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e A it 13 felt; that i'.h@ general resuits and
com:lusions reacm&. efter two years of research
&evoted to an invegtigation of circulation con-
trol_by.means of trailing edge suction and psr-

- arly the development of the cusp effect may
interest .to people working in allied fields,
report has been prepsred. A full
reporf_ .Mcluding all experimentsl data is bntng
cm@ﬂed .and will be issued in approximatsly two

nonths.
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_SUMMARY |

A systematic inveatigation of circulaticn contrel sveobems; that is, systems
suploying powered or eutomaticelly controlled tiow singulsritles to produce high
1ift without & corresponding change in angle of sttack, especially those systems
vtilizing suction at the tralling edge, is reported. A mathemebical method for
the prediction of ths performence of such systems under certain limited conditlions
is presented. fThe developmant of the use of the steble trappeid vortex fermed in
& cusp-~like shepe for circulation control purposas is also reported and g few pos-
sihle gpplicaticns indicated. :

_ INTRODUCTION

The necesslty of producing high 1ift st low speeds is becaning increasingly
evident in both military snd cammercial alreraft applicetion. The problems of
cexrrier lendings and take-oils have pow or very shortly will become sc great that
there 1s little hope of solving them completely by improved cataspult and errest-
ing gear design. The minirnm £flight speeds of aircraft have been steallly ine-
creasing as the design trends have been for ever lsrger, heavier end faster sir-
craft. If such alrcraft are to be operated off cur existing carriers; scme method
mst be found to reduce their minimm flight specl.

If one examinés the v elationsnip between the lif produced by the wing snd the
minimm flight or stalling spesd -

L5 -
\/’5. & (&CL L R _ ‘ {1)

e

it inmeé_ﬁately 'becmes apparent that fer a given airera.ft operating at & given
- gross weight, the only way in yfhich tbis speed can be reduced is by an increase
o in maximum 1ift coefficient.

’Ihere are, s In geuere.l, orly two methbas by which the maximmm 1ift coefficient

‘of 8 wing may be increased. 'he first of theme conaists of influencing the air’
* flowing over the profile in some manner so. &8 to delay or prevent seperation; i.e.,

stall, thereby allowing the angle of ntte~k to be increassd hence Iincreasing 1ift.

The second method consists of inducing o hange in the circulation about a profile

without a change in angle of attack. From the Kutta-Joukowski relation
f= PVT {2)

. it will be seen that an incresse in eirculation resudts in & cozres;:vova&ing increase

111 lift .

bonventional a:l,rcraft of today employ systems which utilize either or bwth

© - of these methods. The slot or slat located at the leading edge energizes the
boundary layer and delays separation, while the flap alters the camber of the

- profile, tlms changing the circulstion and resulting in a higher 1ift without a
"com‘espcnding change in angle of attack. These effects are shown by Figurz 1.

; The main disadvantage of the £ ot as a high 11t device is that it produces
its 11ft at a high angle of attack, frequently creating severe visibility problemc

and penal;zing the performance of the eircraft with a cumbkersows aand heavy lendicg

b3
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gear, The flep is in genersl a satisfactory device if one sccepte high 11ft et
ihe expense of added drag apnd heavy pliching moments.

1% should be pointed cut that an incresse of drag ‘8 not an objectionsble
ehgracteristic in the landing configuration as it permits a steepar engle of glide
at & given speed than would otherwise be possible. It is however cpjsctionsble
&%t teke-~-off when high 11Tt and low drag would be desivable. This indicates that
conbreol of the dreg mey well be ss imporitsnt as the conitrel of Jift.

As hoth the slot and the flsp sxe limited to & velatively low emount of 1ift
increase due to the fliow separaticon, attempls have been made to increase the ef-
fectivensss of those systems by thr sdditicn of power. EBoundery layer control
systems work on much the zame principsl as the siot. By either energizing the
voundary layer by blowizng through slots or removing it vhen it thickens by suck-
ing through slots, gepu‘ation can be delayed until very high angles and wvslues
of 1ift can be obtained.

Figures 2, 3, snd 4, are photogrephs teken in the Princeton University 14"
x 2" smoke tunmel amxi show e:%-:‘mp.aem of this type of doundary layer control.

it must be pointed ocut that b c’.,.mﬁary layer control vwhen properiy spplied
can stabilize g laminar boundary laver, thus resulting in a decreass of aerody-~
namic drag, even vhsn the pawer required to produce the control is considered.
t must alsoc te pointed out that the dissdvantages of the slob still remain.
'I"nus if such & system is to be vsed for high 11if%, a peneliy is psid in visi-
bility ard landing gear weight.

cause the f£iow 4o adhere to a deflected flsp. As such a system cen produce
values of lift frequently double that resuiting from the deflection of the flap
sione without any increase in angle of atteck, it is properly referred to as
circulation control. It is clear that such a system must have sn effect on the
boundary layer, but this is not ifs major function nor is this effect nearly as
pronounced as on a system éiesimed to utilize Boundary Layer Control because
the slots are wusually locabed in a turbulent boundary layer region and heace
are rel&‘:-ively ineffective from a sishilization point of view.

Wnen a circulation control system of this type is employ=d; the wing ncr-
mally starts to stzll due to a lawinar seperation starting at the leading edge..
If one can afford the additiocnal weight and complication, peorous suction control .
of the boundary layer, particuiarly at the leading edge, sllows extremely high
angles of atiack to be attained without stall. As the 1ifts produced by the
two methods are additive, extremely high 1ifts can be obtained. Figures 5, 6,
and 7 demonsirate this type of civemlation control.

The Tirst two years of the Princeton researct zrogram in this field of cir-
culation control has been divected towsrds an investigation of s system first
suggested by B. Regenschelt during the war., This system can be smployed with a
flap, but we have inresligated 1t simply ¢» the &2dltica of a fiow singularity
to an existing profile. The system consicts of nothing other than a suction slot

2

Another a.pptoé.ch to the ];Si'v lem has Deen the use of suction- or olowing to s ,W F R
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lozated at the {rsiling adg,e of the wing.

DISCUSSICN

De Be ge%uscheit’ was the Tirst to ohserve that the effect on. the intrease of
Hive of suction through & slot Iocstad at the trailing ofe~ of & wing profile
is considerably lsrger than the effects obtalined wiih the slot in any otm" o T
catlon on the woper surface. This i‘act has been explained by C.R. &aim; whe
developed a relstively simple snslysis by means of potentiel flow theory. let
the region outside of the profile be conformelly transformed inte the region
outside of a circle with unit radius in such & way that the infinite points of
both planes correspond. The porticn of the profile surface between the {(rall-
ing edge snd the suction slot will thus corxrespond to an avrc & on the circle,
The 1ift increase 4.0y resulting from a given suction coefficient < 1g oo
tained by this syrc a3 shown by the relstion

ALy = 2 cot 'E La (3)

This expression shows that for a given Lo , A4y increases ss & Aecresses; i.e.,
the lift increment increases as thﬂ slot location is moved towsxrds the trailing

edge.

quxétion 3 is based on the asswption of two~dimensional irrbtatiun&l.
frictionless flow of an incompressible mediim and on the simplificstion tha
the suction is produced by a single sink situated witoin a sme?l slot having

pa.rallel walls.

For’ lov ‘quantities of suction, the flow develops & sta@ation point be-
tween the suction slot and the trailing edge (sees Figure 8), tbus resulting iu
a condition in which only flow fram the upper surface entere the suction slot.
As in the case of no suctiorn, the Kutta-Joukowski hypothesis reguires thsat
anothsr stagnation point be situsted at the trailing edge, With incressing
suction, the. first of these stagnebion polnts moves towards the tra;_ling edge
reaching this poimt for some ceriain vaiue of Cq .

Considereble interest han besn created by the question of what fiow pice-
ture resilts if £, is increased beyord thie velue. F. Ehlers®sssumed that
both stagnation points combined to move as a stegnation peint of the second
order to the lower side of the profile, Ho*uever, frcom the standpoint of po-
tential theory, en equrlly possible sclutlon sssumes that one of these stag-
nstion pointe staye at the traliling edge while the other moves to the lower
side, or yet another possibility is that both move to the lower side in sepa-
rate positions. Finelly, there is the possibility that both stagnation points
cowbloe snd leave the trailing edg,e to form g stagnation point in the free
gtraame

vaiously; the determination of which of these possibilitics can af'tually
be expected in practice 1s of basic importance to the understanding of trail-
ing edge suction. 4 smoke tunnel experiment at Princeton University sboved

the last case o be the solution with physical significance. Pigure J shows

3
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shows the observed free stresm stagnation point. It will be seer that when this
stagnation point cccurs scme flow proceeds around the lower lip of the {treiling
edge slot resulting in flow entering the slot from both the urper and lower sur-
fuces of the profile. Unfortunetely, it can be expected that this chsnge in the
character of the flow will resuit in a consgiderably diminished effect from trailw
ing edge suction. Hence, unless messuvres are taken Lo prevent this motion of the
stagnation points, the vaiuve of suvetion coefficient vhich causes the two stagna-
tion points to combire at the trailling edge can be consldered the practical upper
limit for this mesne of Increazipg 1ifi.

In sccordance with the essusptions upon which the theory iz besed, eguatioa
2 can be gpplied without Hurther considerations to the cass of trailing edge sucve
tion only if there iz a smrll suction slot with pa.ra.uel wells at the profile sur-
face near the trailing edge. Only under these conditiocne will the conformsl
transfornation of the original profile furnish the cormct angle & . Such a lot
however, is not gquite adequate in the case of suction at the tre.iling edge, Us=
uelly the rear ¢f the profile is cut off so that the slot is bounded by a somewhat
longer lip on the lower surface of the profile than on {he upper. (See Plgure 1!}

The basic problem in this case is to determize the covrect amcle G whick is
{0 be substituted in this equation. For small velues of &, as in the case of
suction near the trailing edge, co?¢ &2 changes rapidiy with A . This resulie in
a considereble sensitivity of the 14ft incresse obteined with the svetion slot are
rangement. A solution to the problem of the determination of < can be solved
by & relatively simple procedure of conformel mapping resuliting in & good sccord-
~ence between the computed 1ift and the 1ift obtaived from pressure diztribution

: fi_and 'balance measurements.
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X Generel 'T'heary of Circ\ﬂ,aton Contrcl ’by Suction ‘mrcugh ‘a Slot

The developments 'oresented in this section sxe based on the consideration of
normal wing profile with & small suction slot located on the upper swiace. Ao
previcusly mentioned, it will be assumed that this slot has paraliel straight walls;
sad that suction is produced by a sink §  situated within this slot. To satisfy
contimity requirements, a source of egual strength mst then be assumed to be loe-
ecased abt inlinity. It is fTurther asgssumed that the profile iz situsted at an angle
of attack o 1in g vaiform flow field bavipg the velcocily o3 ot infinity. Fig-
ure 10 Indicates the resulting flov £ield for a moderate suction quantity. For
thice suction guantity a stegnation peint 2 appesrs on the upper surface of the
profile between the suction slot apd the trsiling edge. (This case iz s8lso {liuse
trated by Figure 8.) The fiow smoothly leaves the +ra.ilmg edge, indicsting the
presence of a stagnation point attached tc the profile at this point and hence the
Kutta—Joukmki condition is satisfied as in the case of no suction. A third
stagmtion point is » of course, situated nesr the nose of the profile.

The t‘wo dimensional potential flow of &» inccapressible medlum satisfying

'tl'eae conditions can de determined in the same ma..er as the flov gbout a profile
without suction as ip classical merodynamics. To do thiz, the cutside of the pro-

I
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file in the #=X+.y =plane is transformed conformally to the cutside of &
circle of unit radius in the "= $+in -plane in such & way that the infinite
points of the Ltwo planez correspond and that the size and position of the pro-
file in the Z-plane iz sulh taat g—}hl for Y-—=- o0 and Y=

correaponds to the trailing edge of the profile. {See Figure 10) Under these _
conditions, the transformation ls determined unlquely end the region outside of
the circle %=1  has en expansion of the form ;

Zaf() 2o rPer o (1)

Under the resirictions of the transformation, the x~-axis correspondirg to (=0
is &t the same time the axis of zero 1ift without suction. The length of the
: Qro‘fﬂe is determined by the transformaticon and has a velus spproximately equel
te &, '

As a result of the trensformation, a well-defined point ¥= e“p

vhere £ is the arc of the circle between the points corresponding to the trail-
ing edge and the slot, corresponds to the slot exit on the profile. More rig-
‘orously, the point determined by # in fact corresponds to the sink within the
“slot, and the slot walls correspond to two small arcs adjacent to £ if the in-
side of the slot is included in the itransformation. If,however, the slot is
considered infinitesimally small, # defines a point which corresponds to the
slot including the sink as & limit.

e

F oy v b LR o
j s g

The flow in question is determined by the complex potential function,
e 'X-.-.M(j‘e";“s‘-ﬁéza' +§7-;%fﬂf+;%‘éﬂ f-a?/”ﬁ"'e‘.) ~(s) -

; The first term represents the paraliel flow at sn angle of attack o around the
! circle, the second term a circulation (vertex) sround the circle with strength

' T. The third temrm results from a gource with the strength Q at $=20 ; &
source of equal strength at feec and & sink with the strength-2@ at r=e’
8o thet the strergth of this sink with respect to the flow cutside the circle
is equsl to ~Q, vhere () ie messured in units of volume peyr unit span aad time.
The souree at Je irnsids the circle is edded in order to obtain the contour of
the circle as a streamiine. The filow represented by = 2 ( $J is trensformed
by 285('3’) to a flow with corresponding einguiarities in the plan of the profiie.
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The compliey velocity fDunction may be expressed as

! - s il
By R we e e

: d
vhere F1532°745 , o 1s the velocity and ® the direction of the flov at
a point in the F-plane. 7Thas, for o sisgnetion point in theP-plane 3%’0@ ,
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7 T=e“t

to correspond to & stagnation point on tha profiile ?ﬁ mist equal zero at
5 the point with the further condition that /4= 9%4r  1s not zero or is et

least of smaller order zero then 9%4y . Accordingly, if eguation § is differen~
tiated with respect to & and P revleced by e , one obtalns after some
trigonometric operations the relation :

1y

-
>

2 s -
T2 @rrevy sinfx-§)+ @ cot %— 1)
Where the sugle ¥y~ determines the position of any stagneticon roint. Since the
peint =/ (4. r=0) - is supposed to be a sctagnation point in accord-
snce with the Kutta-Joukowskl condition, the relationship simplifies to
§ 7Pz 47T snx + Q cot ‘% (8)
*:f« Thus the circulation is dstermined vy the velocity wg , the angle of attack of,
& the position &  end the gtrenginh & of the sink.
; The suction coeflicient qu is generelly defined as
E Com o
:% . Lo= S : (9)
’f vhere S is the wing ares, «g the free stream velocity and @ the wvolume of _
' ;3? i _suction per unit time. In our preceding discuseion & unit span has been sup-

posed, thus if € is the profile chord length L may be defined as

o> £

where £ 1s spproximstely equal to four. If 77 4s now eliminated from equations
7 and &, ome obtains the coefPiclent ;
Ko =20 _sin (A=¥) -sinx :
* < cot é,;}' . cat .@

£q -'ﬂ[ C.os( ‘}SM@ — g 3; {10}

From this relation one can uctemine how the s*agmtior po:Lt betwzen the suction
slot and +the trailing edge point defined by § moves with changing Lp.

which simplifies to

- TR S AN ?ﬂw ;“M”x'?”?"rﬁ?{’f;?ﬁw???

he previcusly explained; ¢ case of special interest occurs when A is in-

creased eufficiently to cauge this stagoation point to reach the trailing edge.

In this case § reaches the 1limit zero snd one cbigins the value
’CZ in: cos oy $i5° é‘é (ll) ;

T % N o " P
R et T e LR S S

g e
©



Tais special suction coefficient can be considered as the highest guction
coefficient for which tralling edge suction is ecouomical.

*~ The components X and ¥ of the force which acts on the outside of the profile

¥ due toc the pregsures produced by the flow can be determined from Blasiua® equation.
L d ¥ A -

CF e ~a - x r

: Y+iX=-§§(55) (12)

where / is the density of the fluid. In this perticular case, the curve of in-
5 tegration ¢ waich must be considered, is tine surface contour of the profile up to
§ the slot, the perallel sides of the slot up to & perpendiculer connsction between
£ then md,_this connection itself, When trsmefcrmed into the J-plane equation 12
0y beccmes :

3 o Yex-£4(98 4 o o

The curve ai’ intemtion A" now consists of the circle/#/z/ up to a smail half
circle excluding the point Pa @¢® from the cutside region and of this smsll
hal? circle itseif, which corresponds to the connection of the slot walls, This
curve A can'be deformed into a large circle sround J*O because thsre are no ain-
gularities of the integra.nd outeide A" except those st infinity.

A

It eque.tion 5 is differentis.ted end substituted into equation 13, the mault-
ing integral can be evaluated by expanding the integrand into & pover series of '}L
whare only the term with the first power of f gives a value vhich is not equal
to zerc. _,%ihis' '-ce@u’ca‘bion which 18, anitted here results in the following expres-

‘sion.
| Yd-aX‘ aad (7"""?‘)6"“ (15)

The componenta of this force para.llel and perpendicular to the free straesm
airection are the drag d and the 1ift  respectively. Therefora

J+id = (V+iX)e’™
= pws (THaY
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This result has been derived by C. B. Smith 2,

= If the value c;f T from equetion 8 is substituteei into eq_uation 15 for the
1ift obtains
By
A=puws (4?“ G sino + &) cor o) ! S
Using the definition of the 1ift coefficient
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and Lg from equation 99., equation 16 tecomes
,,c_’- &M-I-Z-C‘@ -‘5’:% {18}
This result shows that the 11ft coefficlent consists of the 1ift coefficient

5’2 Snk a8 predicted for the zero suciion case by classical serodynsmice plus
g term

agy=RLocot £ (19)

du® to suction.

When the stegnation point P rea.chés the tralling edge, the expression for the
1ift increase dbecomes

& 4 3
4,:( = 2T cosXan (20)
which represents the @pér pféctica.l limit for trailing edge suction.

2. - Determination of { in the Cass of Trailing Edge Suction.

If the suction slot is small and enters the snrface of a given profile with

: pa.ral_lel walls, the ‘value of ,@ can be found by the ‘conformal mapping” of the pro-

file into & circle as described previtusly. If, however, as is usually the case
of trailing edge suction, the tall of the profile has been cut off so that the
edges of the upper and lower gurfeces form the slot entremce, then the conforxmal
mepping of the originsl profile will not leed to a correct determinetion of & .

In this case, the profile with the slof has to bde considered as e new profile
like that of Figure 1i, the situation of the réal slot being indicated by an arrow.

In this situation, the following procedure is to be recommended, The edgs of
the ionger lip of the trailing edge {usually the lower 1ip) is counected by a ' %
straight line to the mid-point of the radius connecting the center of curvature of :
the nose with the nose point. This straight line is then considered 8s = slot and i
the region surrounding it is transformed conformelly to the reglon outside a circle,

If the straight line connects the pointe Z= ~R and s+ in the plane of the

profiie, the trsnsformation to be applied is the inverse transformstion of

2ed(t+4) :

(the Joukowski transformation) ow

¥z 2+Y 2R : : (21

This transformation iz frequently appiied in order to transform a profile inte 2 .
rearly circular curve. The mmerical computation cf [o §+¢7 as & function of F =Xy
can be perfoimed by camputing cosh 6 from the relation e

cosh’s "‘é zﬁ"‘%" ﬂ##{%,ﬂﬁ %1 | .: (22)
8
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Kuowing cosh o we may apply the relations

o5 = pire (23
and ‘
y= Fe® (2h)
then " ,
Ftcesd n=Famng (25)

Plgure 12 shows the transformed profile-points for the case of Figure 11
whers the tail of a NACA 23015 profile has been cut away from 10% chord length
on the upper side to 5% on the lower. :

The transformed profile is now approximated by two tangential circular arcs,
one ending at the upper edge A and the other ending at the point F=R . Both
arcs are tangent at & point C somewhere near the point corresponding tc the pro-
file nosee A third ¢ircle orthogonal to these two pass through A and C is now
considered. This circle (in this exsmple & straight line) intersects the upper

_are RC at the point B. ‘me arc AB now ccrresponds to a curve in the 2-plane which
closes the profile by connscting the edge of the upper lip with a point on the
line betweern =R and R forming the upper boundary of the lower lip. This connec-
tion ic perpendicular to both lipes arnd can as an approximation be replaced by a
emall eircular arc. On this connection the slo% entrance S (sink) with parallel
gides is assumed as indicated by the arrow in Figure 12. This configuration cor- .
‘responds very closely to the normal: geometry in the case of trailing edge suction.

; A transformation by reciprocal ‘radius w:lth C as the center is now used to map

the cutside of the area bounded by the three arcs intoc a half plane with a rectangular
step. (See Figure 13). This stepped half plane can be conformally transformed by

use of the Schwarz-Christoffel cransformation into a half plane. If € eg,#»<i7;

is the complex coordinate in the halfplane and s= S,scay the complex co-
ordinate in the stepped halfplane as indicated by Figure 13 ’ the transformation is

-s=°f;/:'a¢'

20 and+€= -/ are the points corresponding to the corners of the step. Inte-
gration of this expression ylelds

. S= yﬁ%)ﬁ" -/-/ﬁ (4’?7‘/’73?} (26)
From this, one sess that 350 corrssponde o720 .md 3,%‘5. -....__ e M

In order to compute this transformation, it 1is cbnvenieut_ o iﬁtréduce 8 nevw
complex variable 7 defined by the relation

VEFE =7 (27)

.ﬂ-,i:;‘;@'_-"; ¢ sy
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Hence: s 5 \ \
Ve=2 (75 JIFE = (A
s 2 P Y L
& = - afn
(7-%) (28)
S=F (7= A )t o 7
IZ we now let i
7= rye (23)

one obtains the expressions \
524 (7= F) cos 2e +Iny

e (30a)
S ;é(y "'V*-)"”’ le +e -
and . .
¢, = _L/rt_# #) 605'25"% . (312)
2._4 2 &
bz (i) n 2 (31b)

 The values of 8 eorrespond.ing to real values c"f 20 cen be found directly

from eq:tza.tion 26 snd are plotted in Figure 14, In order to obtain the velues -
of ¥ which cerrzspond to points cn the straight line S =0 equation 30a must
be used to compute € as z function of the parameter ¥y . The other three
expressions, equetions 3Cb and 31 & snd b yleld the values 5, and Zq asg
functions of the seme parameter 7 . Figure 15 presents values of +, and €,
plotted as functions of S,. Figures 1k and 15 present sufficient informa’cion-
for the determination of i‘?

‘Tie € hsalf-plane is nov transformed into the yegion cutside of & circle
in such a2 way that infinity of the :plane corresponds to the infinite point of
the new plene. This can be done by a *transformation by reciprocal radius with
C’ as a center, where C’ is the point corresponding to C after the step
transformation (Figure 12). In this manner, the real €= axis is transformed
into a circle K.

The two inversions arnd the step transformation have to be constructed or

b N .4 -
computed for only the arigine) points B and 8 {corresponding o the sink}. How

1f R’ end 8’ are the images on the circle K with the center M then
f<LR'MS’
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For the exeaple of Figure 11 where the tail of ithe WACA 23015 profiie has
been cut off from 90% chord on the upper surface to $5% on the lower, the sbove
nethod yislds

A/Cl = K'.Q cot e/a = 2.9 ;“C.Q
In Figure 17, this theoreticsl rrsgu.t is campared with exporimental pressa
distribtution measuremente for « = 0° . The actusl trailing edge (1lb) used ivx
these messurements is shown in Figure 16,  If trailing edge la of this figure
where the lower lip reaches to the trailing edge and the upper 1lip is maint&imd
at 0% cherd, is used the theory yields

A!Cl' = %tagt‘CQ

A belance measurement for o = 0° is compared for this case with the thege
retical result in Figure 18. In both cases the meximm AQ values sttained ave
cengiderably lower than the corresponding. Arc,; valuee, from which it msy be cone
ciuded that the stagnation point P did not reach the tralling edge in these tesis.

" 3e_Computation bf the Pressurs Disiridution

The methods described in the previcus secticon may salso be used to compute
the pressure distribution. In this case, sll the points of the profile trans-
formed by the inverse Joukowski transformation, shown in Figure 12, must be fur-
ther transformed by the reciprocsl radius and siep transformations. These trang~
formations yield a set of points in the neighborhood of the circle K. By any of
the well knowm transformations these points mey be transformed into points on
the circle XK itself.

- A simpler" and not less accurate methoa is to use. the confomal transform&n
tion of the original pro 1le itself and to locate a suction slot at the point
corresponding to = ¢‘Y found by the preceding method. It is advisable to
use this method perticularly if the conformal transformation of the origina.l
profile ie known as in the case of many of the NACA profiles.

In order to find the velocity of the flow, the expression

dX
_ i 4%
has to be computed by making use of eguation 5 and the relstionship 2 = F(1).
Dﬁizz%tthis » and utilizing the definition of ¢« Q the following expresasion
reguliis.

QSM(, 4‘)%’-5\0(-1 _?;_ { . .
Ca 'ng [. $- n + & cqlcot 050 +c+%]

(32)

In this equation d) ie the amplitude of the point I = et corresponding to

the profile point under consideration. It should be noted that the egustion
has been developed on the assumption that the chord C is egual to b, Using
this assmnption, it is possible to express the ordinate as

= 2co5 §

b 5

e
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vith only & sasll errov. I" the velocitv distribution "-‘"/ur of the profile is
known for the case without suction {«g= ¢) for a given engle of attack ok ,the
value of / F'(3)/ can be found for any yoint X =2cos ¢ on the profile by
use of equation 32. Bguation 32 cen then be used to obtain the velocity dise
tribution W for any <, Q and % . The pressurs distridbution 1s then obe
tained Srom the equatian

%ﬁa == (&Y

(33)
In this manner the computed pressure disiridbutions of Figure 10
and 20 heve bsen obtairnsd for comparison with the experimental measurements.

gation of Trailing Edge Suctlon,

The wajority of the exparimsntal work of this progran was conducted in a
3#9 x 5' subsonic wind tunnel squipped with an euxiliary threat reducing the
£ dimension to 18" to enatls sasy two-dimensional testing. Suction was obe
tained from en auxiliary stage compressor taker from an Allison V-1710 engine.
This conpressor, driven by & D.C. motor, wes located outside the tunnel, end °

perimentsl Investi

air was ducted from ths model by (hs system of piping shown in Flgure 21, In -

order to avold effecting the balance readings by introducing loads from the
blower dncting, & speclel cowpling consisting of two ball and socket Joints
connected by piping containing & slip joint was employed. Flaxible piping
was used to conmect this coupling to the &ucts,

A typlcal model is shown in Figure 22, The interior of the modsl formd
& iarge plexum chamber from vhich the air is exhausted throu@ nozzles which

lead to the dlower duct’ connecticns. The trailing edge of "the - ‘model 18 cut
"~ gway 80 that the last 20% of the profile contour can be conveniently altered
© by the addition of trsiling edge plates. The model that was used to collect

the vast majority of the data wes constructed of brass castings and had a
chord of only 8". Other models, constructed to study pressure distrimtions
snd Rsynolds Fumber effects were made of wood and had chords of epproximately
16%, (The vase profile used in all tests was the NACA 23015, but different
trailing edges frequently resulted in different after-profile contours and

airfoil chords. All dabta were reduced nsing the actusl measured chord length

rether than the base chord.)

'Figu:ée 23 shows the trailing edge configurstions that were tested. An
examination of each, together with sn explanation of the reasons behind the
deslgn chosen is of considersble value.

Prail Bdges ta, 1b and lcz Thess were the first shapes tested,
These treiling edges represented the range of lower lip overbang over which
it wes felt that = detailed investigstion was wmrraniad, The upper suwrface

wes simply formed with a rsdive, for, although it wms felt the slot shape

would strongly influsnce the results, the design of vbat vas considersd the

correct slot gshape was not completed. In order to obtaln a8 complete infors
mation as poesidle, belance readings, pressure distributions, wvake swrveys
and slot veloclty pressure distribution studies were msde on these models,
The slot velocity wistrilution investigation showed only very slight veris-

iz
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tions aloag the span and conbequﬁntly this study was not mede on the subsequent
model

The test results for these first three molels indicated that the geometry
of the tralling edges strongly ianfluenced the maximmm 1ift of the section. The
highest 1ift wes achieved with trailing edge 1~b which had more overhang than l-c
but less than l-a ss seen from Figure 23. OSince the slot thickness varied for
each of these cases it was thought that there migbt be an optimu ratio of over~
hang to slot thlickness. Theory indicates that A Ky increases as the slot ap-
proaches the T.E. of the base profile; consequently, 1t was thought that in the

case of l-c the ratic was far below the opuimum As 8 result this ratio was
increased for trailing edge 2-b.

Trailing Edges 2b, 24, 2e: Trailing edge 2 ls the computed correct siot

- shape. This was first tested with lower 1ip b &nd the resuvlis were encouraging

inesmuch as the A< at low angles and low suction quantities was the best that

‘had so far been achieved., The maximmmm 1ifts, however, were very disaeppointing.

It was thought that flow around the lower lip might acccunt for this, conse-

quently trailing edges 4 and e were designed with & longer overhang to overcome
this difficulty.

It is interesting to note that again the mexiemm 1ifts achieved with the
section were with the moderate overhang (trailing edge 2-e) See Pigure 24, It
was thought thsat this might be the result of a flov separation at the slot in-

let so tralling edge 2 was modified internslly in an attempt to effect a cure,
The results are discussed b“LOW.

Trailing Edges hf and45e~ It will be noted in Figure ‘23 that trailing
edge 4 has an internal cusp to aid in diffusing the flow inside the model and
to prevent any disturbance from working upstresm around the inlet contour.

The bent up lower lip was an attempt to limit the stagnation point travel and
provide easy entrance for air inte the slot. The results were mediocre compared
to l-b,although it 4id show a higher maximum 1ift than 2-e.

Trailing edge 5-¢ is another application of the cusp to provide a more
efficient inlet contour to the suctlion slot. The resulis were not.otstanding
either in maximm 1ift or in power required to remove the air; howe. .r, more
recently scquired knowledge indicates that the cusp in tralling edge 5 was im-~
properiy designed. Tts chief claim to fame is that trailing edge S-e was probe

ably tbe ingpiretion for the suction vortex alrfoil section described in the
next section.

Trailing Edoes d-a and l-g: These two sections were tested to determine
the effect of extreme shepes buch as the sharp upper 1lip on d-n. The maximum

lift for this section is poor, but it does compare more favorcbly with some of
the other models at & lower Cg . See Figure 24,

The experience of testing these models revesled that there can be g sube
stantisl flow esyound the lower lip intc the slot under cerisin conditions of
« and g , thus forming a free streem stagnation point. Trailing edge 1-g

13
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wvas designed to resist this tendency, but the results indicate that 1l-g is not
a8 good as l-b from which it wes formed. _

The testing progrem alsc included the measurement of preasure distributions
about mpecial models bHuilt to the geometry of l-a and 1l-b with vhich lifts by
pressure dis*cribution were correlated vr:,th 1ifts from the balance,

~ Drag Agsociauad vitk Trailing Edge Suctiou:

Because of the difficulty of obtaining accurate values for drag tares, it :
wves dacided early in the program not to use balance drag indications. Accordingly,
all drsgs were determined by pressure survaying the wake., Normsally this yielde
the sectional drag coefficient, but when suction is epplied to the section, there
is an additional dreg not reflected in the weke, This is the change in momentum
acroes the section due to the removed air. Wbhen this is spplied to the wake drag
there is & considersdble increase in totsl drag due to suction, even though the
wake drag may g0 ealmost to zerc as the turbulent wake is.effectively swallowed by
the suction slot. The procedure followed has been to compute the additional
4dreg dus to suction and s&dd this correction to the weke drag. Thus the total

drags all sppear high; bowever, in a practical application the designer will -

have a great deal of latitude 4in hie selsction of a drag coefficient depending
upon the direction and velocity he chooses to discharge the removed air to the
free stresn, thus presenting the possibility of = powerful drag control.

Pitch:l.ng_ nt Assoclated with Trailing Edge Suction:

The effect of trailing edge suction on pitching moment is prcnmmee e

seems to de basicelly a function of shape, overhsng and suction quantity. Hhe
Bo. 1 series of treiling edges is characterized by the pitching moment going
negative with both increasing angle and increasing suction. As the overbang
decreases, thsre appears a strong tendency for a diacontimzity in the pitching
momant curve at the higher an.glea of attack.

The pitching moments of the Nos 2 and Ho. 5 series of trailing edges dif-
fer scmavhat from those of the No. 1 series in that pitching mowment goes negative
as suction is &pplied wnd positive as angie of attack is increased. The net re-
sult is that for the range of <y tested, the pitching momenis are negative, but
the slope ¢f the curve iz poaitirs,

Trailing edges L-f and d-a have pitching moment curves that combine the
chargeteristice of the avove two groups, but varietions in the slopes of the
curves are samévhat more gentle then ere those of the series 1 and 2 trailing
edges.

In etmticn, it appears that the pitching moment characteristics of trail-
ing edge suctlion are sovare and that & real design problem exiﬂts in the applie
caticn of these Asvices.

Power | ?sgu;rec‘i for Buetions In order to campare the various configurations
tonted, it e cbvious thet 1ift, drag, apd piteh are bub part of the information
nasded. In order to gain ss clear an idea sz possible of the relative merits

1k
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of the devices tested, it was decided to measure the totsl pressure drop across
the trailing edge. This was easily done by the installation of two Kiel fubes
inside the model and messuring the difference in their average pressure snd the
free stream total pressure. Thus a designer would be able to estiimate very
closely the power to move the air through the slot. This, of course, wmﬁ.é he
added to the power requirement for the ducting, velves and similar spperatue in
s given installation.

S. Develomuent of the Cusp Effect

One of the most interesting and potentially one of the most importani de-
velopments of this program was the determination of a means whereby 3 vortex
could be created and stabilized at a desired location. Thie discovery wee
first made as & result of a severe diffuser estall in the suxilisry twvo«dimen-
sional throat of the wind tunnel. The turbulence crested hy the flow separa-

ion from the diffuser walls was so severe that 1t was unssie to operate the
tunnel.

Many attempts were made to remedy this effect with varying degress of suce
cess. The addition of a splitter helped the condition grestly, but the turhile
ence was still far too great for successful testing. More splittere, ss wsll as
various combinations of splitters and screens were tried, but sll resulisd in
increased power losses and very little change in the turbulence. Thease dAiffer-
ent configurations are illustrated by Figure 25,

The final solution to the problem involved building a new diffuser =
with a very much reduced expameion angle. . At the end of this diffuser there
is & very considersble jump in cross-secticnal aree, Attempts to simply dmn;a
the flow into this larger asrea were unsuccessful and the shape shows in Fliave
26 was finally tested. The first test made with this configuration wss ilsme.
diastely successful. The turbulence dropped to an acceptable level and the sx-
treme power losses vanished.

Pressure distridbution studies were made and indicated the existence of a
trapped vortex within the cusp. These messurements are imdicated by Figures
27 and 28, Taft investigations show that this vortex exicted only at the floor
while another vortex at right angles to the floor vortex cecupled the majority
of the cusr. The most striking cherscteristic of this complex ficw wme that it
was relatively smooth and free from turtulence.

As 8 result of these Tindings; the theoretical investigatlon prenenied in
Reference % was started as well as en investigation of diffuser charactaristics
in & small two-dimensional tunnel. The resulis of the experimental ludy were
discouraging, for although the splitters and screens behaved ss predicied. in
no case was 1t possible to obtaein & pronounced cusp effect.

The next step in the experimentsal program wss to find o way of dcrveabing
and stabilizing the vortex. Due to our previous work with trailing odige st
tion, our first application toock the form ¢f & vrailing edge control. The
resulilag shape vas not seriously considered as e useful profile, bul wage
simply a streamuiine bady t5 which o cusp could be fastened. Figure 29 shows
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the first budy tested. The base profile in this case was & 15% leminar flow
symnetrical profile. The cusp was installed with its upper iip at the {‘}%
chord point of the base profile and a suction slot was installed at the laower
lip. The results cbtained with this body were of considerable interest. On
the first model, only pressure distributicn studies were made, bubt theas were
sufficient to show the cheracteristic of the flow. Figure 30 dewonstrabss
the type of pressure distribu uiﬁnb that were obtained. Figure 3J0A abowy the pro-
file at zero angle of atiamck (based on the symmetricsl base profile}. At this
angle the 11ft was siightly nega%ive gz shown by the higher pressures scouring
on the upper surface. Note the disturbance created by the cusp. As suction is
increased, s coansldersble portion of the flow proceeds from the lower surfscs,
giving rise to the pressure distridbution shown in Figure 30B. HNote that s
mild vortex action is taking plece within the cusp and that the cireunistion
over the profile effected although only very weskly. As suction is Durther
increased, the flow about the trailing edge incresses until suddenly s valueg
of g is reached which ~auses a vigorous vortex to be establishad resulliug
in the ipcreased circuwlation indicated in Figure 3CC.

Since these originsl tests, further investigations have been made indioat-
ing considerably more efficient epplications of the principal of the trapped :
vortex ave possible. The most notable feature of the flow resulting Trom these
vortex applications is the powerful menner in which the vortex affscts the done
wash pattern. In one application utilizing a differmnt cusp fors and location

it was possible Lo cause the flow to adhere to a profile at apgle of attack of tﬁ'ég

an extreme but illuvmineting exsmple,

- Work is contimiing at Prioceton Universitg and has recen‘bl‘y been sturted &t

. other institutions on the provlua of examining the basic mechsnsms of ths fiow

snd incressing the concepts of a"glicatic:a of the cusp or trapped vorter. It
is felt that this cusp effect or "trapped vortex" represents & major sdvinss in
the problem of circulstion control and is s means by which very ndgh 1IfT -
efficients may be obtained.

CONCLUSIONS

a

Az » reault of dhe wind tuunsl $eet program repord
report, the following comclusions can be resched,

in this prellsluary

1. The 1ift that may be produced by s profile equipped with a
trailing edge suctlon slot increases with increasing suction quan-
tities wp to & limiting vslue without an increase in asngle of at-
tack.

2, The limiting valus that may be obtalned is determined by the
guentlty of suction regquired to move the stagnstion point sppesring
on the uvoper gurface to the tralling edge.

3. When this succicn quentity ie gpplied, the stegration point ap~
posrs in the free stresm and {low proceeds from both the upper and
lower envfaces.

e



L. The 1ift that cen be obtained with an unflspped pruflls viillzing
trailing odge suction 18 strongly sffected by slot widin and broiling

edge overhang, but pot particularly by wpper surface slot chape,

5¢ The 11f% can with fair accurscey be predicted by theorsiical con
sidarations.

. §. 1In cne rather special case, it was possible to exitract snerey
froem the alr %o drive s vortex within a cusp ¢ obtale a frse streem
expansion through g wide angle witbout seperation.

T» It is poesible to entrap a vortex within e cusp shape by means of
suction.

g

8. This vortex can be used to impart a strong dcwnwsrd momentum to the
2 silr and bence to preducs s lavge circulation about a2 profile.
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