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T e s t s  were made i n  t h e  N . A . C . A .  20-foot wind t u n n e l  
on: ( I )  a wing, of 6.5-foot span,  5.5-foot chord,  and 30 
pe rcen t  maximum t h i c k n e s s ,  f i t t e d  w i th  l a r g e  end p l a t e s  
and (2 )  a 1 6 l f o o t  span 2.67-foot chord wing of 1 5  pe rcen t  
maximum t h i c k n e s s  t o  determine t h e  i nc rease  i n  l i f t  ob- 
t a i n a b l e  by removing the. boundary l a y e r  and t h e  power re- 
qu i r ed  f  o r  t h e  blower. 

The r e s u l t s  of t h e  t e s t s  on t h e  s t u b  wing appeared 
more f a v o r a b l e  t han  p rev ious  smal l -scale  t e s t s  and i ad i -  
c a t e d  t h a t :  (1) t h e  s u c t i o n  method w a s  cons iderab ly  supe? 
r i o r  t o  t h e  p r e s s u r e  method, (2 )  s i n g l e  s l o t s  were more 
e f f e c t i v e  than m u l t i p l e  s l o t s  (where t h e  same p r e s s u r e  
was a p p l i e d  t o  a11 s l o t s ) ,  t h e  s l o t  e f f i c i e n c y  inc reased  
r a p i d l y  f o r  i n c r e a s i n g  s l o t  wid ths  up t o  2  pe rcen t  of t h e  
wing chord and remained p r a c t i c a l l y  cons tan t  f o r  a l l  l a r g e r  
widths  t e s t e d ,  (3 )  s u c t i o n  p r e s s u r e  and power requiremen%s 
mere q u i t e  low ( a  computation f o r  a l i g h t  a i r p l a n e  showed 
t h a t  a l i f t  c o e f f i c i e n t  of 3.0 could be ob ta ined  wi th  a 
s u c t i o n  as low a s  2.3 t imes  t h e  dynamic p r e s s u r e  and a 
power expendi ture  l e s s  t h a n  3 pe rcen t  of t h e  r a t e d  engine 
power), and (4 )  t h e  volume of a i r  r e q u i r e d  t o  be drawn o f f  
w a s  q u i t e  h igh  (approximately  0.5 cubic  f e e t  p e r  second 
p e r  u n i t  ming a r e a  f o r  an  a i r p l a n e  land ing  at  40 mi l e s  pe r  
hour w i t h  a l i f t  c o e f f i c i e n t  of 3 ,0 ) ,  i n d i c a t i n g  t h a t  con- 
s i d e r a b l e  duct  a r e a  must be provided i n  o r d e r  t o  p revent  
f low l o s s e s  i n s i d e  t h e  ming and i n s u r e  uniform d i s t r i b u -  
t i o n  of s u c t i o n  a long  t h e  span, 

The r e s u l t s  from t h e  t e s t s  of t h e  large-span wing 
were l e s s  f a v o r a b l e  than  t h o s e  on t h e  s t u b  wing. The rea- 
sons f o r  t h i s  were,  probably:  (1 )  t h e  uneven d i s t r i b u t i o n  
of s u c t i o n  a long  t h e  span, (2 )  t h e  flow l o s s e s  i n s i d e  t h e  
wing, (3)  t h e  smal l  r a d i u s  o f  cu rva tu re  of t h e  lead ing  
edge o f  t h e  wing s e c t i o n ,  and (4 )  t h e  low Reynolds Number 



of t h e s e  t e s t s ,  which was about one h a l f  t h a t  of t h e  s t u b  
wing. The r e s u l t s  showed a l a r g e  inc rease  i n  t h e  maximum 
l i f t  c o e f f i c i e n t  wi th  an i n c r e a s e  i n  Reynolds Number i n  
t h e  range of t h e  t e s t s ,  

The r e s u l t s  of drag t e s t s  showed t h a t  t h e  p r a f i l e  
drag of t h e  wing was reduced m d  - the- .  L'/D r a t i o  w a s  in- 
c reased  throughout t h e  range of l i f t  coe . f f i c i en t s  correw 
sponding t o  take-of f  and cLimb but ' tha t  t h e  minimum drag  
mas increased .  The s l o t  arrangement t h a t  i s  bes t  f o r  low 
drag i s  sot t h e  same, honever,  as t h a t  f o r  maximum l i f t .  

I N T R O D U C T I O N  

Boundary-layer c o n t r o l  t e s t s  made mith s m a l l  models 
a t  t h i s .  l a b o r a t o r y  ( T . W .  323) and zbroad ( T . M .  634) have 
shoGn t h a t  t h i s  method o f f e r s  a powerful  means of inereas -  
i n g  t h e  maximum l i f t  and t h e  range of a n g l e s  of a t t a c k  
f o r  s a f e  f l y i n g .  

The p r e s e n t  r e p o r t  p r e s e n t s  some of t h e  r e s u l t s  of  a n  
i n v e s t i g a t i o n  conducted i n  t h e  N.A.C.A. 20-foot wind tun- 
n e l  on two l a r g e  model wings made t o  a e t e r n i n e '  t h e  p r a c t i -  
c a b i l i t y  of t h e  method, t h e  l i f t  i n c r e a s e  t h a t  may be re- 
a l i z e d ,  and the  power reql .~ired t o  c o n t r o l  t h e  boundzry 
l a y e r ,  

The p re l imina ry  t e s t s  mere made on a wing, of 6.5- 
f o o t  span,  5.5-foot chord and a  maximum t h i c k n e s s  of 30 
percen t  chord ,  f i t t e d  wi th  l a r g e  end p l a t e s  t o  i n c r e a s e  
i t s  e f f e c t i v e  a spec t  r a t i o ,  The g r e a t  t h i ckness  and sho r t  
span f a c i l i t a t e d  t h e  t e s t s  by a l lowing:  (1)  t h e  blower t o  
be i n s t a l l e d  d - i r ee t ly  insid.e t h e  wing and ( 2 )  a  g rea t  n u w  
ber  of v a r i a b l e s  t o  be s t u d i e d  i n  t h e  s h o r t e s t  p o s s i b l e  
time, 

The second wing s e c t i o q  was chosen t o  be represen ta -  
t i v e  of t h e  convent iona l  wings found i n  p r a c t i c e  a l though  
i t  was r e a l i z e d  t h a t  . t h i s  f e a t u r e  d i d  not  meet t he  o p t i -  
mum requirements  f o r  boundary-layer c o n t r o l .  The two 
wings then r ep re sen t  t h e  t w o  extremes of t h i ckness  and 
camber, The optimum wing f o r  boundary-layer c o n t r o l  w i l l  
p robably be somewhere between t h e  t w o .  



MODELS 

6.5-Foot Wing 

The node l  used f o r  t h e  p re l imina ry  t e s t s  ( f i g s .  1 
and 2) had a maximum th i ckness  of 30-percent chord,  a 6.5- 
f o o t  span, a 5.5-foot chord and was f i t t e d  wi th  end p l a t e s  
t o  i n c r e a s e  t h e  e f f e c t i v e  a spec t  r a t i o .  The motor-driven 
f a n  was mounted i n s i d e  t h e  n ing  and could be made t o  in-  
duct o r  d i s cha rge  a i r  a t  t h e  end of t h e  wing accord ing  t o  
whether t h e  boundary l a y e r  was being energized by e j e c t -  
ing  t h e  a i r  through spanwise backward-opening s l o t s  o r  re- 
moved by sucking i t  i n t o  t h e  n ing  through spanmiso normal- 
opening r e c t a n g u l a r  s l o t  s. 

16-Foot Wing 
\ 

The model f o r  t h e  sccond s e r i e s  of t e s t s  c o n s i s t e d  
i of a Id-foot  span,  2.67-foot chord wing wi th  t h e  1T.A.C.A. 

2415 a i r f o i l  s e c t i o n  ( i . e . ,  2 percen t  maximum camber a t  
t h e  40 porcont  chord s t a t i o n  and 15 percen t  maximum th ick-  

+ ness )  having a s t r eaml ine  f u s e l a g e  a t t a c h e d  t o  t he  bottom 
o f  t h e  ming i n  which t h e  blower was mounted, The f a n  i n  
t h i s  case  d i scharged  the  a i r  i n  a backward d i r e c t i o n  at 
t h e  t a i l  of t h e  f u s e l a g e  ( f i g .  3 ) .  The wing was f i t t e d  
wi th  a 30 percen t  hinged t r a i l i n g - e d g e  f l a p  t h a t  could be 
d e f l e c t e d  15O, 30°, 45O, o r  60°. A removable 25  percen t  
chord s p l i t  f l a p  was a l s o  provided.  

TESTS 

V i t h  t h e  s t u b  ming, t e s t s  were made both by the  meth- 
od of ene rg i z ing  t h e  boundary l a y e r  by d i scha rg ing  j e t s  of 
a i r  i n  a backward d i r e c t i o n  a long  t h e  top  s u r f a c e  of t h e  
wing and by sucking t h e  boundary l a y e r  i n t o  t h e  wing. 
Various s l o t  l o c a t i o n s ,  s l o t  s i z e s ,  and ming p r e s s u r e s  
were t r i e d  i n  both  casos .  

?deasuroments mere made of t ho  l i f t  of t h e  wing, t h e  
poner i npu t  t o  tho blower,  the  ming p r o s s u r e ,  and t h e  vol- 
umo of a i r  handled 5y t h e  blower. The t e s t s  were made at 
an  a i r  speed of approximately  40 n i l e s  pe r  hour. 

I n  t h e  sccond s e r i e s  of t e s t s  only  t h e  suc t ion  metho% 



was used ,  Various s l o t  l o c a t i o n s ,  wing p r e s s u r e s ,  and 
f l a p  d e f l e c t i o n s  mere t e s t e d .  The s p l i t  f l a p  was only 
t e s t e d  a t  one angle  (50' t o  chord l i n e ) ,  

The g r e a t e r  p a r t  of t h e s e  t e s t s  wa..:jc made a t  a mind 
speed 0.f 30 mi les  p e r  hour, This  l o m  speed mas d e s i r a b l e  
i n  .order t o  make t h e  r a t i o  of \ring p r e s s u r e  t o  t h e  dynamic 
p r e s s u r e  as l a r g e  a s  p o s s i b l e ,  A few t e s t s  mere made a t  
s e v e r a l  h ighe r  speeds i n  o r d e r  t o  determine t h e  e f f e c t  of 
s c a l e  on t h e  maximum l i f t .  

A few t e s t s  mere made a t  a n  a i r  speed of approximately 
80 mi l e s  p e r  hour t o  determine t h e  e f f e c t  o f  boundary-layer 
c o n t r o l  on the  d r a g  c h a r a c t e r i s t i c s  , e s p e c i a l l y  i n  t he  
range of l i f t  c o e f f i c i e n t s  corresponding t o  the  take-off  
and c l imbing cond i t i ons .  

RESULTS AND DISCUSSION 

6.5-Foot Ving 

The r e s u l t s  of l i f t  and d r a g  measurements a r e  p resen t -  
ed i n  t h e  form of t h e  u s u a l  nondimensional c o e f f i c i e n t .  
The wing p r e s s u r e  i s  g iven i n  terms of t h e  dynamic pres-  
s u r e ,  i o e . ,  

P - - _ ----_----___ w i n g s r e s s u r e  _______________ ~ 6 a u r ,  .~k'aec,~,.~+~.',,(,~, 
I (. , 

9 dynamic p r e s s u r e  of a i r  stream 

and may be e i t h e r  p o s i t i v e  o r  nega t ive  accord ing  t o  whether 
t he  boundary l a y e r  i s  being blown o r  sucked o f f .  Two ad- 
d i t i o n a l  c o e f f i c i e n t s  a r e  a l s o  used: ( I )  a power o r  equfv- 
a l e n t  drag c o e f f i c i e n t  formed from the  blower power, t h o  
tunne l  v e l o c i t y  and t h e  wing a r e a ,  

(i _ -______~__________-----.----------- i npu t  power t o  blower ( f t  . - lb , /sec . )  
C D ~  - qsv 

( 2 )  a vo lumet r ic  c o e f f i c i e n t  , , z 2  a. 

I 
i < 

- volume of a i r  ( c u , f t . / s e c , )  C& - 
sv 

The c o e f f i c i a n t  (CDS) a s  p r e v i o u s l y  def ined  f s  ob- 



v i o u s l y  a f f  octed by t h e  off  i c i e n c y  of t h e  blower; hence 
should not  be uscd i n  comparicg r e s u l t s  ob ta ined  wi th  d i f -  
f e r e n t  arrangements of t h e  Slower. For such comparisons 
t hc  b loner  e f f i c i e n c y  should be e l imina t ed  by computing 
t h e  c o e f f i c i e n t s  f o r  an f f i d e a l f l  blower. Th i s  c o e f f i c i e n t  
i s  simply t h e  product  

This  c o e f f i c i e n t  i s  only uscd i n  t h i s  s e c t i o n  i n  comparing 
t h e  p r e s e n t  r e s u l t s  among themselves and mi th  p rev ious  nod- 
-el  r e s u l t  s .  Unless  o therwise  i n d i c a t e d ,  C ~ s  i s  basod on 

the  input  power t o  t h e  blower. 

P r e s s u r e  s l o t s . -  Typica l  l i f t  curves  f o r  t h e  backward 
opening s l o t s  a r e  shown i n  f i g u r e  4 f o r  f o u r  va lues  of t h e  
wing p r e s s u r e  ( P / ~ )  and a r e  coinpared t o  tho  l i f t  without 
c o n t r o l . -  The e f f e c t i v e  a spec t  r a t i o  of t he  s tub  wing wi th  

* 1 end p l a t e s  i s  approximately  3.5. This va lue  exp la ins  t h e  ' 

l o w  l i f t - c u r v e  s lope.  For ail a spec t  r a t i o  of 6.0 t h e  l i f t  
c o e f f i c i e n t  CL = 3.0 would occur i n  t h e  neighborhood of 
32' ang le  of a t t a c k .  

1 
The maximum l i f t  o b t a i n a b l e  mith  a g iven  pomer c o e f f i -  

c i e n t  i s  shown i n  f i g u r e  5 f o r  va r ious  s l o t  s i z e s  a t  t b e  
42-percent chord l o c a t i o n .  mi th in  t h e  range t e s t e d  t h e  
$- inch s l o t  ( i . e . ,  0.75-percent chord) appears  t o  be t h e  
bes t  width,  

y 
h ~ g e  sdcti0-n s lo t s . -  A t y p i c a l  s e t  o f  l i f t  curves  

f o r  t h e  s u c t i o n  type  s l o t  i s  shown i n  f i g u r e  6 and t h e  
I maximum l i f t  i s  p l o t t e d  a g a i n s t  power c o e f f i c i e n t  i n  f i g -  

u r e  ?. The most i n t e r e s t i n g  f ea tu re s  of t h e s e  curves  3,3e 
t he  low s u c t i o n  p r e s s u r e s  and low power c o e f f i c i e n t s  rew 
qx i r ed  i n  cornparison mith  t h o s e  of t h e  p r e s s u r e  s l o t s ,  
F igu re  8 p r e s e n t s  a comparison ~ f  t h e  r e s u l t s  of t h e  suc- 
t i o n  and p r e s s u r e  methods of con%ro l  -with p rev ious  t e s t  
r e s u l t s .  The c o e f f i c i e n t s  of power a r e  a l l  computed f o r  
an i d e a l  blower. The suc t ion  s l o t s  a r e  seen t o  be s e v e r a l  
t imes more e f f i c i e n t  than  t h e  p r e s s u r e  s l o t s .  The reason  
f o r  t h i s  d i f f e r e i l ce  i s  t h a t  both  t h e  p r e s s u r e  d i f f e r e n c e  
and t h e  volume of a i r  r e q u i r e d  a r e  g r e a t e r  by t h e  p r e s s u r e  
method than  by t h e  s u c t i o n  r e thod .  A comparison of  t h e  
vo lumet r ic  c o e f f i c i e n t s  i s  g iven i n  f i g u r e  9. 



S l o t  loca t ion . -  The bes t  s l o t  l o c a t i o n  f o r  maximum ---------- ----- 
l i f t  i s  i n d i c a t e d  by f i g u r e  10 t o  be a t  about t h e  5 4 ~  
pe rcen t  chord s t a t i o n .  

S l o t  s ize . -  The e f f i c i e n c y  of t h e  s l o t  i n c r e a s e s  rap- --------- 
i d l y  wi th  s l o t  s i z e  up t o  about 2  pe rcen t  of t h e  chord; 
then remains approximately cons tan t  f o r  a l l  t he  l a r g e r  
s i z e s  t e s t e d  ( f i g .  11) .  

hl lul t iple-slot  arrangemen@- A few mul t ip l e - s lo t  ar- 
rangements were t r i e d  wi th  both  methods of con t ro l .  The 
r e s u l t s  f o r  t h e  bes t  of t h e s e  a r e  shown i n  f i g u r e  12. 
None of t h e s e  arrangements appears  a s  f avo rab le  as t h e  
bes t  s ixigle-suction s l o t .  

I t  i s  obvious t h a t  t h e s e  r e s u l t s  do not r ep re sen t  t h e  
optimum t h a t  may be ob ta ined  from m u l t i p l e  s l o t s  s ince  i t  
mas no t  p r a c t i c a b l e  i n  t h e s e  t e s t s  t o  apply  t o  each ind i -  
v idua l  s l o t  t h e  c o r r e c t  s u c t i o n  accord ing  t o  i t s  l o c a t i o n  
on t h e  wing chord. Fu r the r  t e s t s  a long  t h i s  l i n e  were 
cons idered  o u t s i d e  t he  scope of t he  p r e s e n t  i n v e s t i g a t i o n .  

The r e s u l t s  f o r  a p e r f o r a t e d  cover ( i . e . ,  a s e r i e s  of 
1/32-inch spanwise s l o t s  spaced 2 i nches  a p a r t  a long  t h e  
wing chord) a r e  inc luded  i n  f i g .  8; 

A few t e s t s  were made wi th  a forward-opening s u c t i o n  
s l o t  a t  t h e  50-percent chord l o c a t i o n .  A 1-inch s l o t  gave 
r e s u l t s  ( n o t  shown) b e t t e r  t han  tho  bes t  pressure- type 
s l o t  but not  a s  good as t h e  bes t  normal-opening s u c t i o n  
s l o t *  

Summarz o f _ ~ r e l i m i n a r x  t e s t s . -  I n  s p i t e  of t he  unusua l  - - - -  -_- __----._-- -_--I-- 

wing s e c t i o n  and s h o r t  span of t h e  wing model, s e v e r a l  fn- 
t e r e s t i n g  f a c t s  were brought out  by the  p re l imina ry  t e s t s :  
( 1 )  The suct ion- type s l o t  appeared t o  be s e v e r a l  t imes 
more e f f e c t i v e  than  t h e  backward-opening pressure- type 
s l o t .  ( 2 )  A s i n g l e  l a r g e  s u c t i o n  s l o t  appeared t o  be bet- 
t e r  t han  any m u l t i p l e - s l o t  arrangement when t h e  same suc- 
t i o n  was a p p l i e d  t o  a l l  s l o t s .  ( 3 )  The e f f i c i e n c y  of a 
s l o t  i nc reased  very r a p i d l y  f o r  i n c r e a s i n g  widths  up t o  2  
percen t  of t h e  wing chord and remained approximately  con- 
s t a n t  f o r  a l l  l a r g e r  s l z e s  t e s t e d .  (4 )  For t h i s  t h i c k  
s e c t i o n  w i t h  i t s  well-rounded l e a d i n g  edge, t h e  bes t  s l o t  
l o c a t i o n  mas nea r  t he  midchord of t h e  wing. 



T e s t s  on a  16-Foot Wing 

In accordance  w i t h  t h e  f i n d i n g  of t h e  p r e l i m i n a r y  
t e s t s  o n l y  t h e  s u c t i o n  t y p e  of s l o t  w a s  i n v e s t i g a t e d  w i t h  
t h e  1 6 - f o o t  wing. 

I t  was a n t i c i p a t e d  t h a t  i n  g o i n g  t o  a  l a r g e  span and 
a  c o m p a r a t i v e l y  t h i n  wing,  some d i f f i c u l t y  would be ex- 
p e r i e n c e d  i n  o b t a i n i n g  un i fo rm d i s t r i b u t i o n  of t h e  quan- 
t i t y  of a i r  sucked o f f  t h e  wing a l o n g  t h e  span because  of 
t h e  f l o w  l o s s e s  i n s i d e  t h e  wing and t h e  i n c r e a s e  i n  t h e  
v e l o c i t y  of f l o ~  f rom t h e  t i p  t o  t h e  c e n t e r  of t h e  wing. 
I n  o r d e r  t o  minimize t h i s  e f f e c t  t h e  s l o t s  were t a p e r e d  
from a  w i d t h  of 0.0234C a t  t h e  c e n t e r  t o  0.035C n e a r  t h e  
t i p o  The shape of s l o t  mas de te rmined  by a d j u s t i n g  t h e  
t a p e r  u n t i l  t h e  p roduc t  of t h e  s q u a r e  r o o t  of t h e  wing 
p r e s s u r e  a n d  t h e  s l o t  w i d t h  a t  a l l  p o i n t s  a l o n g  t h e  span 
was c o n s t a n t ,  T h i s  r e s u l t  w a s  de te rmined  w i t h  t h e  wind 
t u n n e l  runn ing  and t h e  wing s e t  at a h i g h  a n g l e  of a t t a c k  

::. .* . below t h e  b u r b l e  p o i n t .  I t  shou ld  be n o t e d  t h a t  t h e  t h i n  
r e c t a n g u l a r  ~ i n g  i s  t l lus  handicapped a t  t h e  s t a r t  s i n c e  
a n  e x c e s s  s u c t i o n  must be p r o v i d e d  throughout  t h e  span i n  
o r d e r  t o  prov!.de t h e  mini:;lun s u c t i o n  r e q u i r e d  nea r  t h e  
wing t i p s .  Tne t a p e r e d  s l o t  minimizes t h i s  e f f e c t  t o  some 
e x t e n t  but  does n o t  e l i m i n a t e  i t .  

The r e s u . l t s  of t h e  t e s t s  on t h e  16-foot  wing a r e  pre-  
s e n t e d  i n  f i g u r e s  1 3  t o  24. For convenience t h e  r e s u l t s  
a r e  d i v i d e d  i n t o  f o u r  p a r t s .  The f i r s t  p a r t  d e a l s  w i t h  
t h e  normal  wing ( f i g s .  1 3  and  14), t h e  second w i t h  t h e  
p l a i n  f l a p  ( i , e . ,  h inged  t r a i l i n g  edge) ( f i g s .  1 6 ,  and 
17y: t h e  t h i r d  w i t h  a 2 5  p e r c e n t  s p l i t  f l a p  ( f i g s .  W* iq  I - s ? ~  
%f, and t h e  f o u r t h  w i t h  t h e  e f f e c t  of boundary-layer  con- 
t r o l  on t h e  d r a g  and L/D f o r  t h e  c o n d i t i o n s  of g l i d i n g  
f l i g h t ,  t a k e - o f f ,  and c l imb  ( f i g s ,  2 3  and 24) .  

P l a i n  w&n_g.- The e f f e c t  of removing t h e  boundary 
l a y e r  from t h e  16-foot  wing i s  p r i n c i p a l l y  a s m a l l  in- 
c r e a s e  i n  t h e  s l o p e  of t h e  l i f t  curve  and t h e  d e l a y  of 
t h e  s t a l l .  There i s  a l s o  a s l i g h t  s h i f t  of t h e  a n g l e  of 
zero  l i f t  t o  lower v a l u e s  but  t h i s  e f f e c t  i s  s l i g h t  corn- 

\ 

p a r e d  w i t h  what i t  w a s  on t h e  t h i c k  wing. The l i f t  c u r v e s  
a r e  shown i n  f i g u r e  1 3  f o r  s i x  s l o t  l o c a k i o n s .  The blower 
speed i s  c o n s t a n t  f o r  a l l  of t h e  t e s t s  and t h e  power ap- 
p r o x i m a t e l y  so,  The maxinum l i f t  i n c r e a s e s  a s  t h e  s l o t  i s  

r moved fo rward  on t h e  chord ,  The j e s t  s l o t  l o c a t i o n  a p p e a r s  
t o  l i e  between t h e  20-percent  a a d  t h e  11-percent  chord  lo-  
c a t i o n s .  T h i s  r e s u l t  i s  a l s o  i n d i c a t e d  by t h e  c u r v e s  o f  



maximum l i f t  a g a i n s t  poTer ( f i g .  14) .  A l l  t h e  power coof- 
f i c i e n t s  i n  t h i s  s e c t i o n  a r e  computed f r o m  t h o  a i r  pres-  
sure  and volune. 

The l o w  maxinun l i f t  ob t a ined  without c o n t r o l  i s  
probably duo t o  t h e  low Reynolds TJumber of t h e  t e s t s  
(about  650,000). A r a p i d  i n c r e a s e  i n  t h e  maximum l i f t  
wi th  ' i n c r e a s i n g  Reynolds Kumber i s  shomn by t h e  curve i n  
f i g u r e  15. This i n c r e a s e  i n d i c a t e s  t h a t  t h e s e  l i f t  re- 
s u l t s  should be i n c r e a s e d  f r o n  1 5  t o  20 pe rcen t  nhen com- 
p a r i n g  them v i t h  t h o s e  of t h e  t h i c k  wing i o  t ho  p rev ious  
sootion.  

PXain f l a p . -  The l i f t  curves  f o r  va r ious  f l a p  def lec-  
t i o n s ,  w i th  and without c o n t r o l ,  a r e  shomn i n  f i g u r e  16 .  
The s l o t  f o r  t h i s  cond i t i on  i s  l o c a t e d  on t h e  f l a p  i t s e l f ,  
3  pe rcen t  a f t  o f  t h e  hinge a x i s  o r  '73 pe rcen t  a f t  of t h e  
l ead ing  edge of t h e  wing. These curves  and those  i n  f i g -  

; u r e  1 7 ,  f o r  which the  s l o t  w a s  l o c a t e d  on t h e  main wing 
; at  20 pe rcen t  of t h e -  chord,  a f f o r d  an  i n t e r e s t i n g  cornpar- 
I ison. For t h e  l a t t e r  cond i t fon  t h e  maxim=--.l.ift f o r  a,ZL - 

the_-flap. deflect-%ens i s  sonewhat g r e a t e r  than  f o r  t h e  ming ---- -- -------.,-- ".--- --* -. 
without  t h e  f l a p  and ,  i n  all-cases; t he  s t a l l  occurs  above 
30°- angTe'--OF-aTtack. The s lope  of t h e  l i f t  curves ,  how- 
eve r ,  i s  l e g s  than t h a t  of t h e  0' f l a p  s e t t i n g ,  probably 
because of  t he  s e p a r a t i o n  o f  t h e  f low on t h e  f l a p  i t s e l f ,  
Contras t  t h e  s lope  of t h e s e  curves  and t h e i r  s e p a r a t i o n  
wi th  t h a t  of t he  l i f t  curves  i n  f i g u r e  16. Here t h e  s lope  

. o f  t h e  curves  i s  t h e  same a s  f o r  t h e  0' f l a p  ang le  and t h e  
curves  a r e  s epa ra t ed  by a d i s t a n c e  about t h r e e  t imes  as 
g r e a t  a s  i n  t h e  f o r n e r  case. Only t w o  of t h e  f l a p  a n g l e s ,  
30' and 45O, g i v e  maxinun l i f t s  g r e a t e r  than t h a t  of t h e  
bes t  c o n d i t i o n  f o r  t h e  wing a l o n e ,  but t h e s e  maximum l i f t s  
a r e  ob ta ined  a t  very much lower a n g l e s  of a t t a c k .  

S l o t  l o c a t i o n s  nea r  t h e  t r a i l i n g  edge appear  t o  be 
nore e f f e c t i v e  i n  main ta in ing  a  h i g h  l i f t - c u r v e  s lope;  
whereas t hose  near  t he  l e a d i n g  edge a r e  more e f f e c t i v e  i n  
ho ld ing  t h e  f low a t  h igh  a n g l e s  of a t t a c k .  From t h i s  re- 
s u l t  i t  would appear  d e s i r a b l e ,  on t h i s  s e c t i o n  at  l e a s t ,  
t o  u s e  two s l o t s ,  one a t  t h e  f r o n t  and one a t  t h e  rear .  

Fron c o n s i d e r a t i o n ~  of blower power r e q u i r e d  t o  ob- 
t a i n  a maximum l i f t ,  t h e  f l a p  arrangements a l l  appear t o  
be b e t t e r  than t h e  ming a l o n e  ( f i g .  18) .  

&lit ------ f lax.-  I t  i s  i n t e r e s t i n g  t o .  n o t e  t h a t  t h e  s lope  
of t h e  l i f t  cu rves ,  u s i n g  a s p l i t  f l a p ,  i s  very l i t t l e  



I 
d i f f e r e n t  w i th  and without  c o n t r o l  and t h a t  p r a c t i c a l l y  t h e  ' 
whole i n c r e a s e  i n  l i f t  wi th  c o n t r o l  i s  ob ta ined  by delay- 
ing  t h e  burb le  t o  h ighe r  a n g l e s  of a t t a c k  ( f i g .  19).  This  
arrangement was t h e  most f a v o r a b l e  t e s t e d  both  wi th  r e s p e c t  
t o  maximum l i f t  and blomer power ( f i g s .  20 and 21) . A? i n  
t he  ca se  of _--_. t h e   lain -. ..-__ wins . -,,." t@,~W s l o t  l - o ~ ~ $ ~ i i a r r . ~ . ~ ; g : , ~ ~ a _ r  
the  --, - A t  20-percent +&. .. .,"- + chord l i n e .  This  f esG1-t i s  slzoan i n  a d i f -  

? %  * ' * ,  
f e r e n t  nanner i n  figuFe"22 where t h e  aaximum l i f t  f o r  a 
cons tan t  blower lpower (cDS = 0.15) i s  p l o t t e d  a g a i n s t  

s l o t  l o c a t  ion.  

Conparing t h e  bes t  of t h e s e  r e s u l t s  ( f i g .  21) wi th  t h e  
bes t  o f  t h o s e  ob ta ined  wi th  t h e  t h i c k  ~ i n g  ( f i g .  8 ) ,  i t  i s  
c l e a r  t h a t  even though the  p r e s e n t  l i f t  c o e f f i c i e n t s  mere 
i nc reased  20 pe rcen t  t o  a l l o w  f o r  t h e  d i f f e r e n c e  i n  t h e  
s c a l e  o f  t h e  t e s t s ,  t 'neqomer reg*ired t~..p.p_t__a_i$,_a_g~&v-fi:~g 
l i f t  c o e f f i c i e n t  --- -- A would - s ty11  be s e v e r a l *  t imes t&t_ zegui red  
~-h?le7Xick.~~i.ng. --l-d-LII- -- -*- ~hfs---res?l%%- i s  not  s u r p r i s i n g  con"sl'd- 
erxiig t h e  s m a l l  r a d i u s  of curvature  of t he  l ead ing  edge of 
the  p r e s e n t  wing i n  comparison wi th  t h a t  o f  t h e  t h i ck -one  
and t h e  d i i ' f i c u l t y ,  mentioned be fo re ,  of ob t a in ing  uniform 
s u c t i o n  a long  t h e  span, 

E f f e c t  oa a ~ g l e  e-o-$.-gl_i&e.- The g l id ing- f  l i g h t  char- 
a c t e r i s t i c s  of the wing wi th  t h e  f u s e l a g e  a r e  shown i n  \ f i g u r e  23 wi th  and without c o n t r o l  f o r  t h e  normal wing and :.',dm"" rd 
the  wing w i t h  s p l i t  f l a p .  The L[D, hence t h e  g l i d i n g  
ang le  at  t h e  maximum l i f t  of t h e  normal wing, i s  a l m o s t  
i d e n t i c a l  w i th  and without c o n t r o l .  Tn case  of t h e  s p l i t  
f l a p ,  however, t h e r e  i s  a smal l  decrease  i n  L/D at t h e  
maximum l i f t  wi th  c o n t r o l ;  hence t h e  gliding--angB&e_.wo~ld 
be i i icreased s l i g h t l y  wi th  conrro-X;-'*'It should be noted - . _-_ .._--- -- ---.I * -0 -..-_- - _ . - 
t h a t  the  drag c o e f f i c i e n t s  p l o t t e d  he re  a r e  computed from 
the  measured drag and do -+..-. not ..- .--w--M~-a.-.., i nc lude  , -. t h e  equ iva l en t  drag 
t o  account f o r  t h e  power of t h e  blower,  hence a r e  not ap- 
p l i c a b l e  t o  power f l i g h t .  The nega t ive  drag  c o e f f i c i e n t s  
t h a t  occur a t  low a n g l e s  o f  a t t a c k  simply G d i c a t e  that:- - 
t h e  r e a c t i o n  of t h e  blower a t ,  f o r  t h l s  h igh  blower power 1 .-.<-.-*-,.".----- --.---,."<--- .---- -- - 
c o e f f i c i e n t ,  i s  g r e a t e r  than t h e  drag of t h e  win&,&.,-e.).).).).).) 1 

*-OI..-C-I--.I..- 

t he  j e t  i s  p r o ~ e l l i n g t t h e  wing. This  cond i t i on  i s  of l i t -  ! . . " . .  --- ..... ..-.t.- -- 
tie p r a c t i c a l  s i g n i f i c a n c e  s i n c e  i t  i s  h a r d l y  conce ivab le  I 
t h a t  such a p ropu l s ive  system could be made a s  e f f i c i e n t  , I ' 

3 I 

a s  a simple screw p r o p e l l e r ;  mi th  t h e  present-day a i r p l a n e  
at  l e a s t .  I .  

\ 

E f f e c t  on drgg-a_9d --.- d-~-.-l)%t_gg.- A l l  o f  t h e  foregoing  
d i s c u s s i o n  has  had mainly t o  do wi th  t h e  l a n d i n g ,  o r  power- 



o f f  f l i g h t ,  c o n d i t i o n ,  m h e r e ~ c o n s i d e r a t i o n a  .of d rag  a r e  
of on ly  minor importance,  Iu a cons ide ra t ion  of t h e  power- 
on f l i g h t  c o n d i t i o n s  of take-,off and c l imb,  Bowev'er, t h e  
drag c h ' a r a c t e r i s t f c s  a r e  of m a j b r  importance. To t h e  
drag of t h e  wing, t h e r e f o r e ,  nus t  be adde'd a n  e q u i v a l e n t  
drag c o e f f i c i e n t  t o  accou'nt f o r  t h e  power expended by t h e  
bl.over. This  drag c o e f f i c i e n t  i s  i d e n t i c a l  wi th  t h e  power 
c o e f f i c i e n t  . 

- 

t h a t  has  been used i n  t h e  p rev ious  paragraphs .  That i t  may 
alsa be used a s  a drag c o e f f i c i e n t  i s  seen from t h e  follow- 
ing  i d e n t i t y  

where De  i s  de f ined  a s  an 'equ iva l ' en t  drag. , . 

Furthermore,  s ince '  t he  blower power v a r i e s  as the  cube 
of t h e  speed of t r a n s l a t i o n ,  t h e  h igh  c o e f f i c i e n t s  neces- 
s a ry  f o r  t h e  maximum, l i f t  c o n d i t i o n  a r e  of l i t t l e  i n t e r e s t  
i n  t h e  range of take-off  and' climb. IIence a special.  s e r i e s  
of t e s t s  were run  f o r  t h i s  c o n d i t i o n ,  These t e s t s ' w e r e  
made at a tunne l  speed o f  about  80 mi,$es p e r  bour and t h e  1 s l o t  was l o c a t e d  near  t h e  t r a i l i n g  edge of t h e  wing (91 -  ' 

1 ,  pe rcen t  chord) .  This  , s l o t  l o c a t i o n  mas chosen f o r  s e v e r a l  ' I 

reasons.  F i r s t ,  t h e  p rev ious  t e s t s  i n d i c a t e d  t h a t  f o r  t h e  
same blower power t h e  l i f t - c u r v e  s lope  inc reased  $ l i g h t l y  
a s  t h e  s l o t  was moved away from the  l ead ing  edge. Second, 
wi th  r e s p e c t  t o  economy of blower power t h e  t r a i l & - n g ~ e d g e  
l o c _ a . t ~ ~ o ~ . - a ~ ~ - e a r ~ s  t~ _be the-gqgt - -AI.-- l o g i c a l  ..--. +.., .-- p l a c e  , I. -. . t o  t a k e  -i& 
t h ~ a - i x ,  ST-nce t h e  v e l o c i t y  i n  t h e  boundary lxayer i s A  Iow- 
e s t  a t  t h i s  'point  anZ--the o a " T o p  of t h e  w3ng' is  

, highes$+. The exhaus%' v e l a c i t y  o f  t.he bxa'wer %ils'&pprrbTi- , - - .  
mately equa l  - t o  t h e  t unne l  v e l o c i t y  f o r  t h e s e  t e s t s .  

-The  p o l a r s  w i th  and without  c o n t r o l  a r e  compared i n  
f i g u r e  24. The a b s c i s s a  i n  t h i s  case  i s  t h e  sum of  t h e  
meaimred d rag  c o e f f i c i e n t  p l u s  t h e  equiva len t  drag coe f f i -  
c i e n t  (CD + CDS). The p r o f i l e  d rag  i s  cons iderab ly  re-  

duced throughout t h e  range of l i f t  c a e f f i c i e n t s  correspond- 
i n g  t o  take-off  and cl imb and,  i n  consequence, t h e  L/D 
r a t i o  i s  cor respohdiag ly  i nc reased .  The mi4~mum drag  i s  
i nc reased  somewhat by boundary-layer c o n t r o l .  



CONCLUSION 

I t  i s  i n t e r e s t i n g  t o  compute how much power would be 
r equ i r ed  t o  c o n t r o l  t h e  flow on an  a c t u a l  a i r p l a n e .  The 
fo l lowing  example i s  worked out  f o r  a l i g h t  a i r p l a n e .  As- 
sume 

Wiag a r e a  160 sq. f t .  

. . . . .  Wing load ing ,  W / S ,  10 lb . / sq .  f t .  

. . . . .  Blower e f f i c i e n c y  65 percen t  
/ 

Engine horsepomer . . . . . .  95 

From curve A i n  f i g u r e  8 t h e  blower power c o e f f i c i e n t  
r e q u i r e d  f o r  a l i f t  c o e f f i c i e n t  of 3.0 i s  

- power - power CDS - 0.028 = ------ - - 
qsv s + p v 3  

V i n  this case  i s  t h e  s t a l l i n g  speed which f o r  t he  fore -  
going wing load ing  and l i f t  coefficient i s  53.1 f,t./sec, 

CD, s + p v3 
Blover power t hen  = ---------------- 

blower e f f i c i e n c y  

= 2.24 horsepomer 

The vo lumet r ic  c o e f f i c i e n t  f o r  t h e  same l i f t  i s  ob- 
t a i n e d  from f i g u r e  9. 

CQ = = 0.0085 
VS 

t h e  volume = Q = 0,0085 X 53.1 X 160 = 72.2 cu, f t . / s ec .  

The s u c t i o n  r e q u i r e d  i s  



o r  (UP) = 2.3 X 3.36 = 7.72 1b./sq. f t .  

From t h i s  example i t  i s  qeen t h a t  t h e  power and suc- 
t i o n  r e q u i r e d  a r e  extremely low. The volu'me 02 a i r  handled 
p e r  u n i &  of t i n e ,  however, i s  q u i t e  -hig.h .sad i n d i c a t e k  t h e  
need of cons ide rab le  duct  area i n  o rde r  t o  keep the  .flow 
l o s s e s  i n s i d e  t h e  wing at a minimum and keep a uniform mc-  
t i o n  throughout t h e  span. This  requirement can p o s s i b l y  
be met by using.  a t ape red  wing. Such a  wing' i s  now under 
cons t ruc t ion .  This  wing a l s o  has  a h igher  camber and 
th t ckness  t h a n  most conveat2onal  wings. 

. . 
Langley l+lemorial Aeronaut ica l  Laboratory,  

Nat iona l  Advisory Committee. f o r  Aeroaau t i c s ,  
Langley F i e l d ,  V a . ,  IGarch 20, 1935. 
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Figure 1.- Wing and blower for boun8wy-Layer tests. 
Pressure-slot arrangement. 









Figure 6.-  Effect of wing Preeeura on l i f t .  6uction slot norm61 to  surface. 
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Figure 7.- Large suction slots normal to surface. 



Y.A.G.A. Fig. 8 
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Figure 8.- Gomwtson of w e t  favorable slot arrangements wi th  previous m o b 1  
teats. Ideal blower. 
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T i w e  10.- Effeot of alot position on poser ooeffiaient. One inoh ewtion alot. 

Slot width, percent chord 
P i w e  11.- Eifectt of ebot wi84h on power ooefficiea%. 61uati09 slote - 





Piguze 13.- Effeot; of slot loca$iea on l i f t  
of p l a n  w i n g .  
Blower speed oomtw%. 
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Figure 18.- Y a x i ~ a u m  lift variation with blower power. 
Plaie flap. I&& blsouar, 
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Figure 20.- Maximum l i f t  variation with blower power. 
Sp l i t  flap 50°. Ideal blbwer. 



Slot locafion, X chord 
Figure 22.- Effect of s lo t  location. Wing with epl i t  flap. 

Figure 21.- Comparieon of maximum l i f t  with normal wing, plain flap 
snd s p l i t  flap. Ideal blower. 



Drug coe f fl'cient, C' fmeasured) 
Figure a3.- l ing oheraateriatfos with and without oontrol for gli&ing fl igh$. 
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