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Summea,

An attempt has been made to design more satisfactory thick suotion
agrofoils than have hitherto becn cbiained with the ex.ct methods Methods
have been developed for representing more closely the physical onnditions
corresponding to an abrupt veloclty fall with suction at a slot, eand less
sovers types of velooity fell have also been considereds  Experiments are
needed to decide which is the best method of improvement and to olarify the
difficulties enocuntersed with the original exact thecry shepes.

1. Intrcduction

In wind~turmnel tests on GIAS II and GIAT III shapes dosigned by
exact theory, the suotion quantities required to prav$nt segaration were
considerably larger than cstimated theoretical values'? 2s ¥ ond with the
CLAS II aerofcil unstable conditions were found in which geparation ccourred
intermittently, On the cother hand, the 3(% symmetrical Griffith esercfoil
designed by approximate thcory amd the Australien_experimental modification
of the GIAS II shape both worked reasonsably welled s Hr Do

The exact theory secticns were designed to have a lerge
disco%tinuous fall in velocity at the intendsd position for the suction
slot,° and the surface curvatures in thet vieinity are large simce the
theorsticzl shape approxumates to & logerithmic spirals Thoe meed for
large suction quantities and the imstability enccuntered with GLAS II
suggest that the flow has dafficuwlty in swmounting a large abrupt pressure
rise (even with boundary layer suction) without seperating from the highly

aurved

¥ Ths results from the recent ReseEes tests on GLAT IIXL heve not yet
been reported.
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curved surface.%' For & caplete wnderstanding of this dufficulty, fundamental
research on the behaviour of the boundary laycr undesr such conditicns

is roguired. As a2 preliminary, en atteorpt has bcen mede to design more
satisfactory exsct theory shaies, by seeking to represent more clesely the
physical conditicns correspondang to an ebrupt velocity fall wath suction at

8 sloty or by specifying insteed a type -f velceity fall which oxperience
suggests should be easier to schieve 1n practrce.

2, Qutline of Thooreticael Methods

Two distinet nethods for representing morc closely the physicel
conditions at the slot have beon invesgtigetcds In the fairst method, the
sink effect due to suctirn 1s token into account and ths slct shepe worked
out with the rest of the asrofeil by following e suggestion Ly Glauerté (1947).
Fssentially, = sink of the requircd strongth is assumed tolie at the point
& = B on the unit circle from which the aerofoil 1s transfommed, sc as to
correspond to a suetion slot on tho norofoili but the design veloclty
distrabution is specified to be finite and continucus wverywhere in order to
provide a slot of finite width on the esrofoil. A second method, suggested
by Griffith! (1948) and elready epplied to diffusers by Howell® (1948), is
to design for the streamline which has a rapid continucus fall in velocity
(over a distence camnnreble with the slot waidth) to the stagnation point
at the intcended position for the rear lip of the slcte The asrcfcil
ordinates upstreom of the slobt are then assaued to be obtained by removing
the boundary=layer displacement thiclness along the inwardly drawn normal
of the calculated sh&pe.*

The alternsative approachs; which fran practicel experience seems
benefilcial, is to make the velocaty decrease oontinuously over a amall
oxbent of surfacoes and thereby both spread the pressure riss and reduce
the surface curvatures in that vieinity. In this connection, it has been
found ipstructive to consider the choracteristics of the 30 Griffith
gseotion’? ¥ and the Australian modification of the GLAS II7 in the general
discussion of § 5.

The mathematical treatment for the first method (inclusion of
sink affect)is given in §3, end that for the remaining methods (which
ignore sink effoct) in Bh

A The surface curvatures and the severity of the velooity fall increese
markedly with increassing thickness—chord ratioc and cember; the
radii of cwurvature of the surface may become comparable with the
houndary-layer thickness.

% This does not oompletely fix the slot entry shape which must be chosen
s0 that the stagnaticn point on the rear lip remains in the correct
position,.
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3+ Theoretical Treatncnt for the Inolusinn of Sink Effect and Slot Shape

The symbol qny Wwill be used to denote the veloeity cver the
aerofoll surface, for unit stream velceity, at incaidence o with 2 sink of
strength 2tm at the point corresponding to 6 = B on the wnit cireld®
By considering the correspondang flow pest tho unit circles it can quickly
be showvn that

| cos (29 - a) n
q */qoo = ~remmmm—cmwe  + = Q0860 ¥ P coseo 7 (0-B) sec P,
cos = O L

If the stagnation point behind the sink is at 8 = B = ¥, we then have
n o= 4 cos & (B-¥=2a) sin + B sin % Y ers{3.1)

and

sin 7 (B ~p+Y) cos 3 (@=Y-2a)
QQm/qOO = T o o o R e o e . bﬂt(}ezj

sin ¥ {(€~p) cos %0

The problem is cansgiderably simplified if the sink strongth is assumed to be
adjusted sc that Y romains constant zs o 18 varied, in which case

%.n*/qom = l cos & (8~Y-2a)/ cos & (e—Y)[ . see(3.3)
The design velocity distribution can then be convenlently specified
in the fom
log ' cog %(Q-Y)/ cos (9 ~Y=2a4 )] y 04 +a+Y <O TraphaotY
log 9om = 4 + log] cos 15(8—-‘()/ cos %{8 ~Y—20.2)| ’ T+aq+az+Y <0< 2n+aqtan+y
+ 8 0<8<z2x
-oo(3a4)
where S  takes the valuss log qcl.1m’ log qagm over the upper design
surfeca  aq+ap+Y <O<CTiaqrapsY  end the lower design surface
Rraq+ap+®O< 2n+aq+antY respectivelys Equation (3.2) with o = 0
gaves the further relation
log 950 = 108 gy + log]{sin 20 ~B) cos ¥}/ {sin z{o-B+Y)oos 26 =)} |
ie3(3.5)

# Measured from the no~lift attitude corresponding to zero sink strength.
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A typieal thick cambored seotion of the GLAS II type is then

given by
S = (1 0< & <2n
+ (meagraotr=0) cot & (a4=ap), T+ +0ptYm £ AT +0q +Ap+Y
+ b , EEOLT +0q+ap+Y=g
< + ofsin® - sin B=Y) , p=Y<e< B coa(3.6)
- J (o088 - cos 5) , 21 - &<BL 2 1
-3 (1 -~o00s8) -k , 0 << B
L+ % k Pg (B) , [Trailing odge tem]

For continuity of 1log do, 8t © = T+aqtap+¥=g and § = B, we have
b o= € cot F (aqma2) = ¢ (sin B=sin B=7) = J (1=c0s 8) = Ky «ee(3.7)

and then the velocity distributicn is cuntinuous everywhere. It will be
observed that the term c(sin® - sin B=v) produces e veloccity rising
continuously fram tho rear lip of the slot entry et & = A=Y intc the slot
at 8 = B, With this simplc cxpressicn the rear lip bakes the form of a
cusp as there is & non=-zero veloocity there on the nerofozl ccntour. It would
not be difficult to modify (3.6) in order to cbtain a stagnation point ak

8 = B~Y on the acrofcil and a rear lip of smell radius, but thas would
probably not differ much from the cusped shapes A wellerounded rear 1lip
could probably be obtained by the introduction of further tems into (3.6),
but the numerical ecamputation of the serofeil shepe woeuld become extremely
involved end lengthy.

The formulae for the acrofoil coordinstes (x,y) are
X = j(z sind /qoof cos Y %y y = f(z aind /qocj sin y 48, eee{3.8)

where ¥ (8) = (1/2113 P jux log qoo%) cot ¥ ®-t) at  is the Fourier
ecnjugate of log qoo(@ « The function log qny must satisfy the relations

T
rm fT
og | = o, log ccs® dB8 = 0, flog g . sinfdd = ¢
JH‘J% q'OO L qoo "'TE o ool(3v9)

and the pitching moment coefficient at zero~lift without suction is

27T

GMO = ('Z'I/Gdz) [ log 00 sin 20 46 010(3013)
Yo

where c5 1s the desipgn chord which takes a valus between 3 and L.,

The contributions of the scparate tems of log o0 to the conjugete

and to the integrels (3.9) and (3.1C), con rostly be written down immediately
from the formmulae listed in appendix I of Refs 6, but & few additional
fomulac are listed in the sppendix to the present papers When aqs ags B
Yy b and € are assigned, the constents 1y by 0, J &nd k are given

vy /
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by the relations (3.7) and (3.9)s The valus of ¥ is chosen to yield the
required valus of Cp = 2iye; ot some assigned incidence, and ©

is chosen to give a reasonable valus for GMO - wsually of negligible
magnitude.

The design can then be ommpleted following the usual procedure
deseribed in Ref.6., In the integretion to obtain the asrcfoil shape, it
15 necessary to check, not that the contour closes upy but that there is a
slot entry of a width equal to OQ/qcm (8=8) of the chord,

Le Theoretieal Treatment without Sink effect

When sink effect is agnored the design valocity distribution can
be specified in the nore usual fom

log q, = log I cos 6 /cos (16 --0&1)! ’ aq+ap <O<THoq+an
+log l cos %9/ 008 (%8 -0.2)[ . T+aq+00{0< 2N+aq+a2 ...(14..1)
+ 8 ) ' 0<8<2n

where S takes the valuea log qa,,‘, log QU OVEr the upper surfaoe
aq+ap<B<n+ai+ay and the lower suwrface m+a4+ap{Q<LHa+ap respeotively,
For the purpose of illustrations, we shall consider velocity distributions
for gymaetriecal suctlion asrofoils of the GLAT IIT types

The original GLAT III shepe has simply a4 = «ap = a and

5 = L » 0<o<n
yis
+Kc§ 3 T - ;; <G<TC 0.-(&..2)
-k |, 6 <e< B ¢

continued as an even function of @ 3 6 =p Is the position of the
discontinuity, | and k are constants, and K4 is & tem introduced merely
to inorease the nose-radius of the section (see of Rofeba)s

The replacement of the k tem in (L.2) by the term

- ¢ {cosB =~ cos B) ’ o< e<p
+ ¢ (cos® =~ cos B-¥) 0< 8 < gwy oe(ba3)
spreads the veloeity fall evenly over the extent of surface Sa«Y<{08<{p.
The inolusion of a further tem
h log | tan & (8=+Y) | = h log ten £ ¥ pe2Y << B one{lels)

provides & design velooity distribution falling repidly (v small) fram
g = B %o & stegnation peint at @ = p«Y and then rising again as far as

8 = PIV.. i

It/
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It ean readily be shown thet h myst in generel lie betwsen 0 and 4,%
and that the sestion shape will then have a discontinuity of LT in the
slope of its tangent at the stagnation point, l.e, there will be en anglad-
bend with exterior angle hn.

The usual Fourier relations - equetion (3.9) with log
replacing log gy = give the constents || and ¢ when the valugs cof
as By ¥y and h (if includcd) are zssigneds The design cen then be
campleted by the procedure recommended in Refsbs  When the tem involving
h  is included, the integrends in the reiations of the type (3.8) for =x
end y have an infinity at © e 3 dus to the zero in g,+ Nevertheless,
provided 6<h<1,¥ the integrals are oconvergent and can be evalustsd by
representing the integrands within a narrow range about the infinity by
simple integrable functions $o whioh they are asymptotio as B.a B.

5 Applications and Gensrel Discussion

GLAS TT with sink effect and sict shepe

The original cembered 3LAS II section wos design by Glauer‘b5 (1957}
and hag been tested both at the N.P.L. ond in Australis. & modification
designed to include sink effect and a slot 1s shown in Fige. 18, and the
corresponding velooity distraibution is given in Fig. 1b.® For simplioity
in the theorstical design, the rear lip has been given the form of a ousp,
and e rather large 0O of 0.C0% hos boen assumeds In praotios, the cusp
would have to be rounded off's A well=rounded rear lip eould prebebly be
designed for, but thce numeriocel work would beoome extremely lengthy and
involveds It is seen in Mlge1s that the sides of the slot approasch
agynptotically to the same direction at a constont widbh sparts The
severe curvaturcs of the originel sestion are sanewhat reduced owing to a
paring awey of the front shoulder and o filling~in of the concevity behind}
but the rcletive magnitudes of the pering ewsy snd filling=-in are not obvious
beezuse the slot position is slightly sltereds The megnitude of the
nodifications would of coursc have been less if 2 smaller valus of GQ
(aorrasponding to transition 2t the slot) had heen used.

It should be mentioned 4fhat the modification of GLAS II obteincd
theorctically by Hurley and 1-11.:1'51:g (1948)) nomsly a slight poring away of
the shouldery wezs obtainsd by approxamate celoulations using a velooity
dastraibution with a discontinuity inetead of a repid but continucus fall
as prescribed here} this léd to e slot whose sidos were asympiotio to

a pair of ooncentrio siroless The mathematioel treatment of the problam
wes slsc scmewhet different from that developed at the NeFoLs

Australian/
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¥ If B is an integral multiple of my h need onlylis between O and 2.
](5‘01' -ex)ample, with B = { we obtain & trailing-sdge angle of
2 ~h)n,

+ A thioker end more highly oembered ssotion, designed with high~1ift
epplications in mind, is shown in PigeZ2.



Auatralian experimental modifiostion of GLAS TT

The Australians pared away extonsively the shoulder of the originsl
GLAS IT profile ahead of the position of the veloerty discontinuity in ordesr
to remove the severe curvatures in that vicinity (seo Figs 18), and as a
result the veloclty fall became evenly spread over a region beginning about
0.8% ahead of the original discontinuity. With suctipn at three slots in
this region, the modifisd section worked satisfastorily®  Section shepes with
a veloeity fall of this type can readily be designed (ignoring gink effect)w
by tha exect nethod (see g4) or by Goldstein's approxiunate theory.

Experimental results for 2% Griffith seotlonf" 4

This symmetrical seotion was designed by Goldstein's approximate
theory to have an sbrupt veloelty fall at 0.8¢ from the leading edge; end
has slaight adverse veloeity gradients beginning sbout Oeio ahead of this
positicne The surface curvatures in the vioinity of the slot are
ocnseguently rather less severe than would have been cbtained if the section
had been designed to have e single discontinucus ‘gall in velceity by exunot
theory. In tests at a Reynolds number of 3 x 167, trensition occurred Just
in front of the slot beccuse of the aiverse grodients there; and the
experimental Og values sgreed well wath the correspon@d.lgg theoretical
sstimatess However, at a lower Reynolds number of 1x 10°, oonsiderably
higher suotion quantities were needed beosuse of the ccourrence of lamanar
separaticn instead of trensition.

GLAT IIT shapes

The original GLAT III syrmetrical shape was designed by Glauexrtd
(1947) and hes reoently been tested at the RehsE, Two mcdified shapes
are shown in FPig. 3ay cne with the velooity decreasing rapidly to a
stagnation point ot the intendsd position for the rear lip of the slok
(as suggested by Grlffith7), and the othsr with the velooity felling
steadily over a small extent of surface (instead of discontinuously as
in the original shespe), where in both oases the veloeity fall is assuned to
teke placc over a distance camparable with the slot widthe®  The first
modification is marked bhegause of the angled hend whioh corresponds to the
reguired stagnation point. The seoond modification exhibits & slight
roduction in surfece ourvatures but this would probably be insignifivoent
in practice’ a much more widely spread fall would te necessary to efiect an
appreciable change in shapse. It should be pointed ocut that the general
thinning and thickening cbtainod with the first and second modifisations
regpectively are partly assoclated with the chaages in the chordwise
locatlon of the velocity fall.

#% In order tc simplify the computations; the slot width was assumed fto
Yo somewhat larger then would be requirsd for removal of e laminar
boundarv«layars



6. Conclusions

The Australian tests have shown that shapes with the velocity fall
spresd evenly over an apprecisble extent of surface (in which case large
surface curvetures are simultaneously avoided) are likely to work satisfactorily,
provided several suction slots® are employed over the region of adversec velocity
gredient. The possibility of cetimating theoretieally the number and
spacing of the suction slots rogquired is boing cxemined by the present writer.

It is important, however, to zsoertain whether the need for several
glots can be avoideds Por exemple, the 30 symmetrical Griffith asrofell,
with a slight adverse velocity gradient promoting transation ahead of the slot
and with the remgining fall in veloeity effectively spreoad scross the
siot width, has worked rsasonebly well. Moreover, it is possible that an
abrupt pressure rise can be more easily surmounted with the aid of suction
if the boundary layer becomes turbulent just before reaching the slot than
if it remaine laminar the whols way.

The inclusion of sink sffect and slot shape in the design should
lead to some improvement, though the ohenge in shapc mey not bve significant
if the assumed Cp i1s very smalle An altemative method of representing
more closely the physical conditions st the slot, namely by designing for
the stagnation streamiine cm the rear lip, also affords intersgsting
posgibilitics,

Experiments alonecan decide the rolative merits of these varicus
mathods of design.

Acknowledgement. Tho writer isindebted to Miss E. M. Love, Miss C. M. Tracy
and Miss L. M. Esson for their assistanco with the computational work and
preparation of diagrems for this papcr.
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APPENDLX

List of Additional Conjugates

The Fourier conjugate function of o function £(0) with periodicity
2% in © is given by Poisson's integrol as

T0
«0) = (1/z1) J 23) oot £ (0-) 4

The following integrels; Whlch correspond to the first five constants in the
Fourier series for £(8), are elso required in acrofoil designe

{A,B,C,D,E } o= £(8) #, cos 6, 8in ©, cos 2 8, sin 20} ao’
-7
A few additions to the list of conjugates and constents given in Appendix I
of Refe 6 will now be tabulateds The terms of G enclosed in squere
brackets are only of interest for a deteminatiocn of the no~lift anglae.

4. log) cos ¥ (8-)/o0s & (0-Y=2ay)| for aq+agtt <OLT +oq+antY

+ log| cos T (9=Y)/oos % (9-Y=2ap)| for mraytagtl <OC 2mrayragty

SR R

= Fitan #aq=ag) tan b qg=ap=r)} + [ %(a1+az)]

)

A = =2n{X(aq=ap) + X (n az) ~« x(n)}

B = {2 sin aq cos {aq4+Y) - 2 sin ap cos (ag+¥)} log oot ¥ (aq~u2)
+ Tgin aq 8in (aq4+Y) + sin ap sin (ap+Y)}

¢ = {2 sin aq sin (aq+Y) = 2 sin ag sin (aos¥)}  log oot & (aq=ag)
o %t{ gin aq cos (aq+¥) + sin ap cos (ag+Y)}

D = 2 sin (a4=up) cos 2 (aq+apt?) = Tn{sin 204 sin 2 (aq+¥)
+ 8in 205 sin 2 (ag+¥) } ~ { sin 204 oos 2 (aq+Y)
~.sin 2ap oos 2 (ag+f)} Llog cot & {ay~ap)

E = 2 sin (aq-0p) sin 2 (aqeap+Y) + $n{sin 204 cos 2 (aq+t)
+ 8in 2 ap oos 2 (agtr)} = {sin 204 sin 2 (aqaY)

~ sin 2ap sin 2 (o) } log cot F (ay-ap)

2,/
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2. log|{ sin & (8-B) cos 30} /sin T O -H+Y) cos & (e-r}y | for 0<ax

0

0

= LT sin & Y cos 3 (B=Y) sin & 8

a «W = o
I

= =47 sin T ¥ ocs & (B=Y) cos £ B

or sin Y sin (B~Y) cos B

> B
n

= 2% sin ¥ sin (B~Y) sin p

3, aos (@A) for \ <8<y

1A cos (©-)\) y sin £ (049 l
G z == 5in (©-A) 4 =——eeeen- log ! e m————
2% n ‘ sin %" \@"p) ‘
r "
1 '
# == {1 =cos (UM}
L om ,
- J
A = ain (p-2)
1
B = = {2 (u=r) cos A + sin (2u=\) = sin A Z
L
4
0 = = { 2(pA) sin N ~ cos (2u-A) + cos A
L
1 L]
D = - {ein (3u=A) + 3 sin (W) =4 sin 2 )
1
E = = {=ocos (3u~r) =3 cos (u+A) + 4 cos 2a}
6

be oos @~p) for 2<O<u

& = i gin (94 +
2% g

M4 7

log |

cos(O-41) | sin % (o=n)
gin 3 (@wp) L




Be

H O

i

-1 -
sin (W=))

{2(u-r) cosp + sin (p-22) + sin p}

e

1
- {2(u=\} sing + cos (U=-27) = cos i}

£

LA B

4

{oin (u=37) = 3 sin (u+r) + sin 2p+ 3 sin 2y}

p {cos (u=37) + 3 cos (WA} - cos 21 = 3 cos 2u}

log | ten & (©=Z) I for E-Y<OLE +Y

i1

4]

14

]

i}

log tan = (8=2)

P {ten T ¥ cot + @)} + -~ ==

w27 {Z(Y) + X (m=¥) = X (n)}

2 cosd (gin ¥ log tan = ¥ = Y)

2 sing (sin ¥ log tem & Y = ¥)

cos 2% (=in 2 Y log tan £ ¥ - 2 sin ¥Y)

sin 2% (sin 2 ¥ log ten ¥ - 2 sin )
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