibration pro-
vided an accurate means of consistently reprcducing the required angles
of sideslip (to approximately £ ?4:0‘) in steady flight,

L. & The Roundory Taver Comhs and Transition Tndicators

Por an explorotion of the boundsxy liyer on the wing, two types or comp
were used, these being as shown in Figs.12 and 13, the one for the purpose
of determining the boundary layer velocity profile (Fig.13 and the other
(Fig.12) for the purpose of measuring the distribution of total head, ab,
near to, and along the wing surface respectively. They were designed to
give satisfactory operation for a fairly wide range of experimentol
conditions and were conveniently snd simply attached as and where required
to the wing surface by means of Secllotape, the brass strap and moveable
bross stirrup (see Fig,13) of the boundary leoyer comb serving not only 2s
& brace but also as & datum fixing for the tube assembly, A full descriptick
of both types of comb together with details of some simple wind tunnel
tests performed to assess their usefulness may be found in Ref.25.




4, 7. Pressure Leads ond Piping

The pressure leads from the boundory layer combs cte., positioned on

the wing surfece to the monometer inside the airceraft were for convenience
split into two stages as shown in Fig.9, each stage being united via

he thoroughfare tube assembly units positioned at the trailing cdge of

ubing (which by virtue of its resistrnce to kinking was found to be

cry suitsble) and were initislly modc of sufficient length to encble the

raverse to the leonding edge to be completed without further attenticn

ging given to the lead length, the excess tube length during intermedi-
tests Leing coiled and "stored" at the trailing edge.

ror the pipe work from the thorouchfare tube assembly units to the
mencmeter o number of 'tapes! of tubes were used, These tube 'tapes!
viere approximately 3" wide and each consisted of ten »lastic (P, V.C.)
tubes of 3/16" 0,D, They were rigidly fixed to the trailing edge of the

ing by means of a number of 418 S,W.Ges brass fixing straps screwed in
—=lace ond the vhole of this pressure lend asserbly was ccmpleted by an
entire covering of Sellotepe vhich proved very satisfactory under test

coendd tdons,

Se DETAILS COF TAPERTVENTS PERFURMED

Z.%e Cholce of Test Altitudes and Alrspceds

experience of experiments of this kind togethcr with a
of the aircraft operating conditions and the regquirements

of 5% led to the selection of a basic test altitude of 10,000 feet

(z ) with provisicn for testing at cither 5,000 feet or 7,000 feet

th choice depending upen the suitebility of weather conditions,

(n ions for non standard tomerature conditions were made.)

h =irspeeds were chosen to give the moximum attainable range of

z numbera consistent with both ecse of cperation end with design

= toms dmne har % gread — b sy curve for the cireraft

6

The scctunl Reynolds number range achieved was froem 0,88 x 106 to1.92 x 10
per foct and for Lencaster P.A. 474 this corresponds to o speed renge of
Syzm 90 - 495 knots (I.A.S.) ot a test eltitude of 10,000 feet (I.C.A.N.)
the ~ltimeter pressure error correction being neglected in all cases,

2% iz of .intcrest to mote that  although flaps wore not used for
these experiments it was found possible to dncrease the workable speed
ronge of the aircraft down to a minimum safe comfortable flying speed of
20 xnots (I.4.8.10,000 fecet I.C.4.N.) against the value of 100 knots
(I.4.8. 5,000 feet I.C.A.N.) quoted in Ref,2l,
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Although for such o variction in aircraft forvard speed the dircctional
characteristics of the flow over the fuselnge in the pitching plone
mizht possibly attain considerablc proportions, initiel tests performed
to determine these changes showed thot in the worst case the directional
chonge did net in fact become one of significance (the maximum observed
variation being one of * 2° for the entire speed ronge) and hence the
engleoof sweep of thce half wing was treated as being sensibly constant
ot 45 (see Ref.2L).

5.2, Measurement of S.P.E.C, and Calibration of the Fuselage FPlow Field

Full details of the tests performed to determine both the S5.P.E.C. curve
and the nature of the flow field above the mid upper fuscloge into which
field the wing was immersed, have becn reported elsewhere (ref, 24) and
hence will not receive further attention here, ’

5.3, Incidence Zero Datum Setbing of the Half Wine

Although as pointed out in paragreph 4.3, the geometric incidence of the
wing could be accurately set by rototion about the exis of the spar
extensicn and reference to the incidence scetor plate, such a sctting

docs not of course necessarily correspond to an equivalent incidence setting
in f£light due to the small but almost ineviteble conditions of assymetry
which arise., To moke ollowance for these conditions and to moke for ease

of rcpetition of the required test configurations the following method of
setting the wing geomctric incidence was adopted.

It was decided to rofer the wing geometric incidence at oll times to an

&> &5
cxact reading on the incidence sector plate and by suitably fixing the
angle of sideslip of the aircraft (at a value corresponding to that giving
zero cerodynamic incidence with the wing gecmetric incidence at zero
according to the sector plate reading) it was possible to achieve experi-
mentol conditions which could be accurately and consistently reproduced.

a gero aerodynemic incidence setting
observing the static pressure differ-

mm opnosite surfaces o che

(3
L
LhL

o~

che monometer, with the ving set at zero geomstric
incidence, the pressure differential across each pair of tubes vms balanced
in flight by sideslipping the aircraft the requisite amount, and the
corresponding reading on the pilot's sideslip Desynre indicator (see para-
graph L.5) noted. At chosen speeds throughout the range required for
experiment this reading was found to be constent and correspond very nearly
to zero sideslip as was hoped for, '

fas
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This particular test provided occasion to observe the manometer fluid
columns very closely indeed, and this subsequently gave an indication of
the accuracy which might be achieved in futurc experiments, It was found
that experimental conditions could be set and maintained such that the
fluctuation of the fluid colums in the instrument did not cxceed 1/32"
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fji"en favoureble atmospheric conditions, and it was thus to achieve
""".13."1:' ::tﬂnd_.ro. of accuracy that th‘ aims of subscquent exporimental

asurements of the Stotic Pressurce Distribution over the Swept
Back Half i

ith the Suc..tlc pressure tappings in the swept back half wing connected
¢ mancmeter and using corbon tetrachloride as the manometric fluid a

wes made to determine the %istgibu%i:mg’ of static pressure over

> half ving for incidences of 07, 27, L ’66 , 8 and 107, and for Reynolds
ribers in the range 0.88 x 10° - ‘I 92 x 10" per foot, for beth upper and
FRer ,r_mL surfaces, Manometer resdings were rc.coraec'i photographically
the F,2L cbserver camera, and from these rccords the required readings
wzre cbtained, corrected for S P.E.C, and reduced to yield the non dimensicnal
pressure cosfficients,

3¢5, Flow Viswz.lisation on usins the Tuft Technique

ture of the flow at and ncor to the surface of the swept back wing
r .:Lt_; l't..w relatlon To the bounc ary layer *Lnd the teclm:l.queg

i S5 t‘.n.e -Tturo Df th\; flo 7 over tho o rtlculwr V':mg; Lmdcr consideration,
Tres cf the wing was extensively tufted using white 3 ply wool tufts.

to cbserve part of the wing surface from the

whory ar “.'mr';.uont for mrking the required flow

cf o remotely controlled observer coamera or
could not conveniently be contrived and

viool- tuf't obscrv ‘._L..J_'._Jlxs of the flowv over the '»flﬂ.&_‘, vere

= secend aircreft (D.H.Dove G-ALVE) flyin;: in close formaticn

r P.ll7h, The chssrvations were of course made photographically

35 mm, camera fitted with a long focus lens and 2 16 mm, cine

i

ol it § ol

LR

working to a systematic schedule and by close co-operation
ilots (in radio commumication) and obscrvers in both aircraft
of thc f,:v:;ﬁrun,nthl proqromme was successtully completed and

i W g i 4] A e A Py
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luere was somge difference between the operating speed ranges of
cr2ft the tests were in foct only performed at one ncominal air-

ST opprexdmately 120 knots L.A.8. ot a test altitude of approximately
7,CCO f't.) this being chosen as the most suitable compromise for flying
the two sircraft in close formation,

i _ .
2s2, Explerations of the Boundary Iayer

The boundary layer on the swept back half wing was explored extensively
using the two types of comb discussed in paragreph 4,6, measurements in
the boundary layer being mode ot a number of stations along the chord
carmencing at the position of maximum thickness to regions close to the
leading edge and at spanwise stations as indicated in Fig.3. For each
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flight undertaken the measuremcris were made at one chgoscn chordivise
station for incidence wvalucs of 07, 27, l;.o, 6, 8, 10,, upper and lowe
surfaces, and for Reynolds numbers of 1.08 - 1,92 ¥ 10" per foot with
e.drii'gicn%l test% at a Reynolds number of 0.88 x 10° per foot for incidence
of 07, 2 and 4,

The restriction of the wing incidence to l;.oat the Reynolds number of

0.88 x 10" per foot was by reason of problems encountered in the handling
of the aircraft at the forward flight speed (90 knots I.A4.S.) required to
give this Reynclds nurber, for whilst f£licht ot this low specd wes under
normal circumstances quite casily echicved, the effegt of the wing itself,
when at the higher values of incidence (i.eco a = 6 approlemtely) upn
the handling of the aircraft was quite noticeable to the extent that it
wos considered inadvisable to attompt to consistently and accurctely
reproduce e:f.perimgnta‘l conditions in which the wing incidence exceeded
volues of a = 4.

To determine whether or not flow scparation was occuring at the leading

: of the boundary layer fonce ond conscequently disturbing the flow
the wing root, two transition indieators (Fig.12) were attached to
the upper and lower surfoces respectively. They were positicned approxi-
mately 3 dnches from the leading edsc ond "piped" to adjacent tubes on
the monometer, By observing the difference between the rcadings given
by the total head tubes the prescnce of any scrious flow scparation
could, if it occurred, be deteeted. No such conditions were however
chzerved for the flight test confisur~tioms,

Throughout the tests, cobservaticns of the mhnemeter werc recorded photo-
- a

ally and froa the.film recerds so cktained the required roalings
teken, corrected as and where nccessary for S,P.E.C., ond roduced
yicld the boundnry layer velocity profiles together vwith the distri-
butions of total head at, near to and olong the wing surface for the
varicus chosen test configurations,

During two of the initial flights in which the boundary layer wos being

ared an vros mode to obtadn scme idea of the extent
: S ke 1 w8 the log 15) an a2t on in e a
O by meking use . techninque, ] sy bo £light

the forward porticn of the wing was sprayed with o e solution cf acenapthene
in petroleum ether and obscrvations of the wing were made during the
climb to, and for o flight of some fifteen minutes durntion at, test
altitude. On neither of “he two occasions could any discernible patterns
be cbserved from the aireraft flight deck blister and hence the method
was not subsequently tried, It is true to say that perhaps more
extensive and claborate tests could have been performed using this
technique, but the idea was abandoned in favour of the boundery layer
explorations detailed obove., The actual chemical sublimation tests
performed do therefore constitute little more than o 'by the way!
experiment conducted in addition to the main boundary laoyer exploration.
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6., PRESENTATION OF EXPERTIENTAL RESULTS il

The above experinents (peragroph 5) have yielded o fairly com- |
pro‘nnnsive renge of results of which a large selcction is proscnted i

rigs., 25 - 35. iumy of these hove been left in dinensional form - i
for convenience. b

The mcasurcd distributions of static pressure ond the corresponding i
chordiise lozdings arc prescnted in both tabuler (Tebles IT and III) I
and grophical (Figs.25 ond 26) form [ the boundary layer mcasurments '
only grephically, these being grouped according to the test Reynolds

nuber (R =U o° / v) and chordwise position(x/c ) of investigetion.

BE R T R

Refercnce to thc varicus figures is made as and when thoy receive |
discussion, et

[. DISCUSSION OF THE EXPEATIENTAL RESULTS

7.1, Behaviour of the Adrecraft and Bouwipment under Bxperimental

— ——— S

Conditions

L R TN AL

The bchoviour of Lancaster P.h.L74 together with its oncillexry
couipment during the sories of tests described was at all times very |
good, ond the simplicity of the techniques caployed permitted the

completion of the experimental programme in o gencrally trouble free ;
nenner., 4

working to a systematic schedule in the air a lorge emount of
inental Work could be completed in o short £lying time, but to
¢ 'tr.L_S a great decl of timg was however regquired for 'ground
..-'or:c‘ to cnsure as nearly as possible a foaultless bchaviour of the
cequipment whilst airborne.

o o t '*t this nmethed of test hos satisfactorily proceeded through the

Py ———

initial stoges it is hoped that future more eleborate experincnts of ] g
& sl 1'*”*‘ kind will be performed ot the Cellege. i
I sc. focurscy of Hesplis 1

In assessing the accuracy of the results obtoined the principal 3
£

n
factors to be considered arc. i

e

« the limitations of the methods employed for measurcment

]
L]
ot
oy
©

attainable stobility of caperimentcl conditions

3. the accuracy involved in the reading of the cbscrver camera %
£iln reccords

1. and 2. cre discussed in paragrophs 1.5 and 5.3 whilst 3. rececives i
consideration in Ref.25.

't el o TR W
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The only secrious influence is likely to arise from 1. in relation

to the boundocy layer measurcncents. However, a coreful scrutiny -

of .the verious caperimentally derived curves shows that the degree

of point scatter is, alumost without exception very small, cach

curve being well rcepresented by the exporimental points to which

it is fitted. lioreover, no irmedicte effects indicating the
unsuitability of the apporatus to fulfil the purpose were apperent,
and hoance there is reason to suppose that the quoted results rcoresent
a good deal more thon just a gencralised qualitative ossessment of
the boundery loyer flow.

The accuracy of particulor scts of resultvs will be mentioned as
they receive discussion.

7e3. Distributions of Static Pressure

The distributions of static pressure a-s' measured for the swept back
holf wing may be seen in Fig.25.

Vhen plotted out es individuel curves (at constent incidence) for
cach of the test Reynolds nuobers considcred, small differcnces
were found to exist between them. This was not due to point scatter,
as cach curve was too well defined, but to o generaliscd displocement
of the curve as a vhole oway from its neighbour., This displesccment
was as stated cbove quite small ond since it d&id not show any pexrticuler
trend with chonge in Reynolds nunber could not definitely be attributed
to any cpporent couse, llopcover it ywos found thot the measured chord-
vise looadings L0 = (?p - CP ) yiclded identicol (within

' L U

coctpbably @wiall linits) curves for different Reynolds numbers.
It wos therefore assumed quite in order to represent the measured
distributions of static pressure aos mcon values for the Reynolds
nunber range considercd. In this woy the curves shown in Fig.25
together with the pressure coefficients quoted in Teble ITI were
cbtained,

con be swia that the curves (Fig.25) are very well defined ond
it 1s of porticulor interest to note the distribution of the experi-
mental points in the neighbourhood of the leading edge, where both
the. suction peoks (upper surface) and the stognotion lines (lower
surface, C'p = 4+ 0,5) cre clearly indicated. It is eppreciated thet

the curves for the lower surfoce as depicted in Fig.25 appear same-
what congested near to the leading edge ond are thercfore not readily
interpreted but the trends under discussion were observed from plots
to approximotely four times the scale shown. With regerd to the
suction pecks, the very foct that these ore defined so well is a
direct indication of the accuracy ond stobility to which the experi-
mental conditions could be set and maintained whilst measurenents
were being mode, This is realised by considering o small momentoxy
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disturbonce to th@ tent sdrcreft :—::-.-t;ultinn:' in gideglip ocnd the
r,:f'::“")‘"*;ul(j chaonge i ing. For
regions ¥ody o ’cm R 5¢ : .on results in the
reiopnent of cscillaticns of conslﬂcrablr- ':".1;;_313'_’»'T de in the fleid
c’wlmms at the mononeter and the reaquired mecsurcments connot thus
be node.
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The distribution of static pressurc eclculated on the basis of the
infinite shecred wing at zerc incidence (sce poragroph 2.3 and ed,

25304) i compored with the neasured olgtr:.._mt.t.ons in Fig.27. The

gre cin theory cnd measurcmeats at the ndd seni spon

gtotion is g 1 the tip and root staticn neosurements show the

type of departure to Lo expected when meoking such a comparison, c.gs
grecter concentration of suction near the ncse with increasing

distonce outboord aleng the spon. This lotter effect is also illustrated
by the measured chordwise locdings “‘Th:LC‘.h we shovm in Fig.26,

22 ifrensition to tarbulence of {he flow in ths boundary loyer on
he upper r]urz"'ocﬂ of ¢ b\mpt beck wing is influenced both by the
st of sweep dnstalility (also common to the lower surfoce) cnd
the u-_;vulurmcn‘t of nose suction paaks. For the ving under con-
ilcration the nose suction peok is well developed ot ecch of the
chosez i stovicns vl the wing incidence racches ¢ = 6°
this (a = &7) awl higher values of incidonas
R r::'__j', '.L::-'Jin(‘.r flovr moy be cipected. This is oLu,,N“',Lc*‘tl‘_; sk

OV_overT
The fiow over the ‘_'_."..5 oo indlented by wool tufts ney be studied on
» _H;""m3 to Fig.2ob where o selection of results are prescnted.
zere it is ncecessory to distinguish between an acwucl chonge in flovw

point of attachnent
ne (_"I 18 _;_ FET) i B __‘_11}_:,

tineations

(indicated by en oricntation of tha, tuf't cbout
ts tae wing surfacs) ond : ; g ¢

- - . £
i i sults upon o

O

szen exiszting cine £ilm recordsa,

i% zero incidence the flow over the wing sppeared to be perfectly
steady with no indicatlion vhotever of tha formation of an unstoble
woke &% the trairm{z edge. The tufis attached to the treailing ecdge

a b . . . p A =
werc long (obout 12 inches j cnd their gencral behaviour suggested a
=g

flow of t.rt—:. 'Ly)_;., shovm in Fiz.20c, As Lor os could be determined,
scporation occurred quite close to the Lreilins edee.
L]
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cr the forword portion of the wing the streaomline curvature

g nost serious in the neighbourniood of the stognation line ornd

hig is well illustrated in the ccse for ¢ = 10 lower surfaocc.

he presence of the tip vortex is nlso clecrly indicoted in generel,

SR

Scrae idec of the sensitivity of the tuf'ts to chonges in flow

dirccticn nay be obtoined from careful scrutiny of the flow at the
viing root (below the boundary layer fence, bottom row of tufts)

for a = 8° upper surfuoce. Herc the flow appeors to seporate from

the vertical supporting member for the boundary layer fence which

is positioncd at the leading edge of the wing, ond to subscquently
result in a very disturbed flow formation in the region of the troiling

edpc.

The tufts did not indicate the presence of ony disturbonce in the
flow over the wing which mizht be cssociated with a leading edge
separation off the boundary loyer fence. This is in agreecment with
the cxplorations node using tronsition indicators positioned neor
to the leading edge of the fence cnd mentioned in poragroph 5,6,

The tuft obscrvations show that for o substenticl portion of the
wing surface (in prrticulser for o region extending opproxinately
from the 5 per zent chord position to the position of naxirum
thiclmess) there are no substontial deportures in flow deviation
from that of the undisturbed streom which is o reesssory conditicn
for the successful application of the technigues chosen for the
poundary layer measuremernis.

9 £ Wegmdney Taver leasurcnents
{ 3 e DCUNCATTY Layer (iCAsurcnionis

7+5.1. Velocity profiles

A selection of the boundory layer velocity profilss as measured
uging the ccrbs (Pir.13) is presented in Figs.29 to 31. It can be
ccn thet, although the nurber of exporimental points obtoined for
1 profile is emall in comparison with the mumber usuclly token
ing nornal bo v loyer explorations in vhich traversing geor

DO SXPpA0INNL Wil Lo
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defined in gencral,
n sonie simple tests performed to azssess the uscfulness of the
cundary layer ccmbs (sce Ref.25) the effect of yowing the cord
in rclation to the stream direction was discussed. IV wos found
e
affected with the angle of yow fixed for example ot
such effects could be detected in the results ta
present series of experiments thus indicating that the method
employed for measurement was adsquate. It ic ftruc that in some
ceses the odd experimental point has been ignored in the £itting
of the curves; but the discrepancies in such cases have been
attributed to the occurence of cxperimental error, It is useful

s
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here to point cut the £7‘cud: difficulty of checking the ecxpo rincntal
:*bsor\rations vith regoard to individual points os they are made in

light. Such a task bc.c:mc,s imposeible when o lorge nurber of readings
is Leing simultoncously recorded for cach test configuration os wos
he casc during the scries of experiments described. iloreover the
inevitcble delay associsted with the interprctotion of the cbscrver
comera film records usually means that the cxperiment hos meonwhile
progressed through meny further stoges so that the checking of
occasional results of doubtiul accuracy bccomes prohibitive for
cconcmical reasons, By careful work however, both in the preparation
of the experimental equipment and in performing the actucl experiment,
such occasions seldom arisc as may be seen from an overall and general
inspection of the results quoted in this poper.

The measured vclocity profiles show quite generally that very little
leninar flow existed on the wing for the test configurations considered.
In particular the occurrence of tronsition very close to the leading
edge is indicated for all values of wing incidence, both uppcr and 6
lower vurf,.,c;u 3 ‘rlth the test Reynolds number at, and dbove 1455 x 10

e pk cnonena cf sweep -_-I'lbt ﬁul:ﬁy. At the some time however, it
ars cvident,that whilst following the onset of sweep H.Ilut‘..'!.Dlll‘ty
v inefince the boundery loyer thickness O rapidly increases
1 distance clong the chord, this increose is not nearly so great
hat c,culpﬂ"l_“yln, ’an. pT‘but’nuL of‘ an unf::vo‘ chle I‘-T'CSS‘_“‘EZ gradient,
[$]

aase of rlctJ on 'ﬂt the *.'L"_ in thﬂ tl,uu'\blllsea layer %o bs:
similarly affected.

In attenpt has been nade atb this stege to give detailed considerction
o the measured velocity profiles as a whole since it has 'br:.:,n con-
dered of greater importence to illustrate trends rother than to
dircet the course of the work along the lines of detailed analysise

72502, Boundary loyer troreition

': Was po ssz_bl"-' to obtain o rrennrul pi cture of the pom.umn and
zhaviour of boundery loycr treansition as it occurred on the wing.

The curves so obboined, and shown in Fig.35, strictly correspond

o the cnd of the transiticn region for they are defined by the
ositions at which thc total head rise o-::curring in passing from the
aniner to the turbulent boundory lover wos completed. Conscquently on |
naking a comperison between the curves showing the positicns of
transition with the boundory layer velocity profiles, semi turbulent

or 'transitioncl' profiles will be found corresponding to given
tronsition frort positions,
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As stated in paragraph 7.5.1. very little leminar flow was found to
exist on the wing, and for Reynolds rumbers of 1.55 x 10 6 per foot
and sbove, trensition was observed to be very close to the leading
edge for all incidence configuraticns and for both upper and lovwer
surfaces, This behavicur of the tronsition front illustrates well the
physical consequenccs of sweep instability.

7¢563. Displacement thickness, momentum thiclkncss, and shape

parameter variation

A sclection of curves showing the variation of the boundary layer dis-
placement thickness & 12 mcmentun thickness 62, and shape parsameter § 3

with wing inecidence and test Rcynolds nurber at differcnt chordisise
stations is prescnted in Figs.32 end 33. These curves were derived
from the velocity profiles as measured at the mid semil span station
and are thus approximately independent of tip and root effects.The
usual distinctions for the laminar and turbulent boundary loycer ore
in general quite clearly shovm but in particular it may be noted that
at the maximum test Reynolds mumber considered (1.916 x 108 per foot)
at which the boundary layer wias cveryvhere turbulent, the shape
porameter appears to be very nearly independent of incidence,

7.6, The Critical Reynolds Murber for the Sccondory Flow

From the test results it is not possible to moke o precise evaluation
of the number N (cqe 2.7.1.) since we cannot determine the flow con-
ditions for which the sccondary flow ingtability is initiated. Ve

can however infer both on upper and lower bound by noting that since
virtually no laminar flow existed for a test Reynolds number of

1552 x 10 ) per foot, then referring conditions to the wing chord
along the strcam (i.e. c = 86 inches) we have on talking

X.
max

T = 0,0485 and substituting in eq. 2.7.1. that
RZ2

N = 160

Now the critical Reynolds musber for the sccondary flow strictly
reclates to the onset of the instability and subescquent vortex
formation ~ it does not correspond to and accompany, but precedes
boundary layer transition, so that irstly we conclude that

N canrot ‘exceed 160

Secondly since laminor flow existed (i.e. to % = 30% ) at the
o
lowest test Reynolds rumber considered (i.c. 0,884 x 106 per foot)

we derive the second olthourh somewhat less definite condition

T T T B T A A A T T T T T T R AT o
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Fnox
that (again with —= = 0,0485 and ©q.2.7.1.)
R 2
N ¢ 120

Thus the conditions for sweep instability are given by an equation
of the type

.
LS "-_q—_-li-— » 120 < N < 160
R" B .

crit

which is in very good agrecment with the original work due to Owen
ond’ Randall (Ref.17)

8. CONCIUSIONS

" I. A series of experiments relating to the boundary laoyer flow on a

swept back wing mounted as a dorsal fin upon the mid-upper fuselage
of Lancastcer P.l.474 have been successfully completed by flight test
methods,

At a1l times the behaviour of the aircraft used as test vehicle,
torether with its equipment cte. was found to be perfectly satis-
factory. :

II. Colculations for the boundary loyer flow over the leading cdge

of the wing using the method of Scrics hove shown the c¢ffects of
secondary flow in rclaticn to the instability of the laminar boundary
layer to be confined within a very short distance from the stegnation
line, as also found by Owen and Randall (Ref.17). Reference to the
experimental results has shown the conditions for instability of the
sccondary flow to be given by an equation of the type

T, 5 e 120 < N < 160
22 RZ .
crit

IIT, Pressure distribution mcasurcments heve been nade on the swept
back wing for a geometric incidence range of 0° - 10% and Roynolds
mumber range 0.88 x 10° < 1,92 x 106 per foot upper and lower
surf'aces being considered.
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The measurcd distributions arc in close agrcement with calculations
bascd on the infinitc sheored wing and an cquivalent source distribu-
tion for the zero incidence casc (symuetricel secticn).

IV, Tuft cxplorations giving details of the flow over the wing on both
upper and lower surfacces have showm that for incidences in the range

0° - 10° three dimensional effects do not achieve first order importance,
thus permitting the use of strictly two dimensional technigues for
boundery laycr mcasurcments.

Ve A lorge number of boundary layer explorations have becn successiully
made showing that for both upper and lower surfaces virtually no
lominor flow existed for Reynolds numbers (based on the wing chord in
the free stream djrection) at and in excess of 1.55 x 10° per foot.

For all incidence cenfigurations, this is due to the occurence of
instability in the sccondary flow at the leading cdge, and to a com-
bination of secondary flow instobility and the adverse pressurc
gradient following the development of (upper surface) suction pecks
at on incidence of 6° and above,

The experiments have shown to the further support of already existing
evidence (Refs.6, 26 and 29) that vithout the application of some
form of boundery layer control, the possibility of maintaining regions
of loninzr flow of any apprecicble magnitude on either the upper or
lower surface of a swept back wing ot full scale Reynolds numbers,

is rcmote.
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Pilot's Hondline Technioues

by
B. F. Russell.

1 The Effects of the Experimental Wing on the Handling of

Loncastecr P . L7k,

The Lancaster handles normelly in the air with the wing set at zero
incidence, except that it is more directionally stable and the rate
of roll is reduced.

2. The Effccts of Cross-ind

In the presence of a cross wind, both take off and landing are more
difficult than normal. Take off in such conditions requires a large
amount of differential throttle, whilst on landing it was found thet
"kicking the drift off" had to be left very late since although the
aircraft will respond initially tb the rudder, it tends to return to
the original heading. The maximum cross wind in which a landing was
made was 25 KTS at 20° to starboard.

3. The Wing at Incidence

It wes found that the aircraft could be trimmed to maintain zero
sideslip with the wing set at any incidence within -410° to +10° and
for speeds (I.A.S.) in the range 90 KTS - 195 KIS, A combination
of large incidence and high speed gave rise to vibration and slight
rudder buffet,

/!

L4, Technique ®

Leave engine r.p.m. constont, and adjust boost to maintain height at
the required speed; trim elevator, rudder, and ailerons. Check A.S,T.
altimeter, sideslip indicator, and directional gyro.

(Note: A small continuous change of heading is permissable providing
the yavmeter is maintained at zcro).
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JPPENDIX IT

A, 2, Coleulation of the Distributions of Velocity and Pregsure
Over the Wing at Zerc Incidcence

heZ:1, The Actunl Wing Scction: Two Dimensional Case. (Incompressible Flow)

It is sufficiert for our purpose to consider the wing at zero incidence and
hence since the section is symmetrical the circulation in such a configuration
is also zero, Under these conditions the wing thickness distribution mny be
represented by an equivalent source distribution such that along an elementary
length dx of the chord linc the total source strength is o' (x)ax,

Thus for the actual wing section in two dimensional flow and in the coordinat

system shovm in fig.15, we may write the perturbation potential in the form :-
a
- 2 -
W o= fo" () In (z - £ )ag (A.20% )
2% =, ; .

' 1

- A
where 2 = x + iy.

The velocity components at the chord line are given by:-

a
2
i) (11;‘? OJ E) & E:: Y
'LI(X) =" Re [.L]._Z] - %ﬂr[ —(%a——-—' (i‘x.2.-2.,
—.a,‘ '

' a
— 2
md v() = bm{ Gl te . E xo! (£)a
Y L (8 %

i.c. v(x) = 50" (x) signy . (La2:30)

Now the boundary conditior for the wing section contour to be a
streamline is given by:

v(x) _ 4y 8,20
U T ax (.24
and if the scction ordinates are given by:

then from (A.2.4.) and (A.2,5.) we easily obtain:

of (x) = 2u, £ (x) ' (3.2,-_’.'

IR
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Thus equation (/..2.2) moy be written in the form: -

U _ 4 p oy ) -
”f (x - &) | (4£.2.7)

=8
1

It

; K
Nov - bE n

w1 -

o
n

1, for -2, £ & <0

2| fOI‘ D_ Q g s 0.2 (.{\142'8)

and on substituting for y,;; in (A.2.7.) we obtoin:-
2
U | b ) I (g [ EE
U, — m L %n ViE2 [§+(—1 )n—1.§ ] (1.2.9)
a

n=1

This expression (4.2.9.) may be integrated and yields

2
. =N x
Ux) _ » y (=)™ 1 (42 ol
v, =%, & Lo % sech = (£.2.10)
2
N n
- so that the total velocity at the chordline is given by,
q (%, o)
—g_ = 1 +_U_§£) 2
20 0 UII (IL. 2.11 )

To calculate the velocity nt the wing surfoce, q(x,y), we note
from ref.21. that the two integrals:

;ﬁq(x,w JaT.,.J? o ;IC alx, 0)ax

which give thc values of the circulation round the aerofoil, must be
equal, Hence it is plausible to assume that locally

¢ q(x,}‘)\]dx?-wz = q(x,0) ax (4.2.12)
so that the velocity at the surface is given by
alx,y) = a(x,0) a(x,0)
T \
(1 2 = :!:','x (I&12015}
1 + o 4
dx

N
o —
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Thus on carbining (4.2.10), (£.2.11), and (A.2.13), we obtain the following
expression for the velocity distribution over the actual section:-

B . i ‘
\ - . n
a=qmy) =1 (140 N («F "4 (ma (N2 n
U 0 B = a \2 —— % =
. n=1 .

o i 1 ! ‘1“?&2." an
-'J &

" (A.2.10.)
-~ in which:
¥
BX=J1+T“~—"‘;-—;: P n=1for - a4< x< 0
o (eo-x") n=2foros x< a
n n 2
The calculation of the pressure coefficient is performed using the
relationship: _
: 2
_q - aley)
Cp (x,3) =1 { i } (4.2.15.)

A.2.2, The "Effcctive" Wing Scetion.  Two Dimensionnl Case (Incompressible Flow)

Referring to fig.15. we have in this case:

t = ' for o< & < a , for the rear ellipsc (showm

2 a.:\[t %2

dotted), and for the trailing edge fairing

n

y{t! = - tan a,

so that

aZ

d= = )
'R : ‘ : | (4.2.16.)

giving the necessary conditions for surface continuity.
There are three domains of intigration to be considered in the evaluation cf
the perturbation component U(x) ond we find on proceeding as in (4.2.1,) that -

[ d " 1

U(x) = =D . E aE . » EAE _ -tena [ dE
Un ‘Ka1 1= F & 8y 2 L F B —(_-E;)
: Ia -E(xE) a

.

(A.2.47)
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7he integral terms in (A,E.‘i?) may be evaiuated and after some manipuletion
ss

the following expression for g{x,0) mry be derived:

i _ - T - - ' -
fig_}.‘.i.?.) [1 7:?- = "R sec:h'I x>+b sin™ d + X l.D
U &1 2 e 2 o g = e
0 a
2 O

= — "N
\':'!.1 1=x &y 'Jt{la }E
NS ' 2,\/1 “a
9 2
& + ’G(‘-.l’l au ln }C"-l } s
= ‘| x4 . _ (£.2.18.)

a2 13{

(1 -x ] & r a2
T+ - - 2

A 2 A 12

ieve also the velocity at the surface is given by (4.2.13.) with

B = r+b2x2 n=1, for-a <x<o0
2 2
A\ a: (an-x)’ n=2, forogsx <d
B, = r+'|:a1n2a for < x< 1,
A
szm for x = 1.

- ond the pressure coefficient is calculated from (4.2.15.)

2233, The Infinite Shenred Wing, at Zero Incidence (Lctunl & "Effective"Sections)

-T the wing of infinite span sheared by an angle 4 (the section rcmaining
“~Jtered in the direction of the undisturbed stre.:un) the undisturbed stream

-3 compenents Uycos A and U, sin A normal to and parallel to the leading

~-.¢ respectively, Since the wing surface is a stream surface to the flow

¢ 51n A which is conscquently unaffected by the wing thickness distribution,

-~ velocity perturbation will thus depend upon the streaming of the

“Ponent U, cos A over the surface characterised by the ordinates y, = f‘1(x1).

"'_'\,Cf‘lculation procedurc used in dctermining the vclocity distributions for
-2 the actual and "effcective" sections, ench being respectively considered
j__:hf‘: Streamwise section of a wing of infinite span, is identiecal in
.:‘?31?10 with that in paras L.2.1. end A.2.2, the results obtained in this
“2 being as follows:

T ——
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For the cctusl scetion we have:-

q(% , ¥, .) . ’ P
.._1.(_'1_:__1.-_ A [C A 2-n ( 4 X
= = os A + b (-1)7. 14 /@ = ~1
Uo Bx o / s > +__ a, scch _35 )}
n= 4 n , X 2 & -
- -—'2
a B

- . - - .2.
— where in this case By is given by:= (a 19)

Bxl B \/ 1l (%E) (A.2,20)

2
cos A

The total velocity at the wing surface is given by:

; 2
q(;}t.v): l(&\ + sin® A (ha2.24:)
. 0 NAT
a
and the pressure coefficient by:=- _
2
. [ a (x,y)} (A.2.22.)
¢, (x%¥) =1 [Uo |

Tor the "effective" section we have: -

q /X, © . i
"—1£"_1"'—‘)=[COSA‘-':E (1-]:- e scclm13:_>+}@_<sin1_@+ b 18D
2 a a
2

§] Ta \2 ~
0 i w1 e 3 77"-12 3 2f—__2_
1 = : 1~ X%
a A =
1 EL
4+ ton « 1 l X - 1 | ] %
o . L
(AI2I23‘)

with q (x1,y1) cp(x,y), determined using (4.2.20) and (4.2.22).

Uo
The distributions of pressure Cp(x,y) celeulated for the two sections moy
be seen in fig.17.
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A.3 The ecleulntion of the Steady Statc Three Dimensional Boundory

Layor for the Sheored Wing of Infinitc Span by the liethod of Series

As Tl The General Caosec

Referring to the coordinate system % y» z; (sce fig 14) we may, according
%o sevcral suthors (e.g. ref. 22), write down the equations of motion

for the three dimensional boundary layer in the form

au2 auz ou, 1 op o u
BoEeS g e g agg el = == 4 3’-—2
ox 9oy, 0%, p Ox, Byz
- -~ - 2 -
f::z-i- vfjiz-b 1.v-ai-‘l—‘:a ——-ii?- o vaw2 - (Ad3,1)
e 3x 23y, 23z, p 9z e e
ou ov, awz .
= = 3 e = 0
ox Bya 0z,
in which the boundary conditions arc
Y =0 s e w9
2 3 2 2 2 (%.3.2)
yz =0 u2 = Uz’ 'Wa 4 Wz
Now for the sheared wing we have to close wu proximation
U, = U, (xz) , W, = VW = oonstent
dU (A'B"j)
and + 8 oy, =
pox, ~— ~2ax,
so that the sysﬁem of equations (A,3.1) may be reduced to
ou oy, du Fu
U 4 v = Uz + V —
2 0% 2 9y, 2 dxz ayz
2 ]
oW, o d v
2 2
we— 4+ U= = V¥ (R3.4)
2 a‘{z 2 ay2 ayz
a::c2 ayz
with the boundary conditions again as given by (A.3.2)
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Newr the three dimensional boundary layer on a sheared wing at zero
1ift may be calculated in a similar way to that for a cylinder whese
axis is at right Ji{"l to the main stream, by treating the chordwise
(normal to the leading ec‘ioo) and spanwise flcm components separately.
Such a pI‘OCCriu.r:"f.. is as sum,cl pi:t"'"!l.;%lblc since the equations for
steady flow in the boundary layer (A.3.l4) show no dependence upon z
(ref.l). It is important however to note that in applying this
principle of indepcndence we are referring strictly to steady flow.
In the case of disturbed flow, a dependence upon z is implicitly
inferred in the equations of motion (ref. 16).

2

Thus following the usual procedure we take

m
Ua(xa) - }J A2n+1°x2n+1 > 0= 0,1,2,...m
n=o ; (f&.3.5)
and W, = W, constent

and if the stream function is expressed in the form

i
v (x,,7,) = J LR OR WA X2 (1) 4 . (A.3.6)

(4.3.62)

where =

]
(%

i
<] =

then according to ref. 22 the velocity components w (x2 " yz)’

v (x y ) may be expressed as a Blasius' series, the flow being
2 2 2

independent of z, such that

_ ! 3pl
u(x,y) = Ai_xzfi(n) + b £ (n) +

s ‘\F{Aﬁ‘(n) + 12 A3x2f3(ﬂ) T (A.3.7)

A
W [ (n)+f}cg(ﬂ)+.......

in which the prime denotes d.lffera,n‘l,rxtlon with res spect to 1, and the
functions g , By seers satisfly the differential equations
0

v (x,3)

"
.

"

W (x, y,)

2

" e g = 0
Bo * 4B ‘ (4.3.8)
g +frﬂ—-2ffg = =12 g/
1 2 i 2 30
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the boundary conditicn to be satisfied being
= 0 7 =0 2 = 0.
n g =0, 8 = .
n = g = 1. 8 = 00 ’ . (A-3c9)
0 2

Yow according to Prandtl (ref.419) the equation for g may be solved by
direct integration to yield s

’

7 n

gc(n)z,of e | - f y ] d“
jﬁmexp. [ - /J?f1 dn ] an (A.3.10)

[o] (o]
The functions f , T !, £, ..., arc cxtonsively tabulated (refs.

s wo
1, .22 for exmnplc? whilst g , 2 , +es, may be found in refs, 20 and 22,
g : 0 2

The problem of calculating the three dimensional boundary layer is there-
fore one of expressing the cxternal veloccity distribution (as given by
theory or experiment) as the power serics given by A.3.5. i.c. as

, .

U (}E ) - Z A w2041
2 =z b= 2N 41 2

- the summation having the upper bound m imposed by the at present somevhat
restricted rangc of tabulated values for the functions g, g,, .., and
by the extent of mechanical work involved in performing the ncccssary
computations in cases where the boundary layer is required over a consid-
crable distance from the stagnation line,  If however we need only con-
cern ourselves with relatively short distances from the stagnation line
then by a judicious choice of the expression for the above series, satis-
factory to the desree o accuracy required, the boundary layer may be
readily calculated. '

£.,3,2, Application to the Particular Case.

For the wing undcr consideration it can easily bc shovm that since the
leading edge portion is of c¢lliptic secction (fig.L4.) the distance along
the wing surfacc (from the stagnation line ot zero incidence) in a dirce-
tion normal to the leading edee is given by an integral of the form

¢ _
x, =D f J1+nashf 8 , ad - (A.3.11)

2
~ vhere n® 4+ {%2 —1] > 0
vhich is an incompletc clliptic integral of the second kind (written in
EQQEHdres notation) and which may be cvaluatcd following a reduction of
the integrant to a Jacobian elliptic function, i.c. by writing

-
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'x.:b[ J1+fsnfe.m =b K f nd udu.
1 _

- - D
- in the notation of ref. 18,

Thus we find x, given by

X, =b E(u1)-k2 snu cdwu ] 0 <k
i b } 0<¢

AN

1
A
2

the calculation being facilitated by refercnce to tobles of the clliptic
functions. The results obtained are showvn in fig.18.

We note in passing that the integrand of (A.E.‘H) could alternatively be
expressed as a series in € using a Binomial expansion and x, derived following
a term by term integration, but the method offers no advantage in the
circumstances.

It is indeed evident that there is no simple way of analytically cxprossir{,
U (:f ) as & readily calculsble function of %, sa tisfying the form requireme
Of' (A 3,5.) and so at the expense of accurhcy we noy approximate by I‘:..du.Cl""
the problem to one of mechenical curve fitting.

The measured ond calculated distributions of velocity over o section normal
to the leading edge are shown in fig.19, the measured distribution being doduc
from the cxperimental results obtained for the mid semi spon station. The
egrceement between theory and experiment is excellent so that v mey expect tre
external stresmline of the viscous flow case to approximate very closely in
dircction to that calculated for potentinl flow. (sc.e fig.20) over the
gsheared wing of infinite span. This leads to thc cbscrvation that the
external streamline is only curved to any significa it extent for a very
short distance along the wing surfocc (cf.pera,2.k.) ond thus the sccondary
flow effocts in which we are intcrested moy be expected to achieve prime
significance in a region of similar length (Ref.17). On the supposition
that such a condition is true we note that for a very short distance along
the lcading edge both the experimental and thcoretical distributions of
velocity may be very accurately represented by an expression of the form

U(x.) . p.s X N2 '
Q, = _2""2/ _ sin 2 2 A [ ax .
# Uecosa ~ 5 L 6(5) ¥ eee 5 0Sx, 25
- (A.3.12)

(sec fig.19 for comparison), where X, is quotcd in dimensional form (mcnwz
since we arc only concerned with a particular case.

Thus the external flow conditions mey be expressed as

m . :
4 ; 2 nt1 X 3 2 5 5 y
U, oosh EE:, anty "2 5 B NE 8 120 \5) *
n=o

(A.3e13)
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.so that

ki > 1 -73‘5
- g A = e [ ae g A
<5> U{J cog A5 = 750 U, cos .

(Ae3014)
and hence the two components of interest in the boundery loyer arc
glven by substituting for 4,, “j’ etc. into (4.3.7)

The distribution of veclocity calculated on this baosis togcthcr Trith the
profiles obtained by resolution on the co-ordinatc system € the
cxternal strecamline, may be seen in Fig.21. They rcceive g‘L‘I..:C‘LlSSJ.O"l
in para 2.6,

APPENDIY. TV

The Three Dincnsional Boundary Loyver for the Potential Flow

e )

L
U cos =

A porticular case of a lominar boundery layer flow which is amcnable
to anclytical treatment is thot associoted with a potential velocity
distribution of the type

U cos A
)
where A1 ord m are constants. (8. 4a1)

Such a distribution is o 1ittle more than just of academic interest

in relation to the present work for we note that both A, and m can be
chosen to not only permit the celeulation of the boundery loyer (by the
usc of oxisting tables), but also to approximotely represent the
velocity distribution over the swept back wing at zero incidence,

(See Fig.19)

Slnce Q ~ xm , the velocity distributions at various positions (x,)
may be L?nlvcr $ally represented (Ref.22. ) following the choice of
"U.l‘b""blc scaling factors for u, , W, and Y - The choice for three

dimensional flow being -

Y1 . U
3 5¥ JF2 v;r:

= with thc velocity components given in the form

{Aih2,)
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= U AQ ¥
w | cos ,af" (ni) }

W G .
Wz 0 (T11 ) )
The diffcrential cquations of the boundary layer obtained for this type
of flow have been studied by Hertrce (ref.31) and Cooke (ref.32.) who
provided tables of the functions £/ (v ) and G(n ) for a range of valucs
for m. ! :

Choosing A = 0,89 and m = -19- (which is convenicnt for our purposo) , the

calculated distributions of velocity in the boundery layer together with
the profiles obtained by resolution on to the co~ordinate system £ 5 &
of the external streomline (calculated for @ = A X' ) may be seeh in'
fig.22. They are discussed in para. 2.6.3.2 L
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TABLE 1

THE CHORDWISE LOCATION OF THE STATIC PRESSURE

TAPPINGS IN THE SWEPT BACK HALF WING

Distance from tine

Hole number leading edge along X 9 »
axis of o
1 0 0
la 0. 325 0, 378
1b 0. 650 X 0. 756
g 0. 975 1,135
2 1, 3000 1,512
3 2.6000 3.03
4 5.3 6, 04
5 7.8 9. 06
6 10, 4 12.10
f | 13 16.12
8 19.5 22. 70
9 26 30. 25
10 32,5 37. 80
11 39 45, 40
12 45, 5 52,90
13 50.6 58. 80

The reason for the numerically inconvenient values of x

C
o]

is due to the distances along x as tabulated in the second
column being referred, during the wing design stage, to the
'effective' chord, and not to the actual chord as is here
chosen, Thus for exaaple hole number 10 corresponds to a

chordwise position of 37.8 %ox 86 = 25% referred to the
'effective chord'. 130
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TABLE T

DISTRIBUTION OF STATIC PRESSURE OVER SWEPT BACK WING. REYNOL..o NUMBER RANGE : 0.884- 1,918 x }lejﬂ.

ROLE No. a=0
Py

1 +0. 473
) 40, 425
it +0. 254
& lec +0, 183
N 2 +0,124
. 3 0. 005
: A -0. 087
¢ 5 -0.154
- 6 -0.150°
* 7 -0.158
a 8 -0.190
" ] -0.184
i 10 -0.188
5 1 -0. 186
12 -0. 205
13 -0.212
1 +0. 391
= 1a +0. 452
= b +0.304
L! 1c +0. 199
i 2 +0. 140
= 3 +0. 026
i 4 -0, 064
- 5 -0.118
I+ 3 -0,131
ﬁ 1 -0.144
b 8 -0,183
3 9 -0.180
5 10 -0.210
] 11 -0.212
B 12 -0, 219
13 -0.243
i +0, 524
s 1a +0, 460
3 1b +0, 316
(3 1c +0, 231
: 2 +0,138
; 3 +0, 040
£ 4 -0, 058
< 5 -0, 079
. 8 -0, 102
: 7 -0,112

) :
¢ 8 -0.150
i 8 -0,163
g 10 -0. 186
11 -0, 206
12 -0. 234
13 -0, 255

M
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+0, 463
+0. 278
+0.115
-0. 080
-0, 092
-0,180
-0, 228
-0, 265
-0. 247
-0, 238
-0, 249
-0, 222
-0, 216
-0. 208
-0. 217
-0.223

+0. 478
+0, 305
+0.118
-0, 032
-0. 085
-0.159
-0. 209
-0. 248
-0, 240
-0, 237
-0. 242
-0, 234
-0.240
-0. 231
-0. 234
-0, 260

+0, 501
+0, 338
+0, 144
+0, 025
-0, 081
-0,139
-0,196
-0,193
-0, 200
-0.187
-0, 214
-0, 219
-0, 220
-0. 238
-0, 2681
-0.271

+0. 387
+0, 442
+0. 375
+0, 312
+0. 276
+0. 150
+0. 027
-0, 088
-0. D67
-0. 087
-0, 141
-0.150
-0. 160
-0. 166
-0, 185
-0.199

+0, 415
+0. 481
+0, 422
+0. 340
+0, 287
+0. 166
+0, 052
-0. 020
-0. 047
-0. 068
-0.121
-0.141
-0.169
-0.178
-0.197
-0, 221

40, 485
+0, 493
+0. 428
40, 356
+0. 279
+0, 168
+0, 053
+0, 012
-0.0189
-0, 03¢
-0, 088
-0, 115
-0. 149
-0. 168
-0. 208
-0, 228

The suffix U denotes upper surface
The suffix L. denotes lower surface

+0. 340
+0. 034
-0.178
-0, 337
-0, 339
-0, 367

©-0. 365

-0.371
-0, 344
-0, 328
-0. 318
-0,292
-0. 287
-0, 272
-0, 269
-0.279

+0, 382
+0, 108
-0,118
-0, 247
-0, 311
-0, 322
-0, 331
-0, 299
-0, 293
-0, 282
-0, 278
-0, 289
-0.271
-0. 271
-0, 201
-0, 302

Cp

+0. 182
+@, 357
+0. 448
+0, 412
+0, 383
+0.273
+0.138
+0. 044
+0. 015
-0. 013
-0. 087
-0. 108
-0.130
-0. 144
-0.167
-0.183

L

+0, 211
+0, 422
+0, 477
+0, 444
+0. 413
+0, 298
+0. 166
+0. 084
+0, 047
+0, 015
-0. D54
-0. 089
-0. 124
-0, 145
-0, 167
-0, 200

+0, 2098
+0, 464
+0, 487
+0, 454
+0, 406
+0. 296
+0, 168
40,113
+0, 068
+0, 044
-0. 024
-0. 061
-0, 099
-0,127
-0.173
-0. 203

CPU
+0. 147
-0, 318
-0. 501
-0.614
-0. 583
-0. 569
-0. 504
-0, 496
-0, 428
-0. 382
-0. 348
-0. 282
-0.272
-0. 249
-0, 236
-0.233

+0.150
-0. 306
-0, 537
-0. 648
-0, 588
-0. 556
-0, 501
-0, 482
-0, 438
-0. 408
-0, 382
-0, 338
-0, 325
-0, 298
-0, 286
-0, 295

+0, 224
-0,198
-0, 432
-0. 511
-0, 539
-0. 494
-0, 457
-0, 400
-0, 381
-0, 358
-0. 333
-G. 315
-0, 308
-0, 299
-0. 317
-0, 323

a=6°

c
Py,

-0, 0BO
+0, 283
+0. 436
+0, 445
+0, 448
+0. 349
+0. 212
+0. 116
+0. 078
+0. 039
-0, 044
-0.078
-0, 104
-0.127
-0.154
-0.172

-0, 050
+0. 326
+0, 461
+0. 473
+0. 472
+0. 378
+0. 243
+0, 158
+0.114
+0, 078
-0. 003
-0, D43
-0, 091
-0,113
-0,148
-0, 181

+0, 088
+0, 398
+0, 497
+0, 499
+0, 467
+0, 374
+0. 243
+0. 186
+0, 134
+0, 102
+0, 026
-0, 017
-D. 063
-0, 099
-0.150
-0.173

C

a=g°

g

-0. 209
-0.822
-0.918
-1. 001
-0.944
-0, 835
-0. 680
-0.635
-0. 540
-0, 485
-0. 416
-0. 339
-0. 302
-0.270
-0. 263
-0, 259

-0. 228
-0, 825
-0. 881
-1, 058
-0. 860
-0, 833
-0.693
-0.628
-0, 560
-0. 514
-0, 452
-0, 385
-0, 369
-0, 328
-0, 310
-0, 314

-0, 086
-0. 650
-0, 827
-0, 850 -
-0,874
-0, 738
-0.627
-0, 532
-0, 482
-0, 451
-0, 403
-0.3M
-0, 352
-0.334
-0, 338
-0, 359

%,
-0. 552
+0. 105
+0, 344
+0, 437
+0, 482
+0, 432
+0, 307
+0. 209
+0, 161
+0,113
+0. 016
-0. 028
-0, D88
-0. 083
-0.129
-0.144

-0.528
+0. 131
+0, 371
+0. 466
+0. 513
+0. 466
+0. 347
+0, 259
+0. 208
+0, 166
+0. 071
+0. 018
-0.635
-0. 068
-0.1086
-0.149

-0, 290
+0, 223
+0. 438
+0. 503
+0. 527
+0, 471
+0, 348
+0, 282
+0. 226
+0,180
+0. 104
+0, 050
-0, 001
-0, 047
-0.107
-0.138

a =10°
Py =
-0.642  -D. 949
-1,287  +0.119
-1.387 40,196
<1.466  +0.390
1,306 +0, 468
<1.098  +0, 467
-0.854  +0. 360
-0.770 +0, 265
-0. 644 +0. 213
-0.569  +0.164
-0.467  +0, 056
40,380 +0.002
-0, 331 -0, 042
-0, 281 -0, 071
-0.276  -0.108
-0.262  -0,133
-0. 675 -0.934
-1.304 40,165
-1.477 40,217
S1.556  +0, 428
21,330 40,500
21,098 40,500
-0.877  +0.401
S0.771  +0.316
S0.677  +0. 266
-0.612 40,220
~0.522  +0.121
0,448  +0. 081
-0.407  +0.001
-0, 358 -0. 038
-0.326  -0.077
-0.323  -0.120
-0, 455 -0.610
-1, 0682 +0. 047
-1, 241 +0. 326
-1, 269 +0. 453
-1. 175 +0, 531
-0, 977 +0. 510
-0.792 40, 405
-0.650 40,335
20,597  +0.281
-0, 541 +0. 243
-0, 469 +0, 152
0,420  +0. 001
-0.392  +0.033
-0.369  -0.013
-0, 367 -0, 075
-0.364  -0,113
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+0, 076
+0. 164
+0, 260
+0. 392
+0, 368
+0. 330
+0. 255
+0. 211
+0,176
+0, 152
+0, 108
+0. 072
+0, 056
+0, 042
+0, 032
+0, 024

a=4°

+0, 151
+0, 338
+0, 608
+0. T41
+0, 728
+0, 652
+0. 504
+0. 431
+0, 354
+0, 305
+0, 212
+0, 155
+0. 115
+0, 083
+0, 061
+0, 045

Wing Tip Station

a=g°
+0 228
+0, 601
40,837
+1. 059
+1. 031

" 40,918

+0, 715
+0,613
+0. 506
40, 432
+0, 304
+0, 213
+0, 160
+0, 122
+0, 082
+0. 057

a=8°
+0, 343
+0, 927
+1, 263
+1, 438
+1. 426
+1, 267
+0. 988
+0. Bd4
+0, 701
+0, 603
+0, 432
+0. 310
+0, 234
+0.178
+0, 135
+0, 115

MEASURED CHORDWISE LOADINGS CORRESPONDING TO TABLE II

TABLE II

+0, 307

+1, 416
+1, 583
+1. 856
+1. 774
+1, 565
+1.214
+1, 036
+0. 857
+0. 733
+0, 523
+0, 383
+0, 289
+0, 220
+0, 168
+0. 130

a = 2

a

+0, 063
+0, 176
+0. 304
+0. 372
+0, 372
+0, 325
+0. 261
+0, 229
+0, 193
+0,170
+0, 121
+0. 004
+0. 071
+0. 053
+0, 037
+0, 039

+0. 128
+0. 388
+0. 656
+0. 781
+0, 752
+0. 665
+0, 531
+0, 454
+0. 391
+0, 343
+0, 263
+0. 202
+0. 164
+0, 126
+0. 102
+0, 080

+0, 200
+0, 632
+0, 898
+1, 127
+1. 060
+0. 934
+0, T44
+0, 636
+0, 550
+0, 486
+0. 380
+0, 295
+0.237
+0. 185
+0.137
+0.114

w= 8

+0, 300
+0. 956
+1, 352
+1.524
+1.474
+1, 299
+1. 040
+0, 887
+0. 769
+0. 6d0
+0. 524
+0. 418
+0. 334
+0, 259
+0, 204
+0. 165

Mid Semi Span Station

a=10°
+0, 259
+1. 469
+1. 694
+1. 964
+1, 830
+1. 599
+1, 278
+1. 087
+0, 843
+0. 832
+0, 643
+0, 509
+0. 408
+0, 320
+0, 249
+0, 202

gw 32

+0. 030
+0. 155
+0. 284
+0. 331
+0, 360
+0, 307
+0. 249
+0. 204
+0. 182
+0. 158
+0. 125
+0. 104
+0, 080
+0, 070
+0. 055
+0, 049

a= 4°
+0. 084
+0. 356
+0, 605
+0. 701
+0. 717
+0.618
+0, 459
+0, 412
+0, 361
+0, 328
+0. 254
+0. 208
+0.171
+0. 144
+0, 118
+0, 100

as 6°

+0, 128
+0, 597
+0. 828
+1, 010
+1. 006
+1, 867
+0, 700
+0, 585
+0. 515
+0. 459
+0. 359
+0. 298
+0. 245
+0, 201
+0. 167
+0. 144

+0. 204
+0. 873
+1. 265
+1, 353
+1. 402
+1. 208
+0. 875
+0, B13
+0. 718
+0. 641
+0. 508
+0, 421
+0, 352
+0, 285
+0. 234
+0. 200

Wing Root Station

a= 10°

+0. 155
+1, 109
+1. 567
+1.722
+1. 706
+1, 487
+1.187
+0, 994
+0, 878
+0. 817
+0, 621
+0, 511
+0, 425
+0, 356
+0. 282
+0, 251
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FIG.3. GENERAL PLANFORM DIMENSIONS OF WING.

ACTUAL WING SECTION.

NOSE. RADIUS =0-8215" "EFFECTIVE SECTION:

A [-Y c.
=" o e SR
——— Y = — T
= 52
B
(-t= 3 -

A.B. LEADING EDGE ELLIPSE.
B.C. TRAILING EDGE ELLIPSE.

FI1G.4.. GENERAL DIMENSIONS OF SECTION.

- e — —— L S e e e



Famaitn

PIPE WORK FROM
STATIC PRESHURE TAPPINGS.

— Y S T e A

MRAIN SPAR .

FIG 5a. THE WING

o

TR R - SRS B e o A e g

L.E. BEAM,

LE."CAPPING MEMBER
NOT SHOWNM.

. 4 i § ‘(t - ’.‘ ,."‘. H
v 7 4

- A ——— —~ -
[ | 3 J » -
'3 g LS
e i o g

A e et il o TR it

MAIN SPAR MAIN_ SPAR EXTENSION,

DURING CONSTRUCTION.

PRI e I v



-

NONCETY S

o gl

FIGURE 5b.

THE SWEPT WING NEARING COMPLETION AND IN
POSITION ON THE FUSELAGE




o ’ A o D pp—— - o i

Fri

w.a—._.a_ A ke, it s

WING SKIN.

STATIC TAPPING

DRILLED iNTO
NEOPRENE TUBE.

T-PRESSURE LEAD.

TARALDITE” SERAL .
SARALDITE SEAL .

HEOPRENE TUBE

e R e,

HORMAL WING TAPPING .

FIG.6a. STATIC PRESSURE TAPPRINGS AT LEADING
EDGE OF SWEPT BACK WING.

AT ZERO \DEMCE .

ARCRAFT WEAR FUSELAGE,

NG MCIDE B

\RCRAFT PLANE OF SYMMETRY.

FIG bb. SWEPT WING INCIDENCE SETTING.

SPAR _EXTENSIOM.
URPER HINGE NOT

SR ].

FUsELAGE F&

FACK HANUWHEEL. .

LOWER HINGE OF
APRKE EXTEMSION,

IHCIDEMCE ACTUATING TJACK.

FIG. bc. INCIDENCE ACTUATING JACK & SECTOR PLATE. E

N ——

¢ b e D —————

e e e i



T PE.C. KNOTS, MECFAFT \NCIDEMCE . DEGZEES.,
k-1 5
. o
. N \\
= WDWIE‘__";*&__‘D&D e mo we Zoo = Tu ) \:)
! 1 —l | ' ST
1 FLARS: BO° FLaesd
i |
-2 INDICATED] RIRSPEED. o !
= EHOTS J o 12O ED MO 150 Lo wo o PO
= ! -t § -
-M._ﬁ.‘. KMOTS.
& 1
I ARn
FIG.7. STATIC PRESSURE. ERROR FIG.7a. VARIATION OF AIRCERAFT INCIDENCE
CORRECTION CURVE FOR LANCASTER WIiTH INDICATED AIRSPEED AT 44000 6. A U\W
P.A. 474,
o — v . T T
\ LANCASTER PA.474.
SWEPT WING INSTALLATION.
” \ LIMITATION OF FOR'D. SPEED ]
\ WITH SWEPT WING INCIDENCE .
B A
7 \\\
N
) AN
m \
9 N
8 N
2 s \\
0 AN
w
. N
o]
wl a
3
2
I
o]
190 210 230 250 270 290

KNOTS (E.A.S).

Fi&.B. AIRCEAFT SPEED~ WING INCIDENCE
BOUNDARY CURVE.

e e EETTT

e

T Y T T L Y e W YW T 7 T Y S BN ST T Ty T T T A ST T



TRAILING EDGE  —

THOROUGHFARE TUuBE
ASSEMBLY,

CLAMPING STIREUP

PRESSURE LEADS

To_comes ETC,

| =
10 TURES b 0.0 (Apreoy
/ {ComPosiTE MouLTED)

PLASTIC TUBE TAPE'

PLASTIC TUBE TRAPE,

FIG.2.PIPE WORK AT

FUSELAGE TOP.

\ \

CLAMPING STIREUPS L
SLAMPING DTIRECRSS

BOUNDARY LAYER COMBS
BETC . POSITIONED ON WING.

THE TRAILING EDGE.

kb s S

o chs bl

— .\_-_-._‘..'W ro—""

e —

P,



v T

oy g
= B .

Bas_iii i s
!
%
Sie.. tam

Ad ’ o . T J i o i v e c RN “ il o

7 i

FIGURE 10 ) FIGURE 11 ‘

LANCASTER P, A, 474 IN FLIGHT

RN




el S o s e

e

et e S R

A -

& SPLAYED
STATIC TUBE ILMM.DIA.
(sEE E'E'.LGW!. : A B +c
v o e

TWO PITOT TUBES

TUBES PARALLEL TO EACH OTHER BETWEEN AR’ &'ma

OUT (AS SHOWN LOWER LEFT) BETWEEN B8 &'ec’,

1L.M.M, DIA, WITH ORIFICE

DIMENSIONS AS SHOWN.

'

o
F\\.

FIXING STRAPS-

\ﬁ/

PRESSURE LEAD ADARTORS.

uq-R

o-oic-o.o12.

Eﬁj

f

1
6. Z:MM, DIA. HOLES.

L |

—
===

.

T
PITOT TUBE ORIFICE. /&
BU

viEwW ON ‘AR,

FI1G.12. TRANSITION

LLET NO3E.

INDICATOR .

STATIC TUBE.

e

e e T—

. S —— =

—

Ty o

N——



* L

i 2 s s, ] s S I e ey

ENERIENERCTTESE SN T

4 CIRCULRR_ PITOT

TUBES. \.M.M. DIA.

2. STATIC TUBES.
.MM . DIA .

TUBE HEIGHTS FROM SURFACE.

oocio
. o-oi18"

0020,

©0-050"

o100’

0-200.

0-z00" (STATIC),
0400

0700

| roao.

|- 500,

2000 (STATIC).,

3000,

BRASS STRAP.

PRESSURE LEAD PRDAPTORS.

7. PITOT TUBES WITH

ORIFICE DIMENSIONS AS
FOR TRANSITION INDICATOR
PITOTS,

FIG.13. BOUNDARY LAYER COMB.

BRASS PEDESTALS,

MOVERBLE BRASS STIRKUP.

ssssiiain

o AR———

- T — T T~ e % AT R

TS T






R o o e e e

v udihon Loaatt oo

Ll il et - o e N e s

3
u,.
—
B _—"‘\T.E. . =

(-.n., "’)M_/“@:P)

LE',.-"'T:':—_;:_
o

THE ACTUAL

SECTION.

J Y TRAILING EDGE FRIRING.
A

1=

oc
LE./_,....-—-—-""_f b ~ T.E.
I =
s
o
Cig
o, £,
- ——

THE "EFFECTIVE S SECTION.

FIG.IS. WING SECTIONS CONSIDERED

IN3 2.3 .

LO-ORUDIMNAT E%

B1THRUAMLUINE .

2.3, 00

STREAMLINE

%, 19 TANGENTIAL TO STREAMLINE.

- J——
Uy 143, (’r
U

!.

st

@,
W
NN

o
&

FIG.l6. THE BOUNDARY LAYER IN RELATION
TO THE EXTERNAL STREAMLINE.

R et R A i R T T

R ————

o

e T T



ey R e R T e s s e o T I o g w7 T

7
3
Wiz
3
OUTER EDGE OF b0 Y { TURBULENT _BOUNDARY
BOUNDARY LAYER. 0770 i, /) LAYER.
\ 4
01/ pa KA
INFLEXIONAL. VELOCITY 7/ S

PROFILE. NOFMAL TO S
EXTERNAL _STREAM-~ /77,
LINE (SECONDARY

FLOw !

VORTICES
FORMED,

EXTERNAL 7/,/ ;
STREAMLINE, K/ /

UNDISTURBED
STREARM.

"/
3 . / '{ ‘ FLOW.
£
Vs ; --.' y
/ 3 ¥,
{-?.’
74

AA. INSTRRILITY DEVELOPS IN_ THE SECONDARY FLOW.

AR.-BB. GROWTH OF YORTEX FORMATION .
B.B. BOUNDARY LAYER TRANSITION BEGINS.

EIG.I6ba. GENERAL ELEMENTS OF THE LEADING
EDGE VORTEX FORMATION PRODUCING INSTARILITY
IN_THE. LAMINAR BOUNDARY LAYER.

—— - T TR sy gy T

e R




- e e il -
A e et o g M N WL e i LA

e Te.
oad— CALCULATED FOR _ACTUAL SECTION, _
‘ . - < -\9-%\
-02 4— 5 : o Mifjﬁhx %D\F\
o I ‘-_-'-F-—-.ﬂ-
fﬂ: :CRLCULHTED FOR 'EFFECTIWE SEcTION. (136 crj?
{ .| | L | = I
° o g0 20 e so o % . %‘o A \oo?,{,_
x g
w Co. ™
C,=%6&" b
o-2 ]
04
[ 4 WL
06
FI1G.17. CALCULATED DISTRIBUTIONS OF PRESSURE.
40 3:{;;" : I;

. Vo LK
%

2
4 &
/ = b]J L+ mtsint6.d / Ly = bJ’H--n‘sin‘B .d6.
o
SEE FIG.18b, /
0 |
1 = L
o

o Te] 20 20 40 2 3 4
DISTANCE FROM DISTANCE FROM
L.E. ALONG AXIS X, . L.E. ALCNG AXIS X},

FI1G.18a. EFlG.I8b.

FIGS.18 . THE DISTANCE 2C, AS CALCULATED
FROM " EGN.ASIL




e S Bl b . b el %l R i T S

O s L

i ¢ e e e S

Lomhalobin o

e s B

o8

o4

o2

%,. INCHES.

Q.= U (=a) T B
T Ugcosh 'r‘).———c———""
G CALCULATED.
A A MEARSURED, MID SEMI-SPAN
L | Tnei
e ¥, Q= B P - (o=, =28)
G0 Q= AXT.
I
|
!
W
I
=] 15 20, 25 30 35

40,

X, INCHES,

F16.12. DISTRIBUTIONS OF VELOCITY ! CALCULATED, MEASURED , & APPROXIMATIONS.

s o s Rt e b e il ke ——

N —

e umm—p— | Ty T

T R S 2



.“‘.m

e T P = e et

.96. RADIANS.

6. =

-4

1-e

1-O
A _CALCULRTED FOR ACTUAL SECT|ON.

o

FIG.20. e,
THE DIRECTION OF THE POTENTIAL
FLOW STREAMLINE RELATIVE TO
THE AXIS oC..

S T e et —

RS SERRPESERY - -



R T S

AT TR e

20

o

L+]

0

o o 0 0 ©

Tz ] T
L/
o —

i

\

iR

.

T

Al
i

-]

o

]

g

3

FIG.2la. THE CALCULATED LAMINAR

BOUNDARY LAYER FOR _FLOW ALONMG

THE AXIS C, ,CLOSE TO LEADING EDGE,

jot

§
NN
i

(]

FIG.2lc. THE CALCULATED LAMINAR

BOUNDARY LAYER REFERRED TO
THE EXTERNAL STREAMLINE .

40

30

e S e i B i i SR s . . it il i 4% S e,

3o

20

[+]
A

]
Q
»
0
IS
0
3
o
s

FIG.2ib. THE CALCULATED LAMINAR
BOUNDARY LAYER FOR FLOW ALONG THE
SPAN (PARALLEL TO LE), CLOSE TO LE.

T me-s]

Ky=g 2w

X 20

. - XA

.f}{%?)ﬁ‘_‘q

/

T gmi2s]

Vs

s R

AR/ LA

2o

FIG.2ld. THE CALCULATED LAMINAR BOUNDARY
LAYER NORMAL TO THE EXTERNAL STREAM-

LINE: SECONDARY FLOW,

= ™
FIG.2I. THE LAMINAR BOUNDARY LAYER FOR Ui(x)= U,COBAY, Aoy s

.

g

T



.

.,_‘.-...'d-l.-l-‘c._i-}.._._._--. it ol 0
i

% n *‘f’t‘.l_. Yo

THE LAMINAR BouNDARY
LAYER NORMAL 1O THE
LEADING EDGE FOR_THE
VELOCITY DISTRIBUTION -_4
Qe = AT

(HARTREE'S CALCULATION).

™=ty

& -t
~
1O A
i
- -
o8 THE LAMINAR BOUNDRRY |
LAYER PAFALLEL TO THE
LEADING EDGE FOR THWE
ot VELOCITY CISTRIBUTIGN
atx)=A =
(cooxE's cALCULATION)
™o 'l_.i .
oz
— —
o I =2 = 4 =l

FIG22a . THE LAMINAR BOUNDARY LAYER FOR G =Accl

[

" \
¥ =0 -

FIG.22c. THE CALCULATED LAMINAR

BOUNDARY LAYER NORMAL TO THE
E'.(TERNQL STREAMLINE ' SECONDARY FLOW,

50

4.0

AT

[+
1]
L

(=%-1 (-1

g

.7
FIG.22b. THE CALCULATED LAMINAR
BOUNDARY LAYER RKEFEEHED TO THE
EXTERNAL STREAMLINE,

FiG.22. THE LAMINAR BOUNDARY LAYER FOR [N A

R I ™y A M £ £ £ TR T e e AT T

e L SRR, L o

e T



i it 2 e i L S s

ki

——— e sl

oz =
o |
o1 fﬂﬂo\\
oocs \;\mmmmmouiow [#¥g,.| FOR @, -glon,m,x:“‘.” (0= x=25),
\ .
\
O-0b &5 DISTRIBUTION OF s, | FOR Q,=Ax
K " A A A
(
o-02 {
o
o 2 4 6 8 0.
L. INCHES.,
FIG.23. DISTRIBUTION OF |, |.
e
005 % s 10 e 2 )
o q’an. Uy +Wo
J i
O-04 4 ) v
".
Y
/ﬁ/
o0% A o2
/ . et i\. ]
ooz o—o0—o G‘-:?_OR.,..'::,'___ —o—o Ga= 4h, 0,
| |
o—A—d 9 =Ax { _ A & QueAXD
ool - 5 —
o =
o i 2 3 4 s (=} i 2 x 4 s.
;. INCHES. 2, INCHES.
FIG.24. SECONDARY FLOW REYNOLDS NUMBERS & VELOCITY ALONG THE EXTERNAL
STREAMLINE. .
T ————— T

A R T T



e b B i i e e B i i e e i P’ 0 i i A U B e e 50 e T i W B i - sl BT T N e s

-2 -

=S @ om0 O——0 ot=b
H— A =" 5 =€
= O =4t [- S PN, §

US. DENOTES UPPER SURFACE.
LS DENOTES LOWER SURFACE

[ T
1““. \éw“_‘
s H‘H‘-‘-L”_'_‘——-H‘__—__“—————-—A- ;L I_____'_“"‘
L, e —il—] __________su_____._-—-—- /r,;
LS —fﬁj ﬁ F_r_.__..--;_"_________.a--“"
5/ ::/é/"""ﬂr
£ b 40 so 0.
% CHORD.,
WING TIP STATION FIG.25a.
STATIC PRESSURE DISTRIBUTION OVER THE SWEPT BACK HALF WING a

FOR THE REYNOLDS NUMBER RANGE
0884 X 10° - 1:916 X I0° PER_FOOT. UPPER _AND LOWER SURFACES.

e e~y oy pgp—————



EPPNGPNINGIN - TSNP T - = 5 S S

F A L S it

e b e i’ gl 5

e

-2

=g — e =& —

6——a wmg 5 w=g

| |

B 0 wsg at & w=ud

Us DENOTES UPPER SURFACE
LS DENOTES LOWER SURFACE

—— e e
! — = | ] 3
=

e I B N, o e i e

_——"//l,:,//
///‘ /

30 40 so 80

J CHORD.

MID SEMI-SPAN STATION FIG.25.b.

STATIC PRESSURE DISTRIBUTION OVER THE SWEPT BACK HALF WING
FOR THE REYNOLDS NUMBER RANGE
0884 X 10%=1:916 X 10° PER_FOOT. UPPER_AND LOWER SURFACES.

T T T

T T R ST 2

et T I g ] = I T T



Ce
—1 e
s' -G ._ 0 a=d ———— ——f b
| ' \ | |
| b u=3 P— oi=g
_‘i T 3 f\ El——-—ﬂl LR }‘ b_l_é o =10
| H \\ \ USs DENOTES UPPER SURFACE.
L.S DENOTES LOWER SURFACE.
: A S A O s e s s e
| : R B S, o R
[ : o 4 2 - - =]
- Y . e
| f - [ S
.; § &2 .i /ﬁ/// / T
: ! //
' 3 / e E . ]
O N /% Lcsomo'
! s 7
| : i
! -
= | TS
= WING ROOT STATION FIG.25.c.
S STATIC PRESSURE DISTRIBUTION OVER THE SWEPT BACK HALF WING
; FOR THE REYNOLDS NUMBER RANGE
0-884 X 10°- 1916 X 10° PER _FOOT. UPPER AND LOWER SURFACES.
:'-!""‘"w,-”

e i sty o S S e e o e s M S e




R s e iy i

Al | ]

A
0 1 A L O

——v w=g

— = | B\ | —
\ AN

o8
o \ . t\i
#7 \1 \ o4 _ #\N \N M\
e e s e 5&“% | Hj\”
=] IL o | i - |' J
[+] 1=} ED 3:0 4.D {-T=] i‘o o (=] ajo "‘30— -0 ; [ L= 11=] ?:0 3‘0 4‘0 L= 0
% CHORD. L CHORD. LCHORD.
WING _TIP STATION. MID SEMI~SPAN STATION. WING ROOT STATION.

FIG. 26. MEASURED CHORDWISE LOADINGS: ACp, ON SWEPT BACK HALF WING FOR THE
REYNOLDS NUMBER RANGE 0884 x10°— 1-9l6x10° PER FOOT.

s

e -

T =

i

T T 0 Ty y

S ——



G o A A A .

IR e——————— ST PR e

e wer ey

e e e it e L . T Er DRSPS e, e

o—5
-
o) 20 20 40 (o) (e}
iZC.HORD
o-2 4 ————  +  CALCULATED FOR ._
SHERRED WING. EaQN .2.34 :
oO—O0O— 0 EXPERIMENT., MD SPAN ?
0-4 A—OH—O»N DITTO ! WING ROOT.
5 e T e O DITT0 D WING T,
ool l L
F1G6.27 COMPARISON OF MEASURED AND
CALCULATED DISTRIBUTIONS OF STATIC
PRESSURE UP TO MAX™ THICKNESS POSITION,

i e 3 LR - e




P PN I S S SO em——— S S B T A s e
e

EXPERIMENTAL _ AIRCRAFT. ARCRAFT CARRYING OBSERVER CAMEFA .

FIG.28a.TUFT OBSERVATIONS IN FLIGHT.

FiG. 28¢. FLOW AT THE TRAILING EDGE.

(LOWE.R SURFACE SHOWN).

T SR T et - L alai = 2k -
Mt it o ol T e i SR T, e T T T P R e _—



IR F RS S

ot=0". BOTH SURFACES.

w=10". UPPER SURFACE .

. FI6.28 .

TUFT

& =4" UPPER SURFACE.

®K=6. LOWER SURFACE.

OBSERVATIONS | SPECIMEN

x=10". LOWER SURFACE.

RESULTS.

R ST e




PR e

g

weme

£ el RTINS NS 1 (AR PTTRYIR G WY

xX=0". BOTH SURFACES.

pe=10" UPPER SURFACE

FI6.28 b. TUFT

oL = 4" UPPER SURFACE.

o=6" LOWER SURFACE.

OBSERVATIONS | SPECIMEN

x=8" UPPER SURFACE,.

e =10". LOWER SURFACE.

RESULTS.




e R i L - i s i, BN ¥ i e Sl

L ——— b | s A e

s =0
o
% Y W=
C————— =4
e
—Hp—tp W= &
o ] W= &
———y w= B
et = B

- o= 107 US.

o= 100 LS.

US. kL
us.

L.S.___T
us,
Ls. T
us.
e

LS.

-~

—— . T R S TS S T
o5
. e 8 w=0 USALS |
—a—a == U5 \—J
o WK m= LS
B—0—a &=4% US !
bt x=4" LS “
——b— o==6 uUs
o3 iy o Ls
i PN w8 U8, l
e w=8 LS
bbb =y 5

o
o o2 o4 O B U 10 o o2 a4 (=11 oa 0
u
E sk ho. =767 fo
Re=08684x0"FT R =0-884 «10'/FT
(e (a)
os - o5 = T
. | * |
e—a——a &= USALS. o—o———o w=~d US ELS
bt s w=2. s, bt w=2® US
o4 T e e e S oA MoK B2 LE—___#
O x=4 Us OO =4 US
At @=L g ik =4 L&
Y = B (TE-%
o3 et B LA o3
Y= w=f (5
Yt =5 L&
B e us,
i oo w=i0 Le” / o2
o / ol
o 5 :
o FREEN o
o o o4 o6 os 3 10 ] o2 04 06 o8 10
£ -203% ks £ =227 Yo
R ~08B4 10" fFT R, =0884 10" /FT
(&) &)

FIG 29. BOUNDARY LAYER VELOCITY PROFLES. WING ROOT STATION.

T YA e

e e e R e rT o s



it B i i i, i s N il . Vil e Stk i S SRR N it e o I g SNl Wil T s b

os!ﬂ_——’ o5 _B_!: Ii

————y =

—o—a o=~0 USALS

a

—te A = ——d———s =2 US

03 p————-M—i——K w=2' LS

d

OO0 =4

=t w=E
9 w=e
o2 p——9 it —4 =
——v w-—g
b —f = f
B b =10

b s e DL
T e—06—9 w~& us
o2b— a9 w~e Ls
—o—% w~g Us

p——t——e o~ LS -
b—b & w-d Us /

ol f———a——a——ma «=10 o1 b————o——a——a we~iy LS 2
/ .
= et /
o o / 7
] oy / /
o o
7"
& it 5 m cnzal = ] ; A
— S . eeps
o ot o i
o — & - .__..)
o — o ———t‘l"—‘_‘ =
c oz o4 06 o8 '-’,"Jo o oz o4 oe o8 o
e
=151 =767 [+
2. =1oBIx0YFT. A= 1081 = i0"fFT
i) le)

e— o —0 o=ol USALS
—f— A W=2" U5
OF e W= L5 ————

02— ——a—— =& LS——F

o gy
o L,
,M‘/L'/
& T o /
o _._--_';:’i//__'
& sl ‘/_
_,.JI‘
o i
] o2 o4 (=X oa [£:] Q o2z a4 a6 o8 &)
3 k o g =227 Yha
£ =203 (4 & =2 A
b, | 0BISIONFT Re =108 0" [FT
(n) ()]

FIG 29. BOUNDARY LAYER VELOCITY PROFILES. WING ROOT STATION.

ey T e Sy — e o - - S——— ~r r———

e



= A B it i S vt i R a—
A8 1o
[ v, u ]
oB o8 p—
e——o-—=a «=0 USKLS { e——o-—0 x=0 USALS J
Sl ——a—n wmz S
O e e o6 L-—‘-f——-—}l.—-—K =2 L&
b—o-——a —o—a =4 us
e — F—F ek =4t LS
0 —0—9 x=€ us /
o4 L-—-—q---—q——-q o4 Qoioety——ad w & LS 4
———in 5 x=8 Uus
I S et w=8 L& / )
——————B B tr———8 - us / / e
oz fb———a-a-—ma o2 - 7
o o
o ]
= o
L= ©
L=} o
. | .
c c2 o4 os o8 Uso o oz o4 o6 o8 o
y
»E—_ =45 47 o %_ =37187% Yt
R,=i108i=0"FT R, =to8 «ia*/FT
i {
CF ————p— o5 —— _— -—
g T R ]
i - !
| ! l _L
oy | SRS SRS TN R (SN - IS 04 =) T 4 —t S——
1 [ {
| ! { ] [
o—o—o0 wm=d U5 E&LS | v G——o——a =00 USALS ]
A5 w45 | ; B W= uS |
OB f——— i3 m=2 s —— -1 — o3 p————— w=2 Ls—— =
[ S— O LT | OD—O— =4 U5
; | b w=4" LS, "
G p—— =& US
02 pb———o——9——4 w=¥€ LS ——
- W= US | J
e W= B LS,
b— o x=100 US,
o o —a——a W= LS ———

£ =517

R,= 1552 «10YFT

13

7

o4
é:‘l’b

%

23 o8 a

R, =i-552 <10 /FT

K}

FIG 29. BOUNDARY LAYER VELOCITY PROFILES. WING ROOT STATION.

L e

-

T I i~



= M
. J /

. e ty——— b3
ol — e = LS 71t
] L/ AN
A
o e == p y H
T )
o : !
,,7//
. 2,
o Tt
-
o L/-
o
o o2 0-4 (=1 oa
¥, =303% P
Re= 1ssex o fFT
(nd
(R+] X
Y
o8
o =0
e = 2"
Q6 K =
B =4
Tt wmae
0 w=&
a4 bt ——a  w= &
o =g
———r—— x=§
5 T
o2 O —a——a = O
o
]
o
o
o
o ]
o o2 o4 o6 os
u,
fuena’l -"U

R e e i

R, =1552 »10%/FT
52

FIG 29. BOUNDARY LAYER

s e L e ) it il . s o it e S - e L e i
Iy f ] 05 g—
N
Tt l I
——a——a k=0 USALS
e T T L L=
03 |—%————3t w=2 LS—
b——a—a «=4 U5
demrp—— =& LS f
——0—0 w=¢& US /
oz p——m%——a4——4 u=& LS =
——y w-g
Bt

oa

a2

oa 06 aa L
g=227% Su
R, =1552%10"FT

{m)

o 0.2

oa o6 o8 10
F =454l Yo
R, =1:552+0"fFT

(ol

VELOCITY PROFILES. WING ROOT STATION.

g Ty -

L e

o e ——— gt = rar—

. T I

ey —

g W e

T ——— y

T —

A s s e e e

] A0 i o B




o i ettt BT o o

5 -151

- - i it o
05
Ys i
d
o4 b
o0
A
O e il
o8
e —
——0
i Jem g n g
Tl
e e
b - b
ot B i el
(=]
i
o __.-—-P‘/—-
o
]
2 |
; |
o o2 o4 o0& os 1o

R =191 »i0"/FT

{r

=] 02 oa
P
rn 33 L

06 o8 e

Ry =1816210°[FT

()

05 >
u;
- E
oo —& w=0 LS ALE b
At h =32 US
ol ———t % =2 L - TR
B——o0—0a &=4" U5
Gt =4 LS o
D w=& Us
o ] 0= S, [
V——- o= Us
——t——t w=8 L% -
Bt b =g US
& ¢ W= LS
/|
7
o
o
o
o
o
fe]
o 02 04 % e Uy e
¥=78"% o
Ry = 1916 «i0"/FT
(2}
05—
u |
|
%
o4 = :
o3
ce
G
o
o
o
]
o
o
° 02 04 o6 20 L
£ i ”}u
227 L

R, = 1916 210" /FT

(8

FIG 29. BOUNDARY LAYER VELOCITY PROFILES. WING ROOT STATION.

WY

T R T

IR



a5 —
h
o4
o w a=d USAELS 4
& b =2 US
o3 |— Mo M— e 2] L& — —-—-—~—J
a0 =4 US
e W= 4T LS.
00— =& US
o2 fb———a4——a9——a we=& LS
P =8 U5
P =8 LS
B——B—b m=i0 US [
o et =M L5, f
i |
! A
,___.,___,..-—aﬂ"—-é*—"'/
o
; —
a |
° T [
& -
] oz o4 O& [=1-) 10
g-_as-n?‘,-
Re= OBE4=IC" [FT.
{B)
Y T I
- | 1
._ :
r i 1
.
| |
e—o —o¢ w-d US kLD 1
BBt =2t UGS
0% =K w=2 LS
B—0—=8 =4 US
et =4t LS
e ) =& U5
R ——ag——a =6 LS
5 w=8 UuUS
——— e =8 LS
b—b5—b =i US
o e —o——a W= LS /
[ {——L
= ___A,_—d.———*"’_/
I —
————
5 -0 .
9 oz o4 o8& o8 o

a-scs';'.

R, = O B84 10 FT.
().

FIG 30 BOUNDARY LAYER VELOCITY

i e e

e

— bt P - . SRS S Saat il . o,
o5 I
.
o4
1 H
o——o—a «=3 (5 &LS
et m=2" Us
o3 W —3 =2 g,
—o—a~a =4 g
F——f——F ®=4" LS5
—— w=& us
oz 4 —d——a w=8& L§——
P——<s w=8 US |
P — wWed LS | s
Be—b b wed US
ai Gt w=idt LS t o
i I . |
| |
o = L
| l —
o ——— /1
! | R [ T
=}
o oz a4 Oé& o8 o e
=
5-7\-51 u
Re=0 B84 = 10%FT
@)
o5 m
S | !
ot 1 . s
| |
ey W= 07 U5 ELS 4
e—ad—a w=2' gsg,
o3 e s T S W - —
o—o—a w-4" us
g w= 4" LG
—0—90 w=€& us. |
o2 B e T T I T - R
—v— w=8 us ] ;‘
P O= B LG, 1 5
— b =1l US /,/
al O —r——Q = O L5 - ;//
L]
(=]
o
o oz o4 o6 a8 0
. E_-aa-'r!.. %

Ry= 0884 a0YET,

©).

et B o

e r——

PROFILES. MID SEMI-SPAN STATION.

T Y

R T A L T g T, e ] e T W

"




05 . =5,

[°

04

— o — =0

O3 ———3——H w=g"
[ - T L
et = ¥
—D—0 m=&
v oo  4——g—a -

% w—8
e =

R e - S e
ol p————a——a——a b=

o — 7 e Lo
! 4
O - onmce
| |
o — =i
| i
| lM‘
o . _
| TR SR
o == : - -
| |
___'___“_‘___'____.:_.—Q——-—'
o
o o2 o+ o6 os o
%
§_- 151, .
Re= FOBI=IG8 ET.
).
05 —
o
ik = = (R
Ot =0 S ALS ]

F
o e %

R, =rosi ot ET.

(8

05 g—
o4
e & w=0 USALS A
——a s w=2" Us
03 ————%——%——K ==2' L&
B——a—a =4 us
b m At LG i
—o— ==& us
O b gy m=d LS
= —¥ w=8 US
P — =8 LG 1
ety x =0 U8
11 a——a——a weid LS /
5 £
o 7
o
o
|
o = |
|
=]
o oz o4 78 o8 o
ke
?c':—_--r-bt i
B, = loallo* (FT.
&)
05 — — 1
Y |
o4 -
—o—0 =0
A A B3
03 ! wW=2" LS
L
b w=4" LS,
G——P——0 w= & US.
a2 ————d  ®= & LS.
Py e B US,
b =8 LS
ot = 10" US
ai ——— a8 s 1T LS
]
et
8 =t
M
& =
& i
& —
=t
& ——
) ’_4—_)‘_//
o oz o4 os L -l

E.-zz-'r?;_

Ry =102 [FT.

(@)

FIG 30 BOUNDARY LAYER VELOCITY PROFILES. MID SEMI-SPAN STATION.,

e e P N P T T e AN T VT T S e A T Oy

G i i il s



e b e s A

- L’

e . e —

b —————— -

w=0 USALS

o=t

us.
w2t LE -

R

[

us.
LS
us
-¢ LS

0w 4

e

o= i
o

" I, S

o8

o6

o4 |

o2
o
o
o
L]
(]
o

4
1
|
nn -
- | N
Sw R s
200 o B 2 - o T v i
B % WWawa® J/d d" /w_ _ i
[ I SO IR N A I N I A | Ll {
EOE- - B I A w
———— e ¥ ¥ -— e —
ﬂ RERRRERAE!
1 ‘_::_T%
L e b
_
Al | _
3 A S 3 6 o ¢ © © o

o6

o2

o8

(+ 1.3

o4

o2

g -37-87.

% - 4547

Re=1-0B1=10%FT.

2y OB IOYFT,

.

5]

Us kLS
us

oo =

Al

B fi. e 2

s e

L%,
us.

oo 2

B0 =

W= a7 LS

ST

4

us.
- ¥

o=
P—— W=7 Uus,

]

PR " |

e
-0t us

———— m= 8 |5

B

o LS, ——— ::/

—a o=
1

SRS

o3

agz

L=

F
s i
23 \
1 o W ﬁ
5
3 4..._q_,____w,_.__,4||| i T
T; SEER e
- ._u"._.m....‘wm.mm - _ (- .
_ m _
_
=i _
8 3 ° o 3 L o AR

o4 (=2 oA %
=76l

o2

% 06 o8 (R=]

é_-:snz

o2

R, =1osa=i0*/FT.

R =1552 10 [FT

=)

)

FIG 30 BOUNDARY LAYER VELOCITY PROFILES.MID SEMI-SPAN STATION.

P,

T

e




L g——

AT L s T

3 ol e e G e bl o Lo < ctal . St A . . i i S s e AR gl RS IEY
o5 — oS
B Y%
4
o4 & a4
e e t——— o——o o
[ 11 A
o3 R oy ——— ¥
o——a—-a B
F—t— — e ——k
e o—o—b
o2 p——m——g——a——a o2 e —
w5 .
. i o
b -0 ]
al — ey ol p——ar——a——a
o * o
9 o L_ it
o __..—u-f"’r'. & . e P :
) __;,4-/ S, SR
—
o ; | & o
. L . —
o oz o4 o6 o8 1=} o oz o4 o6 o8 i<
?é.-ae-ﬂL. o g:-aa-z' %
Ry =1-552-10%FT. Ry =552 10%/FT.
m)- )
v
1o —— (2]
YINCHES ‘ i ‘]
! y
o8 4 | o8 1
f———o——o =0 U5 kLS 8 —o—a -0 USELS !
bl a w=3" S f—it——& =27 US
Ob ——— ———— w=2T LS o6 K= M= 2 LS
5 B—o0—0 n=4 US
B . b -
0 wme=e uUS
S5 o4 ] b= & LS
o m=g us
Pt om & LS5
—ob— b =107 US
a2 og pb——a-—o—-—a
o s}
a &)
a o
o ]
o o
B - o - —
o o2 e O& o8 1o ] oz ae o6 o8 " 1o
x« '*U -a5-4% a
Z -wo4l =+ Emasal
Re =1552%10" [FT. Re=1552 » 10%FT,
® i
FIG 30 BOUNDARY LAYER VELOCITY PROFILES.MID SEMI-SPAN STATION.
e — e . R pr—— T T T




. an e i sl e it i S i S e i M S AR e i i e S T P e s S

——a w=8 Uus
p——p— b =8 L&
B b x=i UGS
G —a  w=id LS ks

S S—— *
1
{
i
P " - 05
% } %

l i ]
! ——a w=0 US kL& ) e i
e & & w=2" Us i
03— ¥ m=2 LS + i

Ol =4 US

=t =4’ LS5 -
a b =& US 4
02— —gd w=& L& N 1
£
1
3

o . "'".H/j-/ | .
=

o /
| et ;!
: i
]
& q
o oz o4 o6 oB L) o o2 o4 o6 o8 "}._,Io i
‘, -
% -151%,. U %-‘r—s;’.. i
Re ™ F2316=10%FT, Re= 1216 x10%/FT.
). ®).
05 — 05 r—
Y
oa |- . -
0 ——a
¥ ST N 3
0 f———
o—-~ao——a
.‘I__ __-I__ el 4
G
o2 b——-—a——p——a
——— |
e {
b — Db ‘
a1 B
o §
o 1
3
° :
f
o &
]
o — |
o L
o oz - oD% o oB %-o o oz o4 LTS o8 L}hl-o
T=303] w227l ‘
2= | oiLeto’/FT. R, = 1-916%10"[FT. . j
(O @ ‘

FIG 30 BOUNDARY LAYER VELOCITY PROFILES. MID SEMI-SPAN STATION.
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FIG 31 BOUNDARY LAYER VELOCITY PROFILES. WiNG TIP STATION.
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FIG.32. DISPLACEMENT & MOMENTUM THICKNESS VARIATION,

MID SEMI-SPAN STATION,
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FIG.34. TOTAL HEAD DISTRIBUTIONS: SPECIMEN

RESULTS FROM TRANSITION INDICATOR READINGS,
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