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. BOUNDARY LAYER REMOVAL BY SUCTION* 
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INTRODUCTION 

The removal by suction of the boundary layer as a 
means of preventing the breakedown of flow is s o  univer- 
sally known in its physical principle as to require no 
further discussion. On the other hand, it might be ap- 
pcopriate to call attention to a second phyaical phe- 
nollienon which is often coupled with.the actual boundary 
layer removal by su-ction, but which is aerodynamically 
entirely unrelated to-it. This is the so-called "sink 
effect",of the suotion, In the sense of the'potential 
theory a suction orifice is a sink. Upstream the sink 
effects a velocity increase, downstream a velocity de- 
crease of,the principal flow. Both die out with increas- 
ing distance from the sink, leaving a pressure variation 
as shown in figure 1. Before and behind the"suction 
point the pressure rise, to be overcome'by the flow, de- 
creases, and a certain part o f  the total pressure rise 
disappears, in fact, completely. The sink effect of the 
suction is therefore a distortion of the pressure varia- 
tion, which in turn affects the formation of the boundary 
layer again in a favorable sense. Naturally it plays no 
important part on the sink effect whether the sucked-out 
fluid is merely boundary layer material or not. 

On the realization of the -total effect the simple 
boundary-layer removal by suction and the sink effect may 
participate in very different measure from one case to the 
next. The entire problem has been explored thoroughly at 
G8ttingen. These results have been recently augpeated by 
studies carried out under the direction of Professor 
Ackeret at ZErich. 

It should be stressed, however, that a theory of 
boundary layer removal by suction,.which can be mathemati- 
cally carried out in individual examples, would constitute 

^*l fGrenzschich tabsaugung,  I' Luftwissen, vol. 7 ,  no- 12, Dee- 
1940, pp. 409-14. 
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a g r e a t  r e l i e f  and h a l p  f o r  e x p e r i m e n t a l  l a b o r .  The num- 
b e r  o f  v a r i a b l e s  i n  s u c t i o n  expe r imen t s  i s  a lways  v e r y  
g r e a t  and  might be c o n s i d e r a b l y  r educed  by a p p r o p r i a t e  
c a l c u l a t i o n s .  

O f  l a t e  t h e  i n t e r e s t  on s u c t i o n  h a s  a l s o  t ended  toward 
t h e  p o s s i b i l i t y  of improving such  f l o w s  a t  which no danger  
0 %  s e p a r a t i o n  e x i s t s ,  5.+e., t o  r e d u c e  t h e  f r i c t i o n  d r a g  
f r o m  s u r f a c e s .  Such a d r a g  r e d u c t i o n  i s  hoped f o r  f r o m  t h e  
l a m i n a r  f r i c t i o n  l a y e r  a c h i e v e d  through s u c t i o n ,  I t  i s  a 
t h e o r e t i c a l l y  p o s s i b l e ,  though n o t  v e r y  promising,way o f  
r a i s i n g  t h e  per formance  w i t h  t u r b u 2 e n t  boundary l a y e r s  even 
w i t h o u t  p r e s e r v i n g  l a m i n a r  f l o w ,  t o  speed  up t h e  f r i c t i o n -  
a l l y  r e t a r d e d  l a y e r  n e x t  t o  t h e  wall enough s o  that  i t  is 
a t  r e s t  a g a i n  r e l a t i v e  t o  i t s  su r round ing .  Bu t ,  i f  i t  
succeeds  through s u c t i o n  t o  keep  t h e  f r i c t i o n  l a y e r  l a m i n a r  
a t  t h e  same t i m e ,  i t  r e s u l t s  i n  

1. A v e r y  material  r e d u c t i o n  o f  t h e  a i r  e n t r a i n e d  by  
t h e  f r i c t i o n ,  f o r  which a r e - a c c e l e r a t i o n  comes 
i n t o  q u e s t i o n ;  

2. k v e r y  e f f e c t i v e  shear s t r e s s ‘ r e d u c t i o n .  

I t  i s  q u e a t i o n a b l e  o n l y  whether  t h e  f l o w  can b e  k e p t  
l a m i n a r  by s u c t i o n .  At tempts  known 80 far h a v e ,  a t  any 
r a t e ,  adduced no  p o s i t i v e  r e s u l t s .  F u r t h e r  e x p l o r a t i o n  O f  
t h e  t r a n s i t i o n  problem i t s e l f  i s  a l s o  u r g e n t l y  d e s i r e d .  

P r a c t i c a l  Aspec ts  a f  S u c t i o n  

The f o l l o w i n g  i s  a b r i e f  s u r v e y  o f  t h e  p o i n t s  o f  view 
a c c o r d i n g  t o  which s u c t i o n  t e s t s  on wings shou ld  be eva lu -  
a t e d .  T h i s  d i s c u s s i o n  i s  l i m i t e d  t o  t h e  a s p e c t  of i n c r e a s e  
g f  maximum l i f t  -. 

Next t o  t h e  l i f t ,  t h e  s u c t i o n  volume 9 w i t h  t h e  non- 

d imens iona l  f a c t o r  c 9  = vF Q and t h e - s u c t i o n  p r e s s u r e  p 

W i C h  cp - - a r e  t h e  m o s t  i m p o r t a n t  q u a n t i t i e s .  They 
( p / 2 ) v 2  

d e f i n e  t h e  p u r e  s u c k i n g - i n  pow*r;which on t h e  a i r p l a n e  i s  
supplemented by t h e  power l-osrfss --arid the  d i s c h a r g e  power. 
These t w o  q u a n t i t i e s  i n c r a a e e .  . cons ide rab ly  w i t h  t h e  volume 
e s p e c i a l l y  by r e a s o n  o f  t h e  r e s t r , i c t e d  space  i n  modern a i r -  

power. 
# c r a f t  and  map e a s i l y -  become a m u l t i p l e  o f  t h e  suck ing- in  
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. Magnitude of volume, p r e s s u r e , a n d  power govern %he 
type  and  t h e  d imens ions  of t h e  s u c t i o n  sys tem and t h e  way 
o f  t h e  power supply .  If the  s u c t i o n  power f o r  d i r e c t  
w i thd rawa l  f r o m  t h e  r e l a t i v e  wind (by  f i x e d  o r  r o t a t i n g  
s u c t i o n  d e v i c e s )  i s  t o o  g r e a t ,  s 9 e c i a l  d r i v i n g  mechanisms 
o r  ene rgy  a c c u m u l a t o r s  must be p r o v i d e d  o r  t h e  power 
branched  o f f  f r o m  t h e  p r o p e l l e r  d r i v e .  

The maximum l i f t  of t h e  s u c t i o n  wing i s  no f i x e d  f ac -  
t o r  but a f u n c t i o n  of  t h e  blowing-out volume. G r e a t e r  
volumes g i v e  h i g h e r  maximum l i f t ,  but on r a i s i n g  c, be- 
yond a c e r t a i n  measure t h e  volume g e n e r a l l y  r i s e s  f a s t e r  
t h a n  t h e  l i f t ,  s o  t h a t  t h e  t h e o r e t i c a l l y  o b t a i n a b l e  l i f t  
c o e f f i c i e n t s  up t o  a round  ca = 6 a r e  n o t  l i k e l y  t o  b e  
u t i l i z e d  f o r  t h i s  v e r y  reason .  

L a s t l y ,  s u c t i o n  r e s u l t s  must be c h e c k e d - f o r  l o g i & a l  
biower l o a d i n g  i n  all f l i g h t  s t a g e s ,  i . e . ,  t o  a s s u r e  t h a t  
a c e r t a i n  power r e s e r v e  e x i s t s  a t  a l l  speeds  above Vmin 
and t h a t  t h e  blower i s  a b l e  t o  h a n d l e  t h e  t h e n  e x i s t i n g  
s u c t i o n  p r e s s u r e .  

To what e x t e n t  t h e  s u c t i o n  i s  advan tageous  f o r  t h e  
t a k e - o f f  when t h e  power i s  b raached  o f f  f r o m  t h e  main 
d r i v e  remains i n  e v e r y  c a s e  a problem o f  a s p e c i a l  check. 
The s u c t i o n  lowers  t h e  t ake -o f f  speed  and t h e  t h rus t .  The 
e f f e c t s  on t h e  t a k e - o f f  r u n  must be  checked a l s o ,  w i t h  due 
c o n s i d e r a t i o n  i n  t h e  t o t a l  b a l a n c e  t o  the  s i n k  r e s i s t a n c e  
a s s o c i a t e d  w i t h  t h e  blowing-out  and t h e  r e a c t i o n  o f  t h e  
S l o w i n g - o u t  . 

Since  t h e  a i r f o i l s  su i tab le  f o r  h i g h - l i f t  s u c t i o n  
a r e  i n f e r i o r  i n  p r o f i l e  d r a g ,  up t o  t h e  p r e s e n t  a t  l e a s t ,  
t o  t h e  c r t h o d o x  a i r f o i l s  of f as t  a i r p l s n e s ,  t h e  p r o f i l e  
d r a g  of t h e  fo rmer  at  l o w  e a  i s  also an  i m p o r t a n t  f ac -  
t o r  i n  t h e  e v a l u a t i o n .  B o r  t h e  d e s i g n  of  t h e  l a n d i n g  g e a r  
and t h e  d imens ions  of t h e  h o r i z o n z a l  t a i l  surface the  an- 
g l e s  of a t t a c k  a n d  t h e  wing moments employed t o  a t t a i n  t h e  
l i f t  a r e  o f  g r e a t  importance.  

As conce rns  t h e  f l i g h t  c h a r a c t e r i s t i c s  i n v o l v e d  w i t h  
s u c t i o n ,  t h e r e  a r e  s e v e r a l  p a r t i c u l a r  and n o t  un impor t an t  
problems which,  b r i e f l y ,  comcr i s e :  . .  

1, The b e h a v i o r  o f  a s u c t i o n  a i r p l a n e  a t  s t a l l i n g ;  

2,  Landing w i t h  s u c t i o n .  s t o p p e d ,  e s p e c i a l l y  emergency 

3.  Sudden f a i l u r e  of s u c t i o n  d u r i n g  s l o w  f l i g h t ,  

l a n d i n g  i n  unprkpared, 
- *  
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Among ttke modern h i g h - l i f t  d e v i c e s  t h e  Fowler f l a p  
comes c l o s e s t  t o  t h e  s u c t i o n  wing as f a r  as performance 
is  concerned.  As t o  t h e  s u c t i o n  i t s e l f ,  a r e c h e c k  of a l l  
t h e  c i t e d  p o i n t s  o f  view i s  n e c e s s a r y  f o r  any  e v e n t u a l  
drawbacks,  a l t h o u g h  i t  is s u p e r i o r  t o . t h e  Bowler f l a p  
i n  maximum l i f t  and s i m p l i c i t y  of wing d e s i g n ,  

RESULTS OF TESTS 

3rag Reduct ion  

i J h i l e  u n u s u a l l y  t h i c k  a i r f o i l s  (240 p e r c e n t  t h i c k n e s s  
r a t i o )  c o u l d  be m a t e r i a l l y . i m p r o v e d  a c c o r d i n g  t o  e a r l i e r  
t e s t s ,  v a r i o u s  a t t e m p t s  w i t h  airfoils o f  cus tomary  t h i c k -  
n e s s  nave s o  f a r  g iven n o  a p p r e c i a b l e - i m p r o v e m e n t ,  w i t h  
e x c e p t i o n  of t h e  e x p e r t m e n t a l  a i r p l a n e  b u i l t  by Wi le s ,  i n  
England ( f i g ,  2). The upper  s u r f a c e  o f  h i s  wing i s  cov- 
e r e d  f o r  t h e  g r e a t e r  p a r t  w i t h  p e r f o r a t e d  s h e e t  me ta l .  
S e p a r a t e  Longi tuOina l  c h a n n e l s  convey t h e  s u c t i o n  a i r  t o  
t h e  blower i n  t h e  f u s e l a g e .  According t o  t h e  drawing,  t h e  
a i r f o i l  t h i c k n e s s  a t  t h e  r o o t  amounts t o  abou t  20 p e r c e n t .  
A n  e v a l u a t i o n  o.f t h e  f l i g h t  t e s t s  gave a p r o f i l e  d r a g ‘ r e -  
duction o f  a b o u t  22 p e r c e n t .  Th i s  f i g u r e ,  i f  i t  i n c l u d e s  
t h e  b l o w e r  per formance ,  i s  more f a v o r a b l e  t h a n  t h e  r e s u l t s  
p u b l i s h e d  e l sew? n e r e .  

Higli-Lif t Weasurements 

;{e r e c a l l .  t h e  G a t t i n g e n  h igh-1 i f . t  measurements on t h e  
a i r T o i l  wit4 40 p e r c e n t  t h i c k n e s s .  I t  a f f o r d e d  l i f t  coe f -  
f i c i e n t s  up t o  5 w i t h o u t  d i f f i c u l t i e s ,  b u t  any  f u r t h e r  i n -  
c r e a s e  seemed imposs ib l e .  

A c q r s o r y  check w i t h  t h i s  a i r f o i l  on  t h e  b a s i s  o f  
= 0.017 a,id c8 E -2  for ca = 4 g i v e s ,  f o r  a ZO-ton CP 

a i r p l i n e  o f  100-square-meter  wing a r e a ,  a s u c t i o n  volume 
o f  60 c u b i c  m e t e r s  per second a t  minimum speea .  The suck- 
i n g - i n  power w i t h  no a l lowance  f o r  t h e  e f f i c i e n c y  amounts 
t.o 120  horsepower.  A l l  i n  a l l ,  a horsepower of from 250 
t o  300 horsepower shou ld  be s u f f i c i e n t  f o r  such  a i r c r a f t  
with s u c t i o n  ove r  the  t o t a l  s u r f a c e .  Th i s  example g i v e s  
t h e  power r e q u i r e d  unde r  e s p e c i a l l z  f a v o r a b l e  assumpt ions .  
For  d e s i g n s  w i t h  t h i n n e r  a i r f o i i s  and s u c t i o n  f l a p s ,  as 
i n v o l v e d  i n , p r a c t i c a l  d e s i g n ,  t h e  power w i l l  be more  un- 
favorable. TPota1 power v a l u e s  Can be  e s t f m a t e d  o n l y  under  
a g r e a t  many s p e c i a l  a s sumpt ions  wi thou t  g e n e r a l  v e l i d i t y .  
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. S u c t i o n  p r o f i ' l e s  o f  n o r m a l  t h i c k n e s s  w i t h o u t  f l a p  
need ,  a c c o r d i n g  t o  U.S .  and s imi la r  Germen s t u d i e s ,  no 
l a r g e  suc t ion  volumes f o r  moderate  l i f t  i n c r e a s e s  (up t o  
Aca z 0.5). But f o r  g r e a t  ca i n c r e a s e s  t h e  volumes 
grow enormously.  Of t h e  r e s u l t s  of new U.S. s u c t i o n  pro-  
f i l e  s t u d i e s ,  n o t h i n g  h a s  been p u b l i s h e d  s o  far. 

More r e c e n t l y ,  s o m e ' e x h a u s t i v e  s t u d i e s  have been made 
on s u c t i o n - f l a p  a i r f o i l s  a t  G a t t i n g e n ,  F lapped  a i r f o i l s  
( f i g .  3) have t h e  f o l l o w i n g  advan tages  over  s i m p l e  s u c t i o n  
p r o f i l e s  : 

2 .  Lower s u c t i o n  volume; 

2. S m a l l e r  a n g l e s  of a t t a c k ;  

3 .  Higher  ca v a l u e s  by s topped  s u c t i o n .  

The s u c t i o n - f l a p  a i r f o i l s  s h a r e  t h e  h i g h  wing moments 
w i t h  t h e  Fowler  f l a p s .  

F i g u r e s  3 and 4 compare t h e  r e s u l t s  o f  a p r o f i l e  o f  
20-percent  and one o f  12 -pe rcen t  t h i c k n e s s ,  b o t h  w i t h  r e -  
v e r s e d  c u r v a t u r e  i n  t h e  mean l i n e .  The worsen ing  w i t h  
d e c r e a s i n g  t h i c k n e s s  i s  e x c e p t i o n a l l y  s e v e r e .  With s u i t -  
a b l y  chosen shapes"aand a t  l a r g e r  Reynolds nilmber,the va l -  
ues  f o r  t h i n  a i r f o i l s  can  pe rhaps  be improved, % u t  t h e  
s p e c i a l  d i f f i c u l t i e s  of  t h e  s u c t i o n  o n  t h i n n e r  a i r f o i l s  
a r e  p l a i n l y  v i s i b l e .  

The marked r e l a t i o n s h i p  between t h e  r e s u l t s  and t h e  
a i r f o i l  f o r m  i s  shown i n  a n o t h e r  t e s t  o n  a n  a i r f o i l  s i m i -  
l a r  t o  t h e  NACB 6218 ( f i g s .  5 and 6 ) .  The l a r g e r  Reynolds  
number aad e s p e c i a l l y  t h e  a i r f o i l  shape have improved t h e  
r e s u l t  c o n s i d e r a b l y .  The e a r l i e r  r e s u l t s  a r e  i n d i c a t e d  
by t h i n  l i n e s  f o r  comparison. O t h e r , t e s t s  d i s c l o s e d  a 
marked s u s c e p t i b i l i t y  even t o  minor  ' form changes.  This  
s u p p o r t s  t h e  b e l i e f  t h a t  t h e  c l e a r i n g - u p  of t h e s e  flow 
problems and the  e % a c t  knowledge of t h e  f o r m  e f f e c t s  might 
f u r n i s h  t h e  p o s s i b i l i t y  f o r  f u r t h e r  per formance  improver. 
ments.  

The s u c t i o n  A i r p l a n e  AF1 o f  t h e  Aerodynamic Labora6ory 

Having accumula ted  v a r i o u s  wind- tunnel  data  on s u c t i o n -  
f l a p  a i r f o i l s ,  t h e  AVA d e c i d e d  t o  t e s t  t h e  t h e o r y  on a n  
a c t u a l  a i r p l a n e  i n  f l i g h t .  Various e n g i n e e r s  and p i l o t s  o f  
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t h e  BVh c o l l a b o r a t e d ,  among them Mr. WFSckner, t h e  d e s i g n e r  
and f i r s t  t e s t  p i l o t ,  D r .  I-I. B. Helmbold, D r .  M .  Koh le r ,  
D r .  W .  Fli igge,  D r ,  J .  S t i i pe r ,  and t h e  w r i t e r .  

The f l i g h t - t e s t  program was in t ended .  t o  c l e a r  up 

1. The p o s s i b i l i t y  and ' the  e f f i c i e n c y  of t h e  s u c t i o n  
i n  f l i g h t ;  

, 2. The e f f e c t  of s u c t i o n  on t h e  f l i g h t  c h a r a c t e r i s -  
t i c s ;  

3. The e f f e c t  of  s u c t i o n  s t o p p a g e ,  e s p e c i a l l y  of sud- 
den s toppage  d u r i n g  s l o w  f l i g h t :  

4. Comparison of  f l i g h t  t e s t  and wind- tunnel  data .  

S i g u r e  7 i s  a g e n e r a l  a r rangement  drawing  of t h e  a i r -  
p l a n e  w i t h  a wing l o a d i n g  of  a b o u t  55 kg/m2 (11.3 l b / s q  f t ) .  
The s u c t i o n  f l a p s  extendect over  t h e  t o t a l  span .  The pro-  
p e l l e r  o u t p u t  amounted t o  about  220 horsepower ,  t h e  s u c t i o n  
p o w e r  approx ima te ly  20 horsepower.  Some 02 t h e  f e a t u r e s ,  
e s g e c i e l l y  t h e  end p l e t e s  a c d  t h e  a i l e r o n s  suspended below 
t h e  wings ,  were n o t  e s s e n t i a l  f o r  t h e  a u c t i o n  b u t  mere ly  
e e r v e d  f o r  t h e  s p e c i a l  i a s t r u n e n t a l  pu rposes  and as a 
m a t t e r  o f  s a f e t y  w h i l e  t e s t i n g  a new p r i n c i p l e ,  s i n c e  t h e  
b e h a v i o r  of t h e  g l o w  and 'the s o u r c e s  of dange r  c o u l d  n o t  

- - -  be e n t i r e l y  f o r e s e e n .  

?he s u c t i o n  f a n  w a s  mounted i n  the  f u s e l a g e  ( f i g .  8 ) .  
The a i r  p a s s e d  between t h e  s p a r s  t o  t h e  f u s e l a g e .  F i g u r e s  
9 and, 10 a r e  .two d i f f e r s n t  views o f  the,  machine.  The 
t e s t s  were accompl ished  wi thou t  inc id-ent  due t o  t h e  s u c t i o n  
as such. The s u c t i o n  c r e a t e d  no u n r e s t  o r  u n c e r t a i n t y  i n  
t h e  a c t i o n  o f  t h e , m a c h i n e  a t  normal f l i g h t  a t t i t u d e s . -  The 
b e h a v i o r  a t  s t a l l  and by sudden s toppage  o f  s u c t i o n  was 
v e r y  c a r e f u l l y  checked. In  a slow s t a l l  t h e  a i r p l a n e  
t i p p e d  v i o l e n t l y  a n d  sudden ly  over  t h e  wing,  but i t  d i d  
n o t  c o n t i n u e  i n t o  a s p i n ;  i n s t e a d  i t  p i cked  up  Bpeed a g a i n  
very: qu ick ly .  Thia  p o i n t  i s  b e i n g  g i v e n . s p e c i a . 1  a t t e n t i o n  
i n  t h e  f u t u r e .  

However, if  t h e  s u c t i o n  was sudden ly  s t o p p e d  a l i t t l e  
below maximum car t h e  raach3.ne. d i d  not t i p  s ideways but  
s l i g h t l y  fo rward .  Then i t  assumed a s t a t i o n a r y  f l i g h t  a t -  
t i t u d e  with.o.ut suct.i.on. An a c c i d e n t a l l y  uqexpec ted  s t o p -  
p i n g  o f  th,e s u c t i o n  -near  t h e  ,ground c.auld be. c o n t r o l l e d  by 
t h e  t h r o t t l e .  . a 
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The m o s t  i m p o r t a n t  r e s u l t  i s  t h a t  t h e  f l i g h t - t e s t  
d a t a  and t h e  wind- tunnel  da ta  on s u c t i o n  p r o f i l e s  a r e  
s u b s t a n t i a l l y  i n  agreement .  The l i f t  v a l u e s  found i n  t h e  
model t e s t  can  be a c t u a l l y  f l o w n  and used  as a bas i s  f o r  
t h e  des ign .  To v i s u a l i z e  t h e  a c t i o n  of t h e  s u c t i o n ,  t h e  
flow c o n d i t i o n s  wi th  a n d  w i t h o u t  s u c t i o n  on t h e  upper  
s u r f a c e  were pho tographed ;  f i g u r e s  1 2  t o  1 5  a r e  s e c t i o n s  
of t h e  f i l m .  

This  a r t i c l e  i s  mere ly  i n t e n d e d  as a b r i e f  o u t l i n e  
of t h e  s t a t e  o f  r e s e a r c h  o n  s u c t i o n ,  a problem t h a t  is 
s t i l l  f a r  from b e i n g  s o l v e d .  Whether i t  w i l l  be p o s s i b l e  
t o  overcome a l l  t h e  o b s t a c l e s  depends upon t h e  a c t u a l  
t e s t i n g  i n  p r a c t i c e ,  Undoubtedly,  many e f f o r t s  i n  the! 
l i n e  o f  r e s e a r c h  and d e s i g n  w i l l  be  n e c e s s a r y .  

T r a n s l a t i o n  by J. Van ie r ,  
N a t i o n a l  advisory Committee 
f o r  Aeronautics. 
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Figure 1.- Sink effect of the suction. 

Figure 2.- View 
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