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EXPERIMEBTS WITH A V I N G  FROi6 T I I I C H  THE BOUBDARY LAYER 

By Oskar Schrenk 

Severa l  yea r s  ago, when t h e  i d e a  of a t e c h n i c a l  a2p l i -  
c a t i o n  of t h e  removal o f  t h e  boundary l a y e r  by suc t ion  
f i r s t  a r o s e ,  i t  w a s  expected t o  o b t a i n  from t h i s  appl ica-  
t i o n  t h e  e a r l y  r e a i i z a t i o n  of d e f i n i t e ,  t e c h n i c a l l y  d e s i r -  
a b l e  f o r n s  .of f l ow, -wh ich  had long  been t h e o r e t i c a l l y  known 
as potent:  a1  f lows ,  but  were imposs ib le  i n  p r a c t i c e ,  be- 
cause t h e  s t r eaml ines  separa ted  from t h e  su r f ace  of t h e  ob- 
j e c t  i n  t h e  s t rong ly  d iverg ing  f i e l d s  of f low r e s u l t i n g  
from t h e  g r e a t  i n c r e a s e  i n  p ros su ro  (e'.g., on t h i c k  ob- 
j e c t s  and on wings at l a r g e  ang le s  of a t t a c k ) .  

Thc p h y s i c a l  p r i n c i p l e  of p reven t ing  t h i s  s e p a r a t i o n  
by removing the boundary l a y e r  i s  simplo and a s  o ld  a s  t h e  
boundara-layer thoory i t  s e l f .  The t echnica l  problam, how- 
ever ,  could not  be solved by a model t o s t  d i r e c t l y  adapted 
t o  t he  s p e c i a l  c o n d i t i o n s ,  due t o  g r o a t  d i f f i c u l t i e s  of an 
exper imenta l ,  hydrodynamic and p u r e l y  t kchn ica l  na tu re ,  
I n  p a r t  t h e s e  d i f f i c u l t i e s  man i f e s t ed ,  themselves i n  t h e  
f a c t  t h a t  t h e  r e q u i s i t e  q u a n t i t i e s  of a ir  t o  be removed ap- 
peared  t e c h n i c a l l y  and fundarnentaZ3.y too g r e a t  f o r  removal 
by s a c t i o n ,  an e r r o r  which even c lung  t o  a few p re l imina ry  
b a s i c  t e s t s  in tended  t o  show the  e f f e c t  of t h e  boundary 
l a y e r .  A f t e r  thoso exper iments ,  t ho  nem t e s t s  wore made 
very simple wi th  t h e  g r e a t e s t  p o s s i b l e  improvomcnt i n  t ho  
ac thods  e ~ p l o y e d .  Ye naw have t h e  r e s u l t s  of t h c  f i r s t  
i n v e s t i g a t i o n  o f  t ' n i  s na tu re .  I t  w a s  indeed a e r o n a u t i c a l ,  
i n  t h a t  i t  d e a l t  w i t h  a i r f o i l s ,  but  t he  r e s w l t s  a r e  of 
very  g e n e r a l  s p p l i c a t i o n .  I n  p a r t i c u l a r ,  t h e  determina- 
t i o n  of t h e  f o r c e s  w i t h  t he  wind-tunnel ba lances  i s  aa es- 
p e c i a l l g  simple may t o  a r r i v e  at  conc lus ions  r ega rd ing  
f l o w  c o a d i t i o n s  a long  t h e  su r f ace  of any o b j e c t .  

-, -- 
*"Yersuche n i t  einern ~ b s a u ~ e f l ~ ~ e l .  Z o i t s c h r i f t  f$r . . 
F l ~ g t e c h n i k  und I l i o t o r l u f t s c h i f f a h r t ,  Nay 15 ,  1931,  pp* 
259-264, Publ ished by I?. Oldenbourg, 1:lunich and Ber l in ,  
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Although not a l l  . t h e  % e s t s  rcade i n  t h i s  i n v e s t i g a t i o n  
have l e d  t o  conc lus ive  r e s u l t s ,  and a l though g r e a t  d i f f i -  
c u l t i e s  Tere  encountered,  n e v e r t h e l e s s  i t  was t h e  f i r s t  t o  
y i e l d  r e l t a b l e  d s t a  r e g a r d i a g  tho c h z r a c t a r i s t i c s  of a 
n ing  p r o f i l e   fro^ w:rlf cli %he bouzdary l a y e r  i s  .roriioved by 
suc t ion .  Thcsc prof  i l c  c h a r a c t o r f s t i c s  a r c ,  l o r c o v c r ,  
cons iderab ly  i c t t c r  than those  ob ta in03  i n  p r e v i o u s  t e s t s , *  

. . Tho n i n g  ~ o d e l  r ep rc sen tcd  by Figure  1 ,  con ta ins  a l l  
tho  slrct ion a.?paratus, xx.mly, t w o  a x i a l  double f a n s ,  
made e s p e c i c l l y  f o r  t h o  t o s t s  and blowing outward through 
t h c  end p l a t e s ,  and, t vo  hit:h-speed th ree -ph~+se  wctcr- 

. coo led  in?-uct ion m o t o r s ,  A s t r i p  of t h e  s u c t i o n  s i d e  of 
tho n i n g  (betweon i.I and I$ i n  Bigurcs  1 and 3 ) ,  extend- 
ing . th roughout  t he  whole span, i s  exchangeable,  so t h a t  
t h e  s u c t i o n  openings, which a r e  a l l  l o c a t e d  i n  t h i s  a r e a ,  
can be e a s i l y  var icd .  Tlie wing zode l  i s  p rov ided  wi th  
errf. d i s k s  i n  or6er  t o  ob t a in  xniform l i f t  d i s t r i b u t i o n ,  
A ?eea t e s % s  mere maao, however, m i  thou t  the  cn3 c i s k s .  
Tes t s  werc ~ a d e  -:it:l t h e  s i n g l e  s l o t s  shonn i n  Figurc  2 
and a l s o  n i t 5  the  3 e r f o r a t c d  sc roens  shonn i n  Figuro 3, 

. . 
ITo d i r e c t  nca,snring dev ice ,  l i k e  a Vonturi  o r  P i t o t  

tube ,  .co-.xLd be csed .  in t he  l i m i t e d  spacc i n s t d o  t h e  model. 
This d.id no t  matt.er,  k.ovevcr, s i nco  tho amoxnt of a i r  ex- 
p e l l e d  c o a l 6  bc dc t e rn inod  indirectly from t h o  nega t ive  
p r c s s c r c  i n  t hc  xodel  and t h e  r o t a t i o n a l  speed of t hc  
b l o ~ e r s ,  on t he  b a s i s  of 2 r e l i m i n a r y  t e s t s  and c a l i b r a -  
t i o n s ,  Ir Figure  1 t k o  v i r o s  and p i p e s  f o r  opo ra t ing  
2nd coo l ing  tho ~ o t o r  and f o r  mcasuriag tho r o t a t i o n a l  
speed cnd t h e  2 r c s s - n o s  a r c  soon t o  i s s u e  th rough  tho 
r igh t -haad  p l a t e .  Ir t h e  wind-tunnel t e s t s  t h e s e  wi'res ' 

and p i p e s  a e r e  l e d  through a condui t  B, t h e  connections 
w i th  t h e  wing cons i s2 ing  of very  s o f t  rubber t u j e s  and 
metal  sp r ings ,  The condui t  R ,  w'ilich approached t o  w i t h i n  
one o r  t no  n i l l i m e t c r s  of %he moqel and tkus  p r o t e c t e d  t h e  
e x t e r n a l  n i r e s  axid p i p e s  from a l l  anp rac i ab l c  a i r  f o r c e s ,  
was not suopendcd from tbe  ~ind-txnac!.  ba lance ,  'Oct (nit 'n  

I 1  

"0. Schronk, f iPragf fuge l  m i t  Gronz~c~iichtabsaug~~g.~' 
Luf t f  a k - ~ t f  orsci~=.g, Zunc 11, 1928.   or t r a n s l a t i o n ,  s ee  - .P 
11 .A.  C,A,  'Pec'i?,niccl M~noraiitivm 20. 534: Ewer imea t  s  wi th  a - * Ving i.ode7, fro22 bhiu'n t h e  Boundary Zayer i s  Removgd by 
Scc t ioc , )  
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t h e  a i d  o f  a s u i t a b l e  suapensioc) a u t o n a t i c a l l y  followed 
a l l  changes i n  the  cnglc  o f  a t t a c k  of t h e  wing, thus  sav- 
i n g  much t i a e  and g r e a t l y  s i a p l i f y i n g  the  t e s t s .  

This  saving i n  t ime w a s  impor tan t ,  i n  o rde r  t o  en- 
able '  t h e  completion of t h e  conprehensive t e s t  program i n  
t h e  l a r g e  mihd tunne l  and be'cause t h e  wear and t h e  d e t e r i -  
o r a t i o n  of sone p a r t s  of t h e  model due t o  t h e  h i g h  revo- 
l u t i o n  speed (mostly 30,000 rmp.mm) and t h e  r e s u l t i n g  v i -  
b r a t i o n s  wero very g r e a t  and, toward tho end of t h e  t e s t s ,  
neces s i  t a t c d  i n c r e a s i n g l y  f r equen t  r e p a i r s .  

11, Represen ta t ion  of t h e  R e s u l t s  
. I 

1, A s  i n  t h e  p r e v i o u s  r e p o r t ,  

Q = volume of air  removed p e r  second ( s u c t i o n  volume), 

= = nondimensional vo lume t r i c  c o e f f i c i e n t ,  
CQ vF 
p ' =  nega t ive  p r e s s u r e  i n  s n c t i o n  chaaber,  

- P  - = nondirnensional p r e s s u r e  c o e f f i c i e n t ,  
P v 2  
5 

'P = '  wind v e l o c i t y ,  

F = wing a rea .  

2, The exhaust  performance i s  conposed of t h e  t r u e  
s u c t i o r  p e r f  ormanco pQ and t h e  d i scharge  perf ormanco 
P 2 vb2 Q, mhosc magnitude depends on the  d i scha rge  veloc- 

i t y  vff. On t h e  o t h e r  hand, t h e  p r o p e l l e r  t h r u s t , a n d ' e f -  
f i c i e n c y  a l s o  depend on vb, s i n c e ,  i n  o rder  t o  u t i l i z e  
t h e  r e a c t i o n ,  t he  exhaust  air i s  u s u a l l y  d5scharged back- 
ward. For  t e c h n i c a l  reasons ,  hornever, t h i s  mas not  done 
i n  t he  model t e s t .  Tne c a l c u l a t i o n  f o r  vb = v  y i e l d s  
t ho  sum of t h e  nininums of t h e  t n o  perfornances.* 

*P3is  mininun c a l c u l a t i o n  aqs-trnes i d o n t i c a l  a e r o d y n ~ m i c  
e f f i c i e n c i e s  o f  t h e  p r o p e l l e r  and blower.. A s i m i l a r  ca l -  
c u l a t i o n  ca'n bc rrzaGZo f ~ r @ u n q q u e l  e f f i c i c ~ c i c s  and g i c l i l s  

blower .. ; V b = V q  - - 
q p r o p e l l e r  
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I n  th . is  c a s e  t he  performance f a c t o r  i s  

3, The reductLon i n  t he  ~ r o p e l l e r  l oad ,  which occurs  
. i n  t h e  c o r r e c t  backward d i scharge  of t h e  a i r ,  amounts t o  

A c,. =. - 2 CQ 

sz~d a u s t  5e  taken i n t o  consid.erat5on i n  connect ion m i t h  
the d a t a  which se rve  a s  t he  b a s i s  f o r  t h e  e v a l u a t i o n  o f  
t h e  t e s t  r e s u l t s .  

4, A s  determined mith  %ho ba l ance ,  the  &reg  c o e f f i -  
c i e n t  cw c o n s i s t s  of sovcr,d componcnts, one of which  
i s  t h e  " s i n k  r o s i  s t a n c e V i t ' f .  t h e  cocff i c i e n t  

and. i s  inc?uccd by t h e  accom;,ar,ying nomcntua o f  tire d i s -  
charged air,  his com~oncnt  i s  p e c u l i a r  t o  tho suc t ion  
n o d ~ l ,  

5, A p s r t i o n  of t h c  p r o f i l e  d r a g  r e s i d e s  i n  t he  
" s i n k  r o s i s t a n c a i l  ( l o s s  of momentum i n  t he  boucdary l a y e r  
be fo rc  t h e  rcmoval by suc t ion)  an& r e q u i r e s  no f u r t h e r  
cons ido ra t ion ,  T h e  rcistainder conld not  hcra  be do tc r -  
mined i n  t h e  u sua l  may by izoens o f  t h e  induce& drag ,  f o r  
v :~r ious  r cz sons ,  bxt  7 a s  de tc rx inod  f o r  a s e r i e s  of t o s t  
poi-nts  nccording t o  t h e  nomcnturn  noth hod of Betz.+ . I t  n a s  
found t3; be  very s n s l l  aed y i e l d e d  a mez-n valuu of 
c,, 0,007'. Only such cases  were investigated, wi th  a 
l a v o r a 3 l e  arrangement ( f i g ,  2 ,  s l o t  111) and s u f f i c i e n t  
s u c t i o z ,  as were of p r a c t i c a l  i n t e r e s t .  a 

6, If the  SULI cv, CwE i s  deducted from t h e  neas- 
u r e a  cwl , t he  r e ~ a i n d e r  coxs i  s t s  of the indaced drag 
and a s n r l l ,  not  a c c u r a t e l y  deterrninabl6,  secondary d rag  
?ue t o  th'e end p l s t e s ,  These a r e  of no i ~ ~ p o r t a n c o ,  as 
--- --4 _C ..--CL - ._I_-- I-* --r_ 

*A, 73etz, f i x i n  Verfahren z u r  d i r c k t e n  B e s t i n ~ u n g  des Pro- 
f i ~ n i . d e r s t a n d e s : ~ ~  ~ e i t  schr'if  t f6r Fl?xgtochnik ur~d  Uotor- 
l u f t s c h f f f  a h r t ,  Tab, 1 4 ,  1925.   or t r a n s l a t i o n ,  see 
2~,k ,G,B,  Technical  l:eriorandnn ITo, 337; A I.ict;'nod f o r  tha 
D i r e c t  Determinat ion of Ring Sec t ion  Drag,) 
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they a r e  both,  dvc t o  t ho  s2ec i a l '  oxperiruentcl arrangement. 
O1? t he  c o n t r a r y ,  t h e  va lue  of c w t  - cwa-  

C w ~  
i s  impor- 

taz~t'.'ili: ;'hd.gin&- the  accuracy of t h e  t e s t ,  If i t  i s  de t e r -  
2ine.d 'fbr a l l  ',g0od t e s t  p o i n t s  under t he  g e n e r a l  a s s u p -  
t i o n '  of ch,;NN 0.007, t h e  p o i n t s  f o r  t he  v a r i o u s  suc t ion  
s t r e n g t h s  .Bnd-' vari .ous good a.rrarigoment s f a l l  approximately 
i n  a s i n g l e '  ccrvc mhich t h o r e f o r e  represent::  t ho  course 
0 3  t h c  x ia rg ina l '  axd sczondary d rags ,  The sLf gh t  s c a t t c r -  
i n g  i s  probably  duo i n  p a r t  t o  s a a l l  d i f f e r e n c e s  i n  t h e  
raargiacl' 0116 sccondarp d.rags: 'Thc: rem~, inder  i s tho a c t u a l  
t o s t  s c n t t e r i n g ,  which i s  d iv ided  betnccn c a y  c w f  , c ,~ ,  
snd 

C ~ ,  

7 ,  I n  t h e  c a l c u l a t i o n  o f  t h e  t o t a l  r e q u i s i t e  perform- 
ance f o r  t h e  p r o f i l e  i t  s o l f  ( d i s r e g a r d i n g  t h e  ind-clced 
drzg) t h e  Former p r o f i l e - d r a g  c o c f f i c i c ~ t  Tas r ep l aced  by 
tho  prof  i l o  pe r f  ormancc f a c t o r  

, h 

i::, which t l ic  c o m ~ ~ o r i e ~ t s  i n  paragraphs  3 and 4 cailcel oath 
o t h e r  undor t he  a s sunp t ion  o f  t h e  n o s t  f a v o r c b l c  A i s -  
c11argc. 

8, On account o f  t h e  low a s p a c t  r a t i o  o f  t h e  t e s t  
modcl a t  such  h igh  yalucs of c,, t h e  l i f t  i t s e l f  needs 
t o  bc convcr tcd f o r  i n f i n i t e l y  l a r g e  aspect  r a t i o .  T h i s  
i s  . . .  

... 
1 

C a m  = ca ---- cos  A a 
, ,. 

111. R c s u l t s  Obtained wi th  S l o t  III of F igu rc  2  

S l o t  111 o f  F igu rc  2 ,  nk ich  n a s  regardad f r o n  t h c  
f i r s t  as t h e  nornal  ca se  f o r  purnoscs  of conpa r i so r ,  w a s  
ve ry  a c c a r a t o l y  t e s t e d  and the  r o s n l t s  ne re  frc.qucntljr 
- < e r i f i e d  dur ing  t h e  whole i n v e s t i g a t i o n .  I n  the e t a lua -  
t i o p  o f  t h e  t e s t s ,  noreover ,  t h e  6xpertat iwn'  w a s :  con- 
f i rmed,  that s l o t  111 i s  one of t h e  most f . ava ra ;b l~  cas.es 
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i n v e s t i g a t e d .  Some of t h e  o t h e r  a r r angeaea t s  may be as 
good, but  none of them i s  m a n i f e s t l y  b e t t e r ,  

The immediate t e s t  r e s u l t s  a r e  p l o t t e d  i n  F igure  4 
without r e g a r d  t o  t h e  t h e o r e t i c a l  co.ns iderat ions  of t he  
foregoing  sect ion.  The accompanying' t a b l e  c o n t a i n s  t h e  
mean s u c t i o n  va lues  f o r  cach mzrk throughout t h e  whole 
angle-of-a t tack rango i n v e s t i g a t e d .  Somo of t h e  ox- 
trema v a l u e s  d i f f e r e d  thcrofrom by seve ra l  p e r  cent .  

On account of %he va r ious  * s i n k  r e s i s t a n c e s "  (Sec- 
t i o n  11, 4 ) ,  i t  mas t o  be ex?ected t h a t  tho t e s t  p o i n t s  
of F igure  4 mould be s c a t t e r e d  over a wide s t r i p ,  Only 
when cwg - Cw, - C ~ Q  i s  c a l c u l a t e d  according t o  11, 6 ,  

i s  t h e r e  ob ta ined  a Gommon curve ,  which r e p l a c e s  t he  f o r -  
merly customary curve of t he  induced drag  and which i s  
r e p r e s e n t e d  by a l i n e  composed of long dashes. 

The t e s t  p o i n t s  w i t h  v = 1 0  m / s  (32.8 f t . / s ec . )  
a r e  not  p l o t t e d  h e r e ,  because they  d i f f e r  from t h e  oth- 
e r s  i n  v a r i o u s  ways. Due t o  ve ry  i r r e g u l a r  f low condi- 
t i o n s  and t o  t he  smal le r  f o r c e s  and p r e s s u r e s ,  they  m e  
very  i n a c c u r a t e ,  and t h e  r e s u l t s  a r e  much worse than f o r  
20 and 30 m/s (65.6 and 98.4 f t . / s e c . ) ,  between which 
the ro  i s  no app rec i ab ly  s y s t e n a t i c  d i f f e r e n c e .  The re -  
s u l t s  w i t h  v = LO m/s a r e  p l o t t e d  i n  F igure  5 only  f o r  
t he  sake of completeness. The d i f f e r e n c e  betmeen the  two 
groilrps . i s  t hus  rendered ve ry  obvious. 

The t r a n s i t i o n  from t h e  laminar  t o  the  t u r b u l e n t  
boundary-layer f low on t h e  s u c t i o n  s i d e  of t h e  wing i s  
man i f e s t l y  conpletod betneen v  = 1 0  m/s and v  = 20 m / s .  
The Gurbulent f l o n  i s  cons iderab ly  n o r 0  f a v o r a b l e  than 
the  laminar  f l o n  f o r  t h e  removal of t ho  boundary l a y e r  by 
suc t ion .  The poorer  r e s u l t s  of e a r l i e r  i n v e s t i g a t i o n s  
were probably  due i n  p a r t  t o  t he  f a c t  t h a t  t h e  f low w a s  
below t h e  " c r i t i c a l n  v e l o c i t y ,  wi t l iout t he  p o s s i b i l i t y  of 
determining t3e  e f f e c t  of t h e  Reynolds Xumber. I n  t he  
e v a l u a t i o n  of t h e  new r e s u l t s ,  t h a  s u b c r i t i c a l  t e s t s  may 

. bc c n t i r c l y  e l imina t ed ,  s ince  they  a r e  of no p r a c t i c a l  
s i g n i f i c a n c e .  

F igu re  5 shows t h e  maximum l i f t  corresgozx.ding t o  any 
vo lumet r ic  c o e f f i c i e n t ,  The curve a i s  t h e  normal l i m -  
i t  which can be reached by p u l l i n g  up i n  t h e  wind and 
g e n e r a l l y  a l s o  by s t a r t i n g  the  s u c t i o n  before  t h e  begin- 
n ing  of Che motio2, whi le  t h e  curve b  i s  t h e  liait 



L r 
. .. - . .  

1T.A. C.B. Technical  Idernorandun KO. '654 
- . .  ... - , . . L  : I = . .  . . 

. . .  . a  ... .. . . , . I .  . . . I  . , , . .  . . 

n:lich can be reached by suc t ion  a f t e r  "tho f l o i  ha s  becono 
,$gt.aqhed. , ..Phc dated  , p o i n t s  i n d i c a t o  p rev ious  'moasurc- 
mantg. ' - - - -  

. . 
r ,  . , 

According to ' .Scc t ion  11, tho d-ircct  measurements do 
not  g ive  a coupPete pieEuro of t h e  p r o f l l c  c h a r a c t c r i s -  

. . t i c s .  The most ' i n p o r t a n t  of a l l  i s  t 3 e  r e l a t i o n  bettveon 
Ca crj and c t , ,  i n  which tho  va lue  0.00'7 i s  taken  as t h e  
b s s i s  f o r  cvm: This  r e l a t i o n  i s  shorn i n  2 i g u r e  6 ,  where 
t h e  dash l i n e  I n d i c a t e s  t h e  ioc . s t ion  o f  t h e  b e s t  va lues  
o b t a i n a b l e  n i t h  t h i s  p o s i t i o n  of t h e  s l o t ,  This curve 
1. ies sobewhat above t h e  t e s t  p o i n t s  f o r  t h e  f o l l o ~ i n g  
reason.  I t  va,s not p o s s i b l e  t o  determine tLo l i m i t i n g  
v a l u e s  by carofuL e x p e r i n e n t a t i o n  n i t h  t h e  r o t a t i o a a l  
speed o f  t h c  cxhaust  f a n  or  n i t h  t h e  a ~ l g l e  of a t t a c k ,  due 
t o  t he  ncod of ecor,ony i n .  t i n o  and = a t e r i a l .  The p rev i -  
ous ly  determined s u c t i o n  s t r e n g t h s  and ang le s  of a t t a c k  
( i n  s t a g e s  of 6') had t o  be used. Soinerrhere w i t h i n  t h e  6' 
from the  l a s t  t e s t  p o i n t  i s  t he  a c t u a l  l i m i t i n g  y o i n t  and 
t h e  p robab le  course  of t h e  l i n i t i n g  curve i s  obtadned by 
t h e  upward c x t r a p o l a t i o n  of each t e s t  s o r i c s  by 3 . The 
saae  acthod w a s  use& t o  do t e rn ine  t h o  l i m i t i n g  curves  i n  
F igure  5. 

I V .  ConpAri son of  t h e  DiZf o rcn t  Arrangements 

No such c lo se  success ion  of t c s t  p o i n t s  a s  wi th  s l o t  
111 could be mado n i t h  t he  o t h e r  s l o t  and sc reen  arrangc- 
ixcnts. B i t h  them t h e r e f o r e  only tilt g r c ~ t e r  d i f f e r e n c e s  
could 30 recognized,  ~ n d  t h e  r c s u l t s  mcrc somctimcs ob- 
t a i n e d  33- t h e  c a r e f u l  c o n s i d c r c t i o n  of r e l a t i v e l y  few t e s t  
p a i n t s .  The lack of a few a c c u r a t e  l i m i t i n g  p o i n t s  ( c f .  
Sec t ion  111) i s  e s p e c i a l l y  r eg re . t t  a b l e ,  becaxse t h e  i n t e r -  
v a l s  between t h e  i s d i v i 5 u a I  ang le s  o f  a t t a c k  a r e  he re  1 2  

, o r  18' i n s t e a d  of 6O, so t h a t  an e x t r a p o l a t i o n ,  a s  i n  Fig- 
u r e  6, i s  not  ve ry  accu ra t e .  I t  I s  assumed t h a t  tho p o l a r  
of t h e  ming from nh ich  t h e  boundary I a y s r  i s  not  removed - 1 and. h a s  by s u c t i o n  goes t o  ca , C~, v a l u e s  betnoon 
0.05 and 0.1. 

, @) Comparison o f  t h e  i n d i v i d u a l  s l o t s  

. .  As r e g a r d s  tLe l o c a t i o n  of t h e  s l o t s  (1 t o  I I I ) ,  po-  
s i t i o p '  I i's t'he l e a s s t  f avo rab le  and p o s i t i o n  I11 t h e  most 
f avo rab le .  Oor,sideratioil  of cp and CQ s i o v s  t h a t  
s l o t  IS 5-s near  %lie p o i x t  of naxi:aixm s-action and t h a t  s l o t  
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I i s  p a r t i a l l y  be fo re  i t ,  which e x p l a i n s  t h e  cons ide rab le  
d i  scropancy, 

Changing tho  n i d t h  of t he  s l o t  (111 and IT), pr'oduces 
two opposing in f luooces .  Tho e f f e c t  of t he  same q u a n t i t y  
of removed air  i s  l e s sened  by i n c r e a s i n g  tho width  of t ho  
s l o t ,  b a t  tho  q u a n t i t y  roqui red  f o r  a given maximum l i f t  
may bc g r e a t e r ,  bocauso tho whole f low sacrifices some of 
i t s  homogeneity and s t a b i l i t y  by t h c  r e d u c t i o n  i n  the  p r c s -  
su re  d i f l e r o n c e  botwccn t h e  i n s i d e  and ou t s ide .  The r e -  
s u l t s  ind ica~te ;mi thoc t  s u f f i c i e n t  t e s t  p o i n t s ,  that bo th  
i n f l u e n c e s  hzve t h e i r  e f f e c t ,  c  amax over C Q  being obvi-  
oxs ly  somewha'c g r e a t e r  f o r  s l o t  111 and c over 

being somewhat smal le r  than f o r  s l o t  I V .  (camax i s  t h e  
maximum v a l u e  a t t a i n a b l e  w i th  every  removal of t h e  air by 
s u c t i o n ,  a s  i n  F i g u r e s  5 and 6.) If t h i s  p r o v i s i o n a l  re -  
s u l t  i s  confirmed, then  ' the  l i m i t i n g  c'urve i n  F igure  6 i s  
not  t h e  b e s t  t h a t  can be a t t a i n e d  w i t h  t h e  p r e v i o u s  ar- 
rangement s . 

Rounding the  r e a r  edge of t h e  s l o t  has  no e f f e c t  
w i th in  t h e  l i m i t  s o f  accuracy h i t h e r t o  a t t a i n a b l e .  ( s l o t s  
I11 , b  and 111; I I l , c  and I I 1 , a . )  Rounding t h e  f r o n t  edge 
of t he  s l o t  (111,a and 111; I I 1 , c  and 111,b) h a s  t he  same 
e f f e c t  as increasing i t s  width because,  by p reven t ing  t h e  
c o n t r a c t i o n  of the  f l ow,  i t  enab le s  t h e  u t i l i z a t i o n  of t h e  
f u l l  wid th  of t h e  s l o t .  (pig. '7.) 

b) The p e r f o r a t e d  s c r e e a s  ( f i g ,  3) 

These sc reens ,  which c o n s i s t  of two groups ( I ,  11, 
111, wi th  d i f f e r e n t  s l o t  widths  and I V ,  11, V w i t h  d i f f e r -  
en t  s l o t  d i s t r i b G t i o n  over t h e  s u c t i o n  a r e a ) ,  show no sys- 
t ema t i c  d i f f e r e n c e s ,  so f a r  a s  t h e  t e s t  p o i n t s  go. None 
of  thea, however, i s  r i g h t l y  l o c a t e d .  T e s t s  w i t h  the  i n -  
d i v i d u a l  s l o t s  show t h a t  t h e  s c r e e n s  should extend nea re r  
tho t r a i l i n g  edge, 

I t  t h u s  happens t h a t  t h e  r e s u l t s  ob ta ined  w i t h  t he  
s c reens  a r e  nea r ly  a l l  poorer  t han  wi th  good s l o t s ,  al- 
though l o g i c a l  c o n s i d e r a t i o n s  mould i n d i c a t e  c e r t a i n  ad- 
vantages  from ucon t inua l l l  suc t ion .  The t o t a l  arfiount of 
a i r  removed should be diminished bg t he  r i g h t  s l o t  d i s -  
t r i b u t i o n  and, m o s t  important  of a l l ,  a p a r t i a l l y  de- 
tached f low should bo more r e a d i l y  r e s t o r e d .  (upper b  
curve i n  Figure  5.) No p o s i t i v e  conc lus ion  r ega rd ing  t h e  
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correc'tmioss of t h e a e  c o n s i d e r a t i o n s  and no comparison of 
t h e  s c r e e n s  w i t h  t h e  i n d i v i d u a l  s l o t s  i s  p o s s i b l e  -anti1 
f u r t h e r  t e s t s  have been made. 

c )  Wings wi thou t  end p l a t e s  

For l i k e  v a l u e s  o f  'Q' t h e  v a l u e s  o b t a i n e d  f o r  
C amax' were over  30s  s m a l l e r  w i t h o u t  end p l a t e s .  S~xch a 

r e s u l t  was a n t i c i p a t e d ,  because  t h e  wing t i p s  with an o u t -  
wardly d e c r e a s i n g  l . i f t  d i s t r i b u t i o n  & r e v  i n  t o o  much a i r  
a t  t h e  expense of t h e  middle p o r t i o n ,  a l t h o u g h  t h e y  r e a l -  
iy r e q u i r e d  t h e  r e n o v a l  of l o s s  a i r ,  ( ~ i g .  8 , )  I n  F i g u r e  
8  t h e  proc:sure  duo t o  t h e  t a n s i o n  (pa -. p i )  f o r  t h e  i n -  
f l o w  i s  g r e a t e r  at  t h e  wing t i p s  t h a n  in t h e  middle.  
pa  = o u t s i d e  p r e s s u r e  d i s t r i b u t i o n  at t'ne s u c t i o n  o r i -  
f i c e s .  p i  = p r e s s u r e  i n  s u c t i o n  chamber, 

I n  p r a c t i c e  t h i s  d i s a d v a a t e g e  ccn be a v o i d e d ,  even 
wi thou t  end p l a t e s ,  by such means as t a p e r i n g  t h e  s l o t s  o r  
changing t h e i r  l o c a t i o n ,  changing t h e  s u c t i o n  pressure ' ,  
and u s i n g  wing t i p s  e n t i r e l y  w i t h o u t  s u c t i o n ,  accord.ing t o  
L u f t f a h r t f o r s c h u n g ,  June  11, 1328,  page 52. 

V. Corapari son of t h e  A c t u a l  Flow - w i t h  

t h e  T h e o r e t i c a l  Wonvi scous  P o t e n t i a , l  Flow 

From t h o  boundary- layer  t h e o r y  i t  f o l l o m s  that t h o  
removal of t h e  boundary l a y e r  by s u c t i o n  p r o d u c e s  unusua l  
forms of f l o w  g r e a t l y  r e sembl ing  s i a p l e  p o t e n t i a l  f lows .  
I n  o r d e r  t h a t  t h i s  c o n c l u s i o n  r ~ i g h t  bo conf i rmed by t h o  
now r s s u l t s ,  t h o  t c s t s  wcro rnnde w i t h  tlne t h e o r e t i c a l  
Karmen-Treff tz  p r o f i l e . *  The f o u r  p o s s i b i l i t i e s  of com- 
p a r i s o n  a r e  d r a g ,  l i f t ,  moment and p r e s s u r e  d i s t r i b u t i o n .  
Tllc smallness o f  cWm ( S e c t i o n  I I , 5 )  w i t h  t h e  s l o t  LOO mm 
(3,94 i n , )  away f r o m -  t h e  t r a i l i n g  edge shows tha t ,  i n  
t h e s e  c a s e s ,  t h e r e  i s  v e r y  l i t t l e  d e v i a t i o n  from t h e  po- 
t e n t i a l  f l o w  behind t h e  s l o t .  

- --- -c--- 

*garman and T r e f f  t z ,  ~ ~ ~ o t e n t i a 1 . s t r 6 m u n ~ e n  urn gogebene 
T rag f luge lque r schn i t t o , "  ~ e i t s c h r i f k  f u r  F l u g t e c h n i k  upd 
M o t o r l u f t s c h i f f a h r t ,  1918;  p.  1.11. 
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F i g u r e  9 shows c a m  p l o t t e d  a g a i n s t  a, (= a - b a. 
See S e c t i o n  I I , 8 )  f o r  s l o t  I I I  as compared w i t h  t h e  theo-  
r e t i c a l  l i f t ,  Though t h e  c a l c u l a t i o n  of t h e  a n g l o  of at-  
t a c k  i n  t h e  t e s t s  i s  n o t  v e r y  accurate, i t  i s  never the -  
l e s s  e v i d e n t  t h a t  t h o  d i  s c r a p a n c i  o s  between t h e  t h e o r e t i c a l  
and rileasured ca v a l u e s  a r o  about  t h e  sane  a s  f o r  o r d i -  
n a r y  wings i n  t h e  zone of unde tached  flow.* 

F i g u r e  1 0  compares t h e  e x p e r i m e n t a l  and t h e o r e t i c a l  
t r a v e l  of t h e  c e n t e r  of p r e s s u r e ,  which show s a t i s f a c t o r y  
agreement .  h, i s  t h e  d is tan .co  of t h e  c a n t e r  of p r e s s u r e  
on t h e  wing chord  from the r e f e r e n c e  p o i n t  of t h o  momouts, 

A l l  t h e s e  o b s e r v a t i o n s  show t h a t  t h e  a c t u a l  f low ap- 
p r o x i m a t e s  tho  t h e o r e t i c a l  Flow t o  t h o  anticipated d e g r e e ,  
Zhe comparison of t h o  p r e s s u r e  d i s t r i b u t i o n  about  t h e  p r o -  
T i l e  h a s  n o t  y e t  been a t t e inp ted ,  bacause  i t s  oxgcr imenta l  
and t h e o r e t i c a l  d e t e r m i n a t i o n  a r e  b e s e t  w i t h  e s p e c i a l  d i f -  
f i c u l t i e s ,  

VI; P h y s i c a l  and Techn ica l  I S o r t a n c e  of t h e  New R e s u l t s  

a )  P h y s i c a l  impor tance  

The c h i e f  impor tance  of t h e  new t e s t s  i s  i n  t h e  p r a c -  
t i c a l  f i e l d ,  because  t h e  t h e o r e t i c a l  a s p e c t s  of t h e  r c -  
nova1 of t h e  boundary l a y e r  by s u c t i o n  had l o n g  5ocn 
c l e a r ,  N e v o r t h o l c s s ,  i t  docs  n o t  seem e n t i r e l y  u s o l o s s  
t o  e s t a b l i s h  t h e  agreement  of t h o  1 - a t e s t  r e s n l t s  w i t h  t h e  
p r i n c i p l e s  of t h e  boundary- layor  t h e o r y ,  

F u r t h o r n o r e ,  t h o  oxpcr imcnts  show t h a t ,  i n  t h e  remov- 
a l  of t h e  a i r  by s u c t i o n ,  wo arc r e a l l y  i n f l u e n c i n g  tho  
f low w i t h  t h e  a i d  of a t h i n  boundary l s y c r ,  i , e , ,  by a 
k i n d  of r e l a y ,  i n s t o a d  of u t i l i z i n g  t h o  d i r e c t  coopera-  
t i o n  of t h o  main f l o w  w i t h  t h o  s u c t i o n  s ink .  The on ly  
d i r o c t  a c t i o n  of t h i s  n a t u r e  h a s  alroad3- boen i n c l u d e d  
i n  t h o  " s i n k  r e s i s t a n c o ~ ~  ( S e c t i o n  1 1 , 4 ) .  Xoreovor,  ac-. 
c o r d i n g  t o  t h o  t o s t  r o s u l t s ,  t h e  v c l o c i t i o s  i n a u c e d  by 
-- -- -- ---V--,-----_L_--- 

* 0. Schrenk,  IISystemati  s5he Untor suchungen a n  Joukowsky- 
p r o f i l e n , "  Z e i t s c h r i f t  f u r  F l u g t e c h n i k  und M o t o r l u f t s c h i f -  
f a h r t ,  Nay 28, 1 9 2 7 ,  p. 225. (TOT t r a n s l a t i o n ,  s e e  
IT, A,  C,A, Techn ica l  idemor-andun No. 422: S y s t e m a t i c  I n v e s t i -  
g a t i o n  of Joukomsky W i ~ g  S e c t i o n s . )  
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t h e  s i n k  a r e S v e r y  smal l  i n  comparison w i t h  t h o  wind v e l o c -  
i t y  v  and,  a c c o r d i n g  t o  t h e  t o s t s ,  amount t o  o n l y  about  
2$ orf t h o  c i r ~ u l a t i o n  due t o  t h e  induced velocities,* 

That  i n  f a c t '  o n l y  p o r t i o n s  of t h e  boupdary l a y e r ,  at 
any r a t e  n o t  n o r e  t h a n .  %he t o t a l  boundary- layer  quan t ' i ty ,  
i s  r'bbov$d by ' s u c t i o n ,  cah- bo ' v e r i f i e d  by comparison w i t h  
moro % & c e n t .  boundary-layer  t e s t s  w i t h  an o r d i n a r y  wing 
p y o f i l c ,  T h i s  p r o f l l e  had,  s h o r t l y  bef o ro  t h e  s e p a r a t i o n  
(aq E 1.3) on tho  r e a r  h a l f  of t h e  s u c t i o n  s i d e ,  bound- 
a r y . - l & y e ~  q u a n t i t i e s  30 t o  50' g r e a t e r  t h a n  t h e  s u c t i o n  
q u a n t i t i e s  n e c e s s a r y  f o r  t h e  same v a l u e  of ca w i t h  our  
t h i c k  s u c t i o n  wing. When t h e  boundary- layer  e x h a u s t i o n  
h a s  a t t a i n e d  s u f f i c i e n t  p r a c t i c a l  impor tance ,  a  more accu- 
r a t e  i n v e s t i g a t i o n  of t h e  r e l z t i o n  between t h e  boundary- 
l a y e r  q u a n t i t y ,  t h e  s u c t i o n  q u a n t i t y ,  t h e  p r e s s u r e  in -  
c r e a s e  and t h e  boundary- layer  p r o f i l e  w i l l  be necessa ry .  

b) Tochn ica l  i n t e r p r e t a t i o n  

Tllc p r a c t i c a l  i n t e r p r e t a t i o n  of t h e  new r e s u l t s ,  as 
a l r e a d y  mentionod i n  t h e  i n t r o d u c t i o n ,  i s  based  on t h e  
. f a c t  t h a t  we now h a v e ,  f o r  t h e  f i r s t  t ime,  s u f f i c i e n t  ac-  
c u r a t e  d a t a  r e g a r d i n g  t h e  p r o f i l e  c h a r a c t e r i s t i c s  of a 
g i v e n  s u e t i o n  wing which w a s  n e v e r  t h e  c a s e  b e f o r e ,  due 
t o  t h e  ma,ny e x p e r i m e o t a l  d i f f i c u l t i e s ,  P r o g r e s s , '  a s  com- 
paxed v i t h  p r e v i o u s  r e s u l t s ,  i s  shown, c o g . ,  by t h e  d a t e d  
p0int . s  of comparison i n  F i g u r e  5, I ~ I ~ r e o v e r ,  t e s t  r e s u l t s  
have  been compiled which a r e  of g e n e r a l  im2or tance  f o r  
thb , ' s u c t i o n  problam, L a s t l y ,  wo now have d a t a  f o r  t h e  
f i r s t  t ime on t h e  i ~ n p o r t a n c e  of t h o  c r i t i c a l  Reynolds Num- 
b e r  ( t r a n s i t i o n  f r o m  t h e  l aminar  i n t o  tho  t u r b u l e n t  baund- 
a r y  . l a y e r )  f o r  t h e  removal by s u c t i o n .  

A s  r o g a r d s  t h e  p r o f i l e  c h a r a c t e r i s t i c s ,  i t  may be . 
s a f e l y  s a i d ,  homevor, t h a t  we havo n o t  y e t  s e c u r e d  t h e  . 
b e s t  r e s u l t s  o b t a i n a b l e  w i t h  a s u c t i o n  v i n g .  I n  t h o  e v a l -  
u a t i o n  of t h o  t e s t s ,  v a r i o u s  ways have  been n o t e d  f o r  f u r -  
t h e r  improvonont of t h e  p r o f i l c  c h a r a c t c r i s t i c s  ( v i d e  i n -  
d i v i d u a l  s l o t s ,  two i n d i v i d u a l  s l o t  s ,  b e t t e r  p e r f o r a t e d  
s c r e e n s ,  e t c , ) ,  Only t h e  t e s t s  w i t h  s l o t  111 (fig, 2) can 
y e t  be r e g a r d e d  a s  concluded,  No f i n a l  c o n c l u s i o n  i s  pOS- 

- - -- - - - 
C 

*WQ = v - - Q  i s  tho  induced  v e l o c i t y  of t h e  s i n k  at t h e  
IT T; c a  5 d i s t a n c e  r frorn t h e  s i n k  ( t  = wing chord) .  w = V - 

~ T T  r 
i s  t h e  p o r t i o n  due t o  t h e  c i r c u l a t i o n  a t  t h e  d i s t a n c e  
r from t h e  c e n t e r  of t h e  v o r t e x .  
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s i b l e  f o r  a l l  t h e  o t h e r  investigated arrangements,  due t o  
t h e  vory l i m i t e d  n m b e r  of t e s t  p o i n t s .  

l!oreover, only a vory d e f i n i t e  p r o f i l e  type  has  t h u s  
- f a r  beon t e s t e d ,  which w a s  a e r i v e d  from an o rd ina ry  typo 

sislply by making i t  t h i c k e r ,  Some e n t i r e l y  d i f f e r e n t  
type  (psrhaps  w i t h  g r e a t e r  p r e s s u r e  i nc reaso  and m a x i m  
exhzust ion)  w i l l  y i e l d  s t i l l  b e t t e r  r e s u l t s  w i t h  removal 
of boundary-layer by suc t ion .  

As r ega rds  any d i r e c t  a e r o n a u t i c  importance of t h e  
t e s t s ,  t h e  r e s u l t s  i n d i c a t e  t h e  p o s s i b i l i t y  of reducing 
t h e  wing chord o f  p r e s e n t  a i r p l a n e s  without changing t h e i r  
o t h e r  d inens ions .  The customary speed range would be 
a t t a i n e d  a t  ca v a l u e s  of 9.8 t o  4.5, I t  i s  ve ry  doubt- 
f p l ,  however, whether such an a i r p l a n e  would be s a t i s f a c -  
t o r y  f o r  a l l  purposes ,  though i t  would o f f e r  two s p e c i a l  
advantages ,  n,mely, a ve ry  s m a l l  t r a v e l  o f  t h e  cen te r  of  
p r e s s u r e  a long t h e  a l r e a d y  r a t h e r  sho r t  wing chord and a 
ve ry  grect r i g i d i t y  w i t h  r e spec t  t o  gus t s .  As a c r i t e r i o n  
f o r  t h e  exce l l ence  o f  t he  p r o f i l e ,  me can t a k e  t h e  r a t i o  
C% ICZ, ( s e c t i o n  II,~), which c l o s e l y  corresponds t o  t h e  

former p r o f i l e  l i f t - d r a g  r a t i o  and, i n  the  v i c i n i t y  of 
c a =  0 ; 8 ,  has a v e l u e  of 40 t o  50 f o r  s l o t  111, according .... 
t o  FSgure 6, During t h e  measurements, t h i s  r eg ion  re- 
ceived but  l i t t l e  a t t e n t i o n ,  so t h a t  t he  above-mentioned 
va lue  i s  no t  very  c e r t a i n  an& should be v e r i f i e d  by fu r -  
t'ner t e s t s ,  

The f i r s t  a p p l i c a t i o n s  of t h o  removal of t h e  bound- 
a ry  l a g e r  by suc t ion  may not be i n  t he  d e s i g n  of complete 
suction-wing a i r p l a n e s ,  but i n  improving tho  f low about 
i r rdividual  a i r p l a n e  p a r t s  (such a s  t h i c k  s t r u t s ,  cutavay 
wings, e tc . )  , as t h e  rerioval o f .  the boundary l a y e r  by suc- 
t i o n  l o r  t h o  p roduc t ion  of s p e c i a l  f o r m s  of flow has  al- 
ready bccn in t roduced  i n t o  gene ra l  aerodynamic r e sea rches ,  

T r a n s l a t i o n  by Dwight 11. f i incr ,  
ITational Advisory Committee 
f o r  Aeronaut ics .  
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Fig. 1 !The oqcrinlental wing. 
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