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IiEASUIiEi\i;EMT OF PROFILE DRAG O N  AN AIRPLANZ 111 FLIGHT 

BY THE ILOXEJTUM ZETHOD. * 
By Xar t in  Schrenk. 

PART 11. 

V. Theor e t  i c a l  C o ~ s  i d e r  at ions  

a)  Prel iminary Remarks 

The f i r s t  p r a c t i c a l  requi reaent  i s  t o  ob ta in  r e l i a b l e  t e s t  

r e s u l t s  covering t h e  var ious ques t ions  which a r i s e  i n  connection 

with cons t ruc t iona l  probleiiis. Science endeavors t o  explizin t h e  

t echn ica l  s ide  of t hese  ixoblerns and. t o  put  t h e  explanat ions i n t o  

' general  nuaer ica l  expressions which, according t o  t h e i r  impor- 

tance ,  a r e  c a l l e d  hypotheses, t h e o r i e s  o r  na tu ra l  laws. Scien- 

t i f i c  progress  i s  of course usua l ly  much more LaSorious an& slow 

than i s  necessary t o  meet t h e  irmediate p r a c t i c a l  requirements of 

t echn ica l  development . Eowever, t h e  knowledge gained from syste- 

matic s c i e n t i f i c  i n v e s t i g a t i o n  eventual ly  demonstrates i t s  ;?reat 

p r a c t i c a l  value by providing a sound basis f o r  f u r t h e r  development 

i n s t e a d  of a confusing n u l t i t u d e  of ind iv idxa l  results.  

The purpose of t n i s  s ec t ion  i s  t o  survey the  present  status 

of s c i e n t i f i c  knowledge of t h e  causes which produce drag, i n  -- or -  
*"Ueber P r o f  ilwiderstandroessung i n  Fluge nach dera Iicfpulsverfah~en" 
from Luftfat l r t f  OrSChUiilg, kr! 18, 1928; subsequently published i n  
the  1929 Yearbook of t h e  Deutsche Versuchsanstalt  f 6 r  Luf t fahr t ,  
pp.9-40. For  P a r t  I ,  see ? J * A . C d .  Technical kiemorandum Roe 557. 
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der ,  i f  poss ib l e ,  t o  e s t a b l i s h  the  r e l a t i o n  between the  above- 

mentioned ind iv idua l  r e s u l t s  and the  ac tua l  phenomena which dem- 

o n s t r a t e  the  fuadamental importance of surface condi t ions,  

I n  a nonviscous flow t h e  drag of a body i s  zero,  provided 

Hence the  drag ac tua l ly  produced i s  i t  does not produce l i f t .  

a t t r i ' m t a b l e  t o  v i scos i ty  o r  i n t e r n a l  f r i c t ion .*  

unsa t i s f ac to ry  r e s u l t s  a re  obtained w i t h  s ixp le  equations for 

t he  deteriiiination of i n t e r n a l - f r i c t i o n  drag by mezns o f  phys ica l  

cons tan ts  ( v i s c o s i t y  and d e n s i t y ) .  I n  f a c t ,  drag production i s  

an extiemely i n t r i c a t e  process. It has  been explained, however, 

However, very 

during the  pas t  few y e a s ,  by Prandt l  and h i s  a s s i s t a n t s  who, 

i n  developing the  boundaxy-layer theory,  have afforded a faz- 

reaching in s igh t  i n t o  the  mechanism o f  flow r e s i s t ance ,  which 

c o n s i s t s  of f r i c t i o n  and !!form drag.!' 

termined by the  behavior of  t h e  boundary layer .  

mum l i f t  i s  a l s o  reduced t o  a small f r a c t i o n  of i t s  theore t ic -  

a l l y  poss ib le  value.  The following s ta tements  a r e  based on the  

30 th  comgoner,ts a re  de- 

Thus the  ziaxi- 

pub l i ca t ions  by P rand t l ,  Von Karma, Eopf, and Scl i i l l e r ,  as 

l i s t e d  i n  the  bibliography, 
* - 

*Other causes may also c r e a t e  drag by separa t ion  02 t he  flow, 
e,g., c a v i t a t i o n  o r  t h e  de l ive ry  of air  t o  c e r t a i n  po in t s  from 
the  in s ide  of t h e  body. 
L a b i l i t a t  der Potent ia ls t romngen!l  by H, Fot t inger ,  from Verhanci- 
lungeii des zwe it  en i n t  e rna t  iona len  Ko-igresses f u r  t echni sche 
Mechanik (Proceedir-gs of t b e  Second In t e rna t iona l  Congress f o r  
Technical ELechasics, Zurich, 1926, pp.477 ff) I n  t h e  present  

nomena are  negl ig ib le ,  

I p  t h i s  connectiop, see tlUeber d i e  

4 

1 t r e a t i s e ,  which dea l s  exc lus ive ly  w i t h  p r o f i l e  &rag, these phe- 
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b )  The Boundary Layer 

Under a l l  condi t ions  of f l o n  i n  confine6 f l u i d s  of s l i g h t  

v i s c o s i t y  (such as air  and water under normal cond i t ions ) ,  an 

ex t rexe ly  t h i n  l a y e r  of t h e  f l u i d  adheres t o  t he  walls. From 

t h i s  l aye r ,  which has  zero ve loc i ty ,  t h e  f l o w  ve loc i ty  increases  

r2pid ly  u n t i l  i t  reaches the  ve loc i ty  of t h e  f r e e  o r  i3otent ia l  

flow. The whole l a y e r ,  i n s i d e  of  which the  ve loc i ty  increases  

from zero t o  t h a t  of  the f r e e  f l o w ,  P rand t l  c a l l s  t he  !'boundary 

layer .  

Since the  boundary l a y e r  i s  always very t h i n ,  i t  i s  assuxed 

that the re  i s  no pressure  drop i n  i t  perpendicular  t o  the di- 

r e c t i o n  of flow. The s t a t i c  pressure  of t he  boundary l aye r  i s  

de te rx ined  r a t h e r  by the pressure  of the  l i m i t i n g  p o t e n t i a l  flow. 

I n  the  fu r the r  treatment we w i l l  ther.efore d is t inguish  betmeen 

t h e  reg ions  of p o t e n t i a l  f low and the  boundary layer .  

The general  course of t he  flow ve loc i ty  i n  the  boundary 

layer  i s  shown i n  Figure 52. The flow i n  t h e  boundary layer  can 

be e i t h e r  laminar o r  turbulent .  The former i s  a p a r a l l e l  dis- 

place;iient, while t h e  l a t t e r  i s  an i r r e g u l a r  flow charac te r ized  

by a xa in  flotf: p a r a l l e l  t o  t h e  wall ,and a superposed undulatory 

:sot ion with comyonents perpendicular  t o  t h e  mall. 

Then a flow encounters a body, t h e  r e s u l t i n g  boundary layer  

I t s  th ickness  gradual ly  increases  i n  the  i s  at f i r s t  very th in ,  

d i r e c t i o n  of t h e  f low,  which i s  usually lmiinar  at f i rs t .  At a 
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c e r t a i n  point  , however, i t  Secomes turbulent .  These condi t ions  

were inves t iga t ed  very thoroughly w i t h  tubes. 

The t r a n s i t i o n  of the  flow from t h e  l m i n a r  t o  t he  turbu- 

l e n t  condi t ion g r e a t l y  depends on obs t ac l e s  i n  f r o n t  of the  

body, sharp edges, e tc ,*  It a l s o  depends on the  Reynolds Xumber 

alreacly r e f e r r e d  t o  i n  the  in t roduct ion  (veloci- ty  t imes the  cozii- 

p a r a t i v e  length  divided by the  kinematic v i s c o s i t y )  . There ex- 

i s t  s ,  ho'vrJever, a lower l i m i t  o f  the Reynolds Gumber ( '' c r i t i c a l "  

Reynolds Eumber) below which any dis%urbance fades atva,y and the  

la i i inar  boundary l aye r  remains s tab le .  It i s  i n t e r e s t i n g  t o  

note t h a t  t h i s  Drocess t akes  p lace  on  smooth w a l l s ,  i , e , ,  i n  

u n i l a t e r a l l y  bounded f l o w ,  at Reynolds %umbers o f  the same order 

of  magnitude as those of tubes ,  provided t h e  thickness  o f  t he  

boundary l a y e r  i s  s u b s t i t u t e d  for t he  ? - ime te r  of the  tube i n  

t h e  ca l cu la t ion  o f  these numbers. This  revers ion  o f  t h e  f l o w  

g r e a t l y  a f f e c t s  t he  f r i c t i o n a l  drag. 

e )  Skin F r i c t i o n  

Skin f r i c t i o n  i s  a, r e s u l t  of v i s c o s i t y  a i d  a6hesion. V i s -  

c o s i t y  i s  the  a b i l i t y  of a f lu id  t o  transriiit sheLari2ng s t r e s ses .  

Unlike the  corresponding phenomenon i n  s o l i d  bodies t h i s  t rans-  

mission i s  not a s t a t i c  process ,  s ince t h e  f lu id  has ilc de f in i t e -  

l y  f i x e d  s h q e .  
0 t h  cases  r e f e r  t o  an exchange of momentum between two l a y e r s  

of d i f f e r e n t  v e l o c i t i e s .  111 l a a i n a r  f l o w ,  the  exchange takes  
p lace  from molecule Go molecule; i n  turbulen t  f low,  from vor tex  
t o  vortex,  

It depends on the  d i f f e rence  between the  -. veloc- 
_cI_____ ___I-- 
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i t i e s  of  two adjacent  f l u i d  l aye r s .  

a l l e l  f l o w ,  t he  shear ing s t r e s s e S  a re  completely eliminated. 

I n  t h e  case of  uniform par- 

T being t h e  shear ing s t r e s s  and p. t h e  v i s c o s i t y  coef f i -  

cieizt ,  t h e  following r e l a t i o n  e x i s t s  between these two f a c t o r s  

(Fig.  53):  

T h i s  expression i s  p a r t i c u l a r l y  important immediately on 

the  boundary surface.  ET0 re ference  was xade i n  the  preceding 

sec t ion  t o  t h e  v a r i a t i o n  of t he  ve loc i ty  i n  the  i rmediate  neigh- 

borhood of t he   all. A a e f i n i t e  conclusion can Se reached on 

t h i s  subject  by tak ing  i n t o  cons idera t ion  the  f a c t  that  the  

nhole f r i c t i o n a l  force exer ted  by t h e  f l u i d  must be ac tua l ly  . 

trans;iiitted t o  t he  wall by the  immediately adjacent f l u i d  l a y e r  

i n  t h e  f o r a  of  shear ing s t r e s s e s .  Since T and 1-1 a r e  f i n i t e  

values ,  dv/dy aust a l s o  have a f i n i t e  value. Hence, by mas- 

u r ing  t h i s  p ressure  drop inmediately at t h e  w a l l ,  t h e  magnitude 

o f  t h e  shearing s t r e s s  exer ted  by the  f l u i d  on the  w a l l  can be 

det erixined f o r  each point .  

Such t e s t s  a r e  now being made o r  have already been completed 

by c e r t a i n  l abora to r i e s .  ?Ne r e f e r ,  f o r  ins tance ,  t o  t h e  inves- 

t i g a t i o n s  i n  t h e  l a b o r a t o r y  o f  t he  Delf t  Technical High School 

(Reference 10)' where t h i s  va lue  w a s  determined by means of  ho t -  

wire instruments  on a f l a t  -vvall ( g l a s s  p l a t e ) .  Figure 54 shows 

t he  v a r i a t i o n  of dv/dy and of the  boundary-layer th ickness  6 
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at a given ve loc i ty  p l o t t e d  against  t h e  extent  of t h e  p la te .  

T h i s  shows t h a t  the shearing s t r e s s e s  a r e  by no means the  sme  

at every po in t ,  but t h a t  a f t e r  reaching a ainimum, they r i s e  

considerably and . then  drop again. 

t o  tu rbulen t  at the  lowest point  of t h e  curve dv/dy. Fron 

$ h i s  point  the  th ickness  of the  boundary l a y e r  increases  grea t ly .  

1% i s  not the  purpose of t h i s  report  t o  go i n to  f u r t h e r  d e t a i l s ,  

The f l o w  changes from la;;?inar 

but only t o  show t h a t  t h e  sk in  f r i c t i o n  i s  not t he  same at all 

p o i n t s  and t h a t  i t  cannot genera l ly  be expressed by simple equa- 

t i ons ,  
d )  Form Drag 

It has been shown t h a t  t he  Soundary lz,yer i s  very unfavor- 

ably a f f ec t ed  by t k e  pressure  drop of t h e  p o t e n t i a l  flow. So 

long as the  pressure  of t h e  p o t e - n t i d  flow decreases along the  

W a l l  i n  t h e  d i r e c t i o n  o f  t he  flow, al l  goes smoothly, s ince the  

boundary l aye r  then  f l o w s  f rom high-pressure t o  low-pressure 

zones, thereby ga in ing  energy. However, as soon as the  point  of 

minimmi pressure  is passed and t h e  pressure  of the  p o t e n t i a l  

flow Segins t o  increase again,  the  boundary l a y e r  must, to a 

c e r t a i n  extei-it, flow up-hi l l .  Owing t o  wall f r i c t i o n ,  the  bound- 

ary l a y e r  has a tendency t o  slacken i t s  pace and t o  expand, as 

w a s  sliown by the  t e s t s  descr ibed above. Under tile ac t ion  of t he  

increase  i n  pressure ,  the  motion i s  increas ingly  re ta rded ,  es- 

p e c i a l l y  i n  t h e  l a y e r s  c lose  t o  the  w a l l ,  F ina l ly  the  point  is 

reached where, i n  t h e  neighborhood of t h e  wall, the  ve loc i ty  i n  
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a l a y e r  of f i n i t e  th ickness  becomes zero& From t h e r e  on the  mo- 

t i o n  i n  the  neighborhood o f  t h e  w a l l  i s  reversed (Fig.  52). 

The boundary l a y e r  begins t o  separa te  f m i l  t h e  w a l l  and t o  pene- 

t r a t e  t he  f r e e  flow3 which c a r r i e s  it along i n  t h e  shape of more 

o r  less regular  vo r t i ce s ,  The vor tex  t ra i l  i s  thus formed. 

The r e s u l t  i s  a separa t ion  of t he  whole f l o w  from the  w a l l .  

From this poin t  on, t he  a c t u a l  d i r e c t i o n  of f l o w  d i f f e r s  n a t e r i -  

ally f rom t h a t  which would be t h e o r e t i c a l l y  ant ic ipated.  Since,  

under these condi t ions,  t h e  increase i n  pressure  cannot take 

p lace  co r rec t ly ,  negative pressure  i s ,  c rea ted  at the  r e a r  end 

. of t h e  body. The r e s u l t a n t  of 211 t h e  normal fo rces  on the  body 

which, i n  the  case o f  p o t e n t i a l  f low,  should t h e o r e t i c a l l y  be 

zero ,  i s  I-IQTJ given a f i n i t e  value,  t h e  form drag, i n  the  back- 

wqrd d i rec t ion .  

Tale process  can also be represented  as follows. The wing 

is  a Gevice designed t o  produce pressure  perpendicular  t o  the 

flow. This  r e s u l t  i s  achieved by r e t a rd ing  the  air below the  

wing and acce le ra t ing  it  above t h e  wing. 

t he  acce lera ted  air must be r e t r i e v e d  by a s o r t  of d i f fus ing  ac- 

t i o n  of the  t r a i l i n g  edge of  t h e  wing, It i s  a genera l ly  knom 

p r i n c i p l e  o f  hydrodynw.ics t ha t  d i f f u s e r s ,  e,g,, Venturi  tubes,  

The k i n e t i c  energy of 

t even of t h e  bes t  and s lenderes t  type,  do not  f u l l y  convert kinet-  

i c  energy i n t o  p r e s s u e .  This  f a c t  i s  explained by t h e  separa- 

t i o n  of t he  boundary layer ,  
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e )  Rela t ion  betveen F r i c t i o n a l  and Form Drag 

From the  foregoing s ta tements  it; is  obvious t h a t  f r i c t i o n a l  

and form drag cannot ex i s t  independently. The burb le  poin t  of  

t he  f l o w  i s  determined by the  pressure  d i s t r i b u t i o n ,  as well as 

by f r i c t i o n  pheriornena. The form 'drag, however, depends l a r g e l y  

on t h e  pos i t i on  of  t he  burb le  point .  Behind t h i s  po in t ,  t he  

Y 

shear ing s t r e s s e s  decrease again t o  a s m d l  f r a c t i o n  of t h e i r  

value i n  the  p o r t i o n  f o r m r d  of  t h e  burble  point .  In  other  

words,  the  f r i c t i o n a l  drag, i n  t h i s  case ,  i s  of  only secondary 

importance. Eence, every v a r i a t i o n  or" f low,  which a f f e c t s  t he  

separat ion,  changes all the condi t ions  of form md f r i c t iona l .  

fr drag. Slender bodies  would have no form drag- without f r i c t i o n a l  

drag. 
L 

The most importaat  r e s u l t  of  t h i s  c o n s i d e r a t i o n , i s  t h e  f a c t  

that surface condi t ions  not only d i r e c t l y  a f f e c t  the  f r i c t i o n a l  

drag, but also i n d i r e c t l y  a f f e c t  the form drag. Both a r e  in- 

c reased  by rough surfaces .  

f ) Application t o  P ro f  ile-Drag Measurements 

1, What, according t o  t h e  present  s e r i e s  of  t e s t s ,  i s  the  

r e l a t i o n  between t h e  form and t h e  sur face  drag ( s k i n  f r i c t i o n )  

h of t h i c k  wing sec t ions?  A s a t i s f a c t o r y  so lu t ion  of  t h i s  problem 

might be found by measuring e i t h e r  one of the two components by 

i t s e l f .  This w a s  done by 3 e t z  at the  beginning of t h e  wax. He 
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found the  form 6ra-g Sy xeasuring the  pressure  d i s t r i b u t i o n  over 

a ~ O U ~ O W S ~ Y  s ec t ion  (EefeTence 11). The deterniination of f r i c -  

t i o n a l  drag would require  inves t iga t ions  regarding the  course 02 

dv/dy 

p r o f i l e ,  The execution of such a t e s t  i n  f l i g h t  would encounter 

consideraSle d i f f i c u l t i e s ,  p r i n c i p a l l y  due t o  t h e  extremely s x a l l  

t h i ckaess  of t h e  boundary l aye r .  

(according t o  Sect ion V, c )  t o  be made alocg the  e n t i r e  

i3,eiice we must at present  confine ourse lves  t o  e s t ab l i sh ing  

a r e l a t i o n  between our  t e s t  r e s u l t s  and t h e  f r i c t i o n  iizeasure- 

nents  on snooth surfaces '  For tuna te ly ,  measurenents a r e  avai la-  

b l e  mith the  sane Reymlds fu'u;?iber a d  witk the  s m e  r e l a t i v e  

length  (t = 2 m) (Reference 3). The l a t t e r  guerantees  l i k e  

r e l a t i v e  roughness wi th in  reasonable l i m i t s  (Sec t ion  V,  g ) .  The 

comparison i s  made i n  Figure 55.* The v a r i a t i o n  i n  t h e  Reynolds 

Number, caused by d i f f e r e n t  f l i g h t  v e l o c i t i e s  ( l i f t  c o e f f i c i e n t s )  

during the  rieasurement of  t h e  i3olaxs, a r e  l ikewise taken in to  

considerat ion,  The (dash) l i n e s  of f r i c t i o n  measurements on 

smooth s-ufaces therefore-bend t o  t he  l e f t  at t he  bottom. The 

condi t ions  at an al t i tud-e of 20CO x e t e r s  aild 4 O C  were taken as 

the  %asis f o r  the v i s c o s i t y  of the  air .  The depar tures  from 

t h i s  laem value during t h e  ~ i i e a s ~ ~ e r n e n t s  a r e  negl ig ib le ,  

The r e s u l t s  agree su rp r i s ing ly  wel l  w i t h  t h e  f r i c t i o n  iraeas- 

ureaents .  The f a c t  t h a t  t h e  p o l a r s  o f  s a o o t h  wings ( f l i g h t s  15, 

* I n  order So oSta in  a r e l i a b l e  comparison of the  measurexents as 
regards  f r i c t i o n a l  drag, t h e  drag c o e f f i c i e n t s  of  t he  wing sec- 
t i o n s  should be referred t o  t he  e n t i r e  a r e a  of t 3e  wing po r t ion  
under cons idera t ion  ins tead  of t o  ciou3le t h e  plan aTea. ine 
d i f fe rence  anounts t o  4% f o r  t he  wing sec t ion  considered. 

rn- 
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18, 31) a re  approximately p a r a l l e l  may l e a d  t o  t he  conclusion 

t h a t  t h e  p r o f i l e  drag c o n s i s t s  ch ie f ly  of  f r i c t i o n a l  drag, at 

l e a s t  within t h e  range of mean l i f t  c o e f f i c i e n t s  ( f rom ea = 0.5 

t o  approximately 0.9), whence i t  i s  i n f e r r e d  tha t  no appreciabLe 

separa t ion  has taken place,  This assumption i s  confirmed by the  

observed course of the  flow i n  the  vor tex  t ra i l  which, f o r  such 

smooth sec t ions ,  i s  always very quiet .  The rough wing 16 i s  i n  

oppos i t ion  t o  t h i s .  I t s  polar  has no r e c t i l i n e a r  por t ion .  I n  

t h i s  case,  separa t ion  seems t o  take p lace  at very small l i f t  

values ,  The saae conclusion can be drawn f rom t h e  g rea t ly  in- 

creased turbulence i n  the  vor tex  t ra i l  and froin i t s  g rea t e r  

width. The f a c t  t h a t  curve 16 has a Tr i c t ion  which i s  p a r t l y  

i n f e r i o r  t o  t h a t  o f  f lat  sur faces  of t h e  same roughness i s  at- 

t r i b u t a b l e  t o  s l i g h t l y  d i f f e r e n t  surface conditions.  

A similar comparison w a s  once xade i n  Gh t ingen  (Reference 

3)  between f r i c t i o n  measurements on f l a t  surfaces  and p ro f i l e -  

drag peasurements about symmetric& wing sect ions.  Even i n  t h i s  

case with f i v e  t o  t e n  t i x e s  smaller  Reynolds Humbers, t h e  p ro f i l e -  

drag c o e f f i c i e n t s  of moderately th i ck  wings near ly  reached the  

value of  t he  f r i c t i o n  c o e f f i c i e n t s  of f l a t  surfaces  of  the  same 

nature .  * 
*The same problem i s  covered by B r i t i s h  A.73.C. Reports and Mem- 
oranda Bo. 1015 (On the  Drag of an A x r f o i l  f o r  Two Dzmensional 
Flow, by A. Fage and L. J, Jones, 1925), which reached the  author 
a f t e r  t he  completion of h i s  work, Th i s  repor t  descr ibes  the  
measurements of p ressure  l o s s e s  behind a t h i c k  wing sec t ion  of 
15 Cia chord and t h e i r  c a l c u l a t i o n  according t o  a formula proposed 
by Taylor. The fo rm dxag i s  determined separa te ly  by pressure- 
d i s t r i b u t i o n  measurements. The r epor t  reaches the  conclusion 
(Contiiiued at b o t t o m  of page 11) 
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The sm of the  f r i c t i o n a l  and form d ion  

may sometimes be si%a,lles tha,n t h e  pure f r i c t i o n a l  drag a f l a t  

surf  ace, Boundary-layer thickening altQays causes a f 

the  d i f f e r e n t i a l  quot ien t  dv/dy which de terx ines  t h e  sk in  f r i c -  

t i o n  of the  aLhering l aye r  (Sec t ion  V, e ) ,  In  t h e  case 0% l a r g e  

l i n e a r  diLiensions and s i a u l t  aneously l a r g e  Reynolds Numbers, the  

increzse  i n  the  fo rm drag caused by the  thickening of t he  bound- 

a r y  l a y e r  nay we l l ' be  more than  o f f s e t  by the  re&uct ion of t he  

sk in  f r i c t i o n . *  

6 

2. The condi t ions  of a corrugated sheet-metal ving (Fig.  

45) m i l l  3e considered! b r i e f l y  i n  this coimection. Up t o  

C a  = 0.6 

drag c o e f f i c i e n t s ,  but f rom the re  on they bend sharply t o  t h e  

r igh t .  A s  a l ready mentioneti, t h i s  can be a t t r i b u t e d ,  from the re  

the  polars ( f l i g h t s  5+9 an6 13 )  show more or l e s s  equal 
5 

on, t o  t he  not iceably  d i f f e r e n t  behavior of t he  f l o w  on the  wp- 

per  and lower sur faces  of t h e  wing. A s  regards  the  lower por- 

t i o n  of t he  polar, it i s  important t o  deterrfiine whether the  f l o w  
(Continuat ion o f  foo tnote  on page 10) 
t h a t  t h e  sl-i2allest p r o f i l e  drag of tnis wing, f o r  a mean sec t ion ,  
c o n s i s t s  of 805 form and 20% f r i c t i o n a l  d r a g ,  the  l a t t e r  being 
of t h e  same order  of magnitude as the  (measured) f r i c t i o n a l  &ag 
of a f lat .  p l a t e  of l i k e  th ickness  at ha l f  t h e  Reynolds limber. 
Owing t o  smaller Reynolds llylsbers ( R  zpprox. 2 X l o 5 )  a;ld t o  t he  
reduced s i z e  of t h e  models, t he  above r e s u l t s  cannot be c o q a r e d  
d i r e c t l y  with t h e  measurements i n  the  present  repor t .  The re la -  
t i v e  roughness was probably r a t h e r  great .  

w i t h  respec t  t o  drag, always apparent i n  model t e s t s . ( f o r  which 
reason rac ing  a i rp l anes  axe always provided with such wing sec- 
t i o n s )  does not ob ta in  i n  t h e  same degree on f u l l - s i z e  a i rF lanes ,  
as seems t o  be ind ica ted  by the  r e s u l t s  of t h i s  investigation. 

nee the  minimum drag seems t o  depend much %ore on sur face  con- 
d i t  i on s t ban on wing- sect  i on t h i ckne s s. 

3 *This may be t h e  reason why t h e  supe r io r i ty  of t h i n  wing sec t ions  
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conforms s t r i c t l y  t o  the cor ruga t ions  of t h e  sheet metal o r  

mhether dead angles  form i n  t h e  hollows. 

A comparison w a s  ziade with t h e  t e s t s  of the  s rflo 0 t h p r o f i l e  

pa in t ed  with aluminurn-bronze the  same as t h e  corrugated sheet 

metal ( f l i g h t  33 - P a r t  I ) .  Unfortunately i t  d id  not afford a 

good basis f o r  c omp ar i son , owing to i t s  S-shaped curve. 

Cw = 0.75 

reg ion  considered, as against  C, G 1,lO f o r  corrugzted sheet 

metal. If only surface drag i s  poduced  i n  b o t h  cases ,  t h e  

r e l a t i o n  between the  two drag c o e f f i c i e n t s  i s  approxiaately t h e  

can be assumed t o  be the  mean drag coe f f i c i en t  i n  t h e  

same as t h a t  between the  corresponding surfaces .  According t o  

t h e  r e s u l t s  obtained with t h e  t e s t e d  wing port ion,  t h e  r a t i o  

between the  sur faces  of t h e  coxuga ted  and o f  t he  smooth sheet  

metal i”as found t o  be 1.15. Hence the  drag coe f f i c i en t  of  t he  

corrugate& sheet  metal would be 0,15 x 1.15 = 0.86. The f a c t  

t h a t  it i s  ac tua l ly  xuch g r e a t e r  shows that the condi t ions  a r e  

not so  siriiple. 
U 

This  i s  probably due l a r g e l y  t o  t he  r i v e t s  which secure the  

sheet  t o  t he  spa r s  ttt the  botto;:? of each corrugation. 

mwmrement 23 (smooth sheet metal v i t h  r i v e t  heads and a coat- 

Taking 

ing of aluminum bronze) as t h e  basis of  comparison, in which 

C, = a g r o x .  1, 

sheet-iiiet,il measurements, 30 d e f i n i t e  conclusions should be ;.;lade, 

honever, s ince the  e f f e c t  of  small obs t ac l e s  s t i l l  r equ i r e s  very 

thorough inves t iga t ion .  

t he re  i s  p r a c t i c a l  agreement n i t h  t h e  corrugated 
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g )  Differen t  Kinds of Roughness 

13 

Considering t h e  phys ica l  processes  i n  the  boundary l a y e r ,  

as ou t l ined  above,, i t  i s  obvious t h a t  the  thickness  of the bound- 

a r y  l a y e r  and t h e  roughness o f  t h e  sur face  must stand i n  a cer- 

t a i n  r e l a t i o n  t o  each other  as r e g a d s  t h e i r  e f f e c t  on the  drag ,  

If the  unevennesses are  small i n  comparison p i th  t h e  th ickness  

o f  t h e  boundary l a y e r ,  they cannot d i s t u r b  the f l o w  as much as 

unevennesses severa l  times t h e  th ickness  of t he  boundary layer .  

Inves t iga t ions  made with tubes shon t h a t  a “ r e l a t i v e  rough- 

ness”  cccn be spoken o f ,  i f  i t  i s  understood t o  mezn the  r a t i o  

between the  ind iv idua l  surface e leva t ions  and a r e l a t i v e  dimen- 

s ion  of t h e  tube (e.g., t h e  diameter) .  The behavior of tubes 

having the  same r e l a t i v e  roughness i s  t h e  same under the ac t ion  

o f  drag, p o v i d e d  a l l  the  o ther  condi t ions  (sane Reynolds iJmfl- 

b e r )  reiiiaiii unchanged. 

Xeasurements by Hopf and F r o m  (References 7 and 8)  seem t o  

<’ r e q u k e  a d i s t i n c t i o n  t o  be made between two d i f f e r e n t  kinds of 

roughness, One i s  the  ac tua l  roughness caused by very s m a l l  

sharp-edged obs t ac l e s  ( f i l e - l i k e  surf ace ). . The drag coe f f i c i en t  

of such a surface i s  independent of  t h e  Reynolds Number, 

o the r  kind o f  sur face  condi t ion can be c a l l e d  l fcormgated. l f  

c o n s i s t s  of inore o r  l e s s  g e n t l e  e leva t ions  of l a r g e r  dimensions. 

Ths drag c o e f f i c i e n t ,  l i k e  tha t  of smooth surfaces ,  fol lows an 

exponent ia l  l a w  as a func t ion  of R. 

The 

It 

Between these  two kinds 
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of roughness t h e r e  i s  an i n f i n i t y  of  degrees. Both kinds of 

roughness were measured during the  present  t e s t s .  The r e s u l t s ,  

however, do not  d i sc lose  any c h a r a c t e r i s t i c  d i s t i n c t i o n ,  s ince 

ne v a r i a t i o n  of  the  Reynolds Number was poss ib le  except t h a t  

which automatical ly  recur red  during every f l i g h t .  

Attent ion i s  also c a l l e d  t o  t he  f a c t  t h a t ,  beyond a c e r t a i n  

degree of s i r f a c e  smoothness, i t  seems impossible t o  achieve any 

f u r t h e r  reduct ion  i n  the f l o w  resistancpu. T h i s  "absolu te  snooth- 

ness"  seems t o  be tha t  o f  g l a s s  and pol i shed  metal surfaces .  

During the  Ixesent  i nves t iga t ions  t h i s  s t a t e  seems t o  have Seen 

very c lose ly  approached by smooth sheet duralumin. Any f u r t h e r  

reduct ion  i - n  t h e  p r o f i l e  drag o f  th ick  wing sec t ions  i s  there-  

fo re  h a r d l y  t o  be expected. 

h )  High-Pressure Wind-Tunnel Tests  

I-n order t o  make wing-model t e s t s  w i t h  Reynolds Numbers 

s i n i l a r  t o  those of ac tua l  f l i g h t  and thus f a c i l i t a t e  t he  subse- 

quent conversion of the  t e s t  r e s u l t s ,  i t  i s  now the  p r a c t i c e  

i n  Aigerica t o  p lace  the wind tunnel i n  a high-pressure chanber 

w i t h  an over-pressure of  about 20 ataospheres.  Thus, f o r  e q u d  

f l o w  ve loc i ty ,  t h e  value o f  t h e  Reynolds Ihmber i s  approximately 

doubled. Tes ts  wore ma$e i n  t h i s  tunnel  w i t h  wing mod-els having 

an aspect  r a t i o  o f  6 : 1 up t o  Reynolds Numbers of 3 .5  X lo6. 

The conversion of such t e s t  r e s u l t s  t o  fu l l - s i ze  condi t ions 

does not ,  hewever, f u l l y  meet t h e  requirements of t he  l a w  of 
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s i m i l a r i t y ,  s ince the  l a t t e r  s t a t e s  t h a t  t he  geoiaetric similar- 

i t y  of the compared. bodies must be the  basis of t h e i r  hydrody- 

naiiic s i m i l a r i t y .  During these  t e s t s  t h e  12.7 ern chord of the  

t e s t e d  wing ciodels (Reference 1 2 )  was so xuch s a a l l e r  than t h a t  of 

the  ac tua l  ving t h a t  even a pol i shed  sur face  would seem r a t h e r  

r o q h ,  if i t s  s i z e  were s i m i l a r l y  increased. 

I n  f a c t ,  a COi'Aparison o f  a tnospheric  wind-tunnel measure- 

ments with those  o f  the  present  work p o v e s  tha t  t h i s  statezient 

i s  at l e a s t  q u a l i t a t i v e l y  c o r r e c t ,  

387 was used. This  i s  q u i t e  si:ciilar t o  t h e  t e s t e d  Junkers wing 

sec t ion ,  but has  a somewhat sriialler carnber r a t i o  ( th i ckness  = 

0.15 x choxd), 

The Ggttingen wing sec t ion  

The cofiiparison i n  Figure 56 shows t h a t  the  rela-  

t i v e  roughness of  t he  saall model i s  sirxila t o  t h a t  of the  vfiiig 

of 2.1 m chord, covered with a l aye r  of twice-doped fabr ic . "  

Yet, by  forming a d i f f e rence ,  t h e  p r o f i l e  d r ~  of  t he  s m a l l  mod- 

e l  w a s  derived from a t e s t  of the  ac tua l  wimg, The poss ib le  ex- 

r o r  cc7,'iiiot, however, be so l a r g e  as g r e a t l y  t o  a f f e c t  the  coia- 

pa r i son  i n  favor  of  the  saall  model. 

i )  Roughness and Maximurn L i f t  

d very important point  i n  aeronaut ics  remains t o  be consid- 

ered. The above-mentioned separa t ion  phenomena czuse the  f l o w  

t o  leave the  upper surface of  the  wing before  i t  reaches the  

* I t  i s  assumed t h a t  the devia t ion  of p o l a r  387 from i t s  regular  
course at mean l i f t  c o e f f i c i e n t s  i s  due t o  mine dis turbance out- 
s ide  o f  t he  model.. 

--- 
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t r a i l i n g  edge. Between t h e  two flow regions,  on t h e  upper and 

lower s ides  o f  t he  wing, t h e r e  i s  formed at the  t r a i l i n g  edge a 

dead-air wedge, t he  boundary surface of which, beginning at  the  

burb le  po in t ,  p r a c t i c d l y  assumes the func t ion  of t h e  p r o f i l e  

sur face  a d  bounds the potent ia l .  flow. The t o t a l  de f l ec t ion  of 

the flow i s  thereby sorlewhat reduced, s ince  the t r a i l i n g  angle 

of this "ap;,arent prof i le! '  i s  smaller than that or" t he  o r i g i n a l  

wing sect ion.  Since,  on the  other  hand, t h e  l i f t  i s  d i r e c t l y  

produced by t h i s  def lec t ion  o f  the  f low,  i t s  reduct ion causes a 

decrease i n  the  l i f t .  

The cbove-mentioned work by Betz (Reference 11) contains  a 

good confirmation of  t h i s  statement ae ca lcu la t ed  from pressure-  

d i s t r i b u t i o n  zieasurements about the wing section. A f u r t h e r  

confirmation i s  found i n  t h e  aieasuremnts made Sy Wieselsberger 

on a p o f i l e  wi th  d i f f e r e n t  surface condi t ions  (Reference 13)* 

The r e s u l t  i s  given i n  Figure 57, where 3 o i n t s  of equal angle of 

a t t ack  are  connected by obl ique l ir ies.  The d i f f e r e n t  degree of 

s e n s i t i v i t y  of individual  go r t ions  o f  t h e  wing sec t ion  t o  the  

inf luence  of roughness w a s  t e s t e d  by Oskar Schrenk (Eieference 14) .  

Roughness of t he  upper wing surface near t he  lead ing  edge has a 

pa r t i cu lax ly  c l is turbiq ei ' fect ,  owing t o  t h e  f a c t  t h a t  the 

boundary l aye r  i s  very t h i n  at t h a t  point .  The maxii21uin l i f t  i s  

a l s o  g e a t l y  reduced by roughness s ince ,  regard less  o f  the  degree 

Of roughness, t h e  f l o w  alnrays separa tes  a t  about t he  same angle 

of a t tack.  



A coixparison of Figure 57 w i t h  Zigure 46 o r  47 immediately 

shows the  conspicuous q u a l i t a t i v e  agreement of t h e  two values. 

All drag c o e f f i c i e n t s  of t h e  ac tua l  wing a r e  much s :mller  (as  

i s  a l s o  the  r e l a t i v e  roughness) ,  but t h e r e  i s  a good agreement 

i n  the  ckarac te r  of t h e  curves and i n  t h e  s t rong increase  of 

the  p r o f i l e  drag of rough wings from small l i f t  c o e f f i c i e n t s  

upvard. i:Loreover, the  increas ing  roughness of a p r o f i l e  reduces - -  

the  angle of  at tack at which turbulence begins i n  the  v o r t i c a l  

region-  Th i s  i s  confiraed by the  f i rs t  diagrams of t he  r e s u l t s ,  

as 2 l o t t e d  i n  Figures  1 2  t o  24. Hence, i t  was o f t en  impossible 

t o  ;.lake accurate  measurenents at l a rge  l i f t  values. 

It is consequently e s t ab l i shed  t h a t  surface roughness and 

the  form i n  which it actually manifests  i t s e l f  considerably af- 

f e c t  t he  l i f t  as a funct ion of  t h e  angle o f  a t t ack  and par t icu-  

l a r l y  the niaximum l i f t .  T h i s  could not  have been proved d i rec t -  

l y  by the  momentum method without pressure-d is t r ibu t ion  measure- 

ments, 

V I .  Conclusions and Prospec ts  

a) P r a c t i c a l  S igni f icance  of t h e  Resul t s  

1. A numerical demonstration of t he  inf luence exer ted  by 

the  p r o f i l e  drag on a i rp lane  performances would exceed the  l i m -  

i t s  of this repor t .  These condi t ions  a r e  only b r i e f l y  out l ined ,  

it being assuaed t h a t  the  method of performance ca l cu la t ion  i s  

genera l ly  known. 
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There e re  two fundamentally d i f f e r e n t  kinds of  a i rplane drag. ~ 

One k ind  i s  c lose ly  r e l a t e d  t o  the  process  of l i f t  production. 

It o r ig inx te s  i n  the i r recoverable  k i n e t i c  energy of t h e  dovm- 

wash and i s  ca l leC t h e  induced drag, on account o f  i t s  mathma+,- 

i c a l  analogy with c e r t a i n  processes  i n  e lectrodynaxics .  

o ther  kind i s  h e  t o  f r i c t i o n  and incomplete conformation of the  

f l o w  t o  t ke  d i f f e r e n t  p a r t s  o f  t he  a i rplane.  It  i s  c a l l e d  head 

r e s i s t a n c e ,  s ince  the  air fo rces  act  o n l y  i n  the  opposi te  clirec- 

t i o n  t o  tiiat of the flow. It a l s o  inc ludes  the p r o f i l e  drag, 

t h a t  j3or"tion of  t he  wing drag which i s  indeDendent o f  the  l i f t  

The 

product ion a n d  depends only on the  surface condi t ions of  the wing. 

Head -es i s tance  p l ays  only a subordinate r o l e  i n  climbing 

fligh'c (Reference IS), but i t s  inf luence i s  decis ive i n  l e v e l  

f l i g h t .  I n  the  performance equation of  l e v e l  f l i g h t ,  head re-  

s is ta i ice  has 'Ghe same value as the  engine power, at l e a s t  for 

normal power loadings  (lb. /hp) at noderate a l t i t u d e s .  Thus, at 

a given speed, any reduct ion i n  the  head r e s i s t ance  has the  s m e  

e f f e c t  as a corresponding increase  i n  t h e  engine power. It  i s  

even nore e f f e c t i v e  than t h e  l a t t e r ,  s ince  any increase  i n  the  

s i z e  0% %he engine causes aE increase  i n  t h e  head-resistance 

a rea ,  a recue t ion  i n  the  ;2ropeller e f f i c i ency  and an increase i n  

the  neight o f  t h e  a i rp laxe ,  

The prof  i l e -drag  component of t h e  head r e s i s t ance  increases  

with increas ing  dinensions of t h e  a i rc raf t ,  since on t h e  one 

hand, t h e  fusela:,e, engine n a c e l l e s ,  and other  a i rp lane  parts 
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a re  Srac?ually absorbed by the  wing while, on the  other  hand, t he  

ava i l ab le  use fu l  space does not genera l ly  increase  q u i t e  as the  

3/2 power of t he  wing area.  For  the i d e a l  case o f  " f l y i n g  wing," 

the  head r e s i s t ance  would cons i s t  of t h e  p r o f i l e  d . r a g  only. 

When i t  i s  re;<iembered t h a t  a l l  a i rp lane  p a r t s  a r e  s i m i l a r l y  af- 

f e c t e d  by surface roughness, i t s  importance i s  very manifest ,  

even f o r  a i rp l anes  of ordinary s ize .  

2, The e f f e c t  of sukface condi t ions  on the  ;?iaximm l i f t ,  

as confirmed by the  present  t e s t s ,  i s  very important for the  re-  

duct ion o f  t he  landing speed. The remarkable d i f fe rences  be- 

tween the  landing speeds of  a i rp l anes  i d e n t i c a l l y  loaded and 

having siziilar wing sec t ions  i s  of ten  due t o  t h i s  f a c t .  

5. Smooth and undis turbed wing sur faces  cause an increase 

i n  t h e  m,ximua speed and a reduct ion i n  t h e  landing speed. Such 

improvements, achieved by comparatively small e f f o r t s ,  o f ten  ila- 

t e r i a l l y  increase  the  speed range of a i rp l anes  and consequently 

the economy and sa fe ty  of f l y ing .  

4. The t e s t e d  wing sec t ions  hadL a r a t i o  of maximum thick- 

ness  t o  chord between 1 : 5 and 1 ; 6. Plywood covering I 

had a r a t i o  of near ly  1 : 5 ,  I n  the  i n t e r e s t  of econoaical 

f l i g h t  t h i s  r a t i o  has been h i t h e r t o  regarded by fiesigners as the 

l i m i t ,  According t o  t he  present  r e s u l t s ,  however, even th icker  

wing sec t ion  may g ive  usefu l  aerodynaziic values ,  provided they 

a r e  smooth enough. The importance of t h i c k  wing sec t ions  i s  

obvious for t h e  cons t ruc t ion  o f  can t i l eve r  wings of  l a rge  aspect 
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r a t i o  ( t o r s i o n a l  r i g i d i t y ,  covering t o  r e s i s t  pa r t  of  the  bend- 

ing s t r e s s ,  stowing of cargo) .  

b )  Regarding the  Continuation of t he  Tests  

From what has  been said,  i t  i s  obvious tha t  t h i s  method 

s tands at the  very beginning of  i t s  development and may s t i l l  

br ing  many surpr i ses .  A s h o r t  ou t l i ne  i s  given below, on the  

basis of  the experience gained,  t o  i n d i c a t e  the  d i r e c t i o n  fur-  

t he r  i nves t iga t ions  nay take,  

1. F i r s t  , a nuxber of  problems may s t i l l  be solved with 

the  e x i s t i n g  i n s t a l l a t i o n .  The purpose of the  experiments would 

be,  on the one hand, t o  ga in  f u r t h e r  experience wi th  t h i s  method 

and, on the  o ther  hand, t o  solve a s e r i e s  o f  t h e o r e t i c a l l y  and 

p r a c t i c a l l y  important ques t ions ,  The fo l lowing  t e s t s  axe sug- 

ges ted ,  but they do no t ,  of course,  exhaust a l l  t he  p o s s i b i l i -  

t i e s :  

Varying the  dis tance of t he  r ea r  s t a t i c  tubes from the  wing; 

Tests  at t h e  t r a i l i n g  edge of t he  wing, f o r  t h e  separate  

determination of t he  e f f e c t  o f  t h e  upper and lower sur faces  of 

the  wing; 

Xeasurements behind d i f f e r e n t  c ros s  sec t ions ,  espec ia l ly  

behind t h e  a i l e r o n s ;  

Inves t iga t ions  w i t h  s t a t i c  tubes o f  d i f f e r e n t  s i z e s  a n d  

types  capable o f  b e t t e r  recording t h e  d e l i c a t e  s t r u c t 7 a e  of the  

vor tex  t ra i l ;  
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iiomenturii measurements with s e n s i t i v e  s t a t i c  tubes  at d i f f e r -  

ent  po in t s  of t he  upner sur face  o f  the  wing f o r  determining the  

cause of  d i s c o n t i n u i t i e s  arid separat ion;  

Testing methods f o r  a r t i f i c i a l l y  damping tile v ib ra t ions  o f  

t he  aleohdl columns by reducing the diaixeter of t he  U-tubes, i n  

ordez t o  diminish t h e  s c a t t e r i n g  of t he  points .  

2. The inves t iga t ions  suggested under a, 4, t o  be made 

with other  and e s p e c i d l y  with th icker  'wing sec t ions ,  may, o f  

course,  if not othermise f e a s i b l e ,  be made with the  a i d  o f  super- 

s t r u c t u r e s  mounted on the  wings of t he  a i rp lane  h i t h e r t o  used, 

T h i s  nethod was explained by the  wr i t e r  i n  h i s  l e c t u r e  before 

the  W.G.L. I n  grder t o  produce a more o r  l e s s  regular  f l o w ,  

t he  ::ring por t ions  w i t h  d i f f e r e n t  p r o f i l e s  would have t o  be pro- 

vided with end disks. The l i f t  c o e f f i c i e n t s  of these  wing por- 

t i o n s  mould then no longer equal the l i f t  coe f f i c i en t  of the  

whole wing and would have t o  be determined separa te ly  by pressure- 

d i s t r i b u t i o n  measurements. However, i t  would be d i f f i c u l t  t o  

opera te  such aa i n s t a l l a t i o n  and impossible t o  include a l l  de- 

s i r e d  angles of a t tack ,  A b e t t e r  so lu t ion  of the  problem i s  

the re fo re  given below, 

3. The wing sec t ion  t o  be t e s t e d  i s  not mounted on the air- 

p lane  wing, but  i s  mounted i n  a movable and independent w a y  as 

a la rge-s ized  zedel. On a l a r g e  a i rp lane  o f  the  s i z e  o f  the 

Junkers G 24,  wings w i t h  a chord of 2 t o  3 meters can be s&ely 

mounted above t h e  center  of  g rav i ty  without r n a t e r i d l y  impairing 

t h e  f l i g h t  ch&rac ter i s t ics ,  
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The t o t a l  p ressure  neasurenent i s  made (according t o  Betz) 

by means of a s e t  of s t a t i c  tubes which ind ica te  simultaneously 

all t h e  t o t a l  p ressures  on a s ing le  instrument board, The s t a t i c  

pressuTes a re  :.ileasuredl separately.  They need t o  be measured at 

only a few p o i n t s  since t h e i r  v a r i a t i o n  and e f f e c t  a r e  small, 

The xeasuring boax’d rind camera adre loca t ed  i n  the  cabin 

where they a r e  pro tec ted  f r o a  the  air f l03 ’V,  The adjustment of 

the  wing and measuring gauges i s  con-trolled from the  cabin. 

The pressures  at t h e  pe r fo ra t ions  of t h e  wing a re  ind ica ted  and 

simultaneously photographed on t h e  board. They a r e  used f o r  cal-  

cu la t ing  the  l i f t  and moment coe f f i c i en t s .  This  arrangement af- 

fo rds  great  freedom i n  the choice of t h e  angles t o  be measured 

and eiiables quick Work. A t e s t  f l i g h t ,  f o r  the  determination 

of a polar  with a l l  th ree  coxponents, d i d  not  requi re  more than  

15 minutes i n  good weather, including the  take-off and landing. 

This arrangemeiit allso enables  t h e  measureaent of a, s e r i e s  of 

Reynolds Numbers wi th  t he  scme zodel at d i f f e r e n t  f l i g h t  speeds. 

Furthermore , t h e  s iau l taneous  measurement of all t h e  p r e s s u e s  

may enable iiaport ant  conclusions regarding the  flow plienorena. 

The cor rec tness  of t he  r e s u l t s  m a y  be impaired bv a clli-va- 

t u r e  o f  t he  f l o w  due t o  the c i r c u l a t i o n  about tne  malrl ~ ~ j - i ~ g .  

It \vas found by ca lcu la t ion ,  however, t h a t  t h e  resl.Xl.’t_ciLg e r r o r  

cannot be l a rge ,  Nevertheless,  t h e  f i e l d  i n  which t7:lt m 3 - R - l -  

wing mas t o  be ;:ieasured had t o  be cazefu l ly  investlgeueC. by pre- 

l iminary  t e s t s  w i t h  a s t a t i c  tube and a flow-direction ind ica tor  
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(e.g. ,  a cy l inder  with th ree  pe r fo ra t ions ) ,  These inves t iga t ions  

were a l s o  intended t o  include t h e  e f f e c t  o f  the fuselage and 

p rope l l e r  s l i p s t r e a m  I f  t h e  c i r c u l a t i o n  about the  main wing 

should cause a not iceable  bending of t h e  f low,  measureaents 

might, f o r  ins tance ,  be made with c e r t a i n  wing sec t ions  placed 

i n  a n  inver ted  pos i t i on ,  t hus  o f f s e t t i n g  t h e  e r r o r s  caused by 

the  bend. The most su i t ab le  aspect r a t i o  of the  model wing also 

had t o  be determined by prelirninaTy wind-tunnel inves t iga t ions ,  

bo th  as regards the  e f f e c t  o f  t h e  edges on the  poin t  o f  xeasure- 

ment (wing c e n t e r )  and on t h e  c o s t  of  t he  iiiodel which f o r m s  a 

l a r g e  p a r t  o f  the  t o t a l .  expense. 

The p r o f i l e  drag md t h e  rnaxirauin l i f t  o f  p r a c t i c a l l y  all 

e x i s t i n g  wing sec t ions  can be determined by means of  t h i s  in- 

s t a l l a t i o n ,  some of the  a o s t  important ques t ions  being the  cliar- 

a c t e r i s t i c s  of  t he  th ickes t  and th innes t  wing sec t ions ,  the max- 

imum l i f t  of symietrica3. wing sec t ions ,  and the e f f e c t  o f  d i f -  

f e r en t  cwdaers. This p o g r a m  would r equ i r e  some 20 models care- 

f u l l y  se lec ted  f r o m  the  best-known shapes. Moreover, t h i s  would 

enable the  inves t iga t ion  of c e r t a i n  spec ia l  problems which cannot 

be s a t i s f a c t o r i l y  solved i n  tke  air stream on account of the  

Reynolds Nuxbers; f o r  example, tile problem of t he  s l o t t e d  wing 

o r  t h e  rmioval o f  the  boundary l aye r  by suction. 
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V I I .  Summary 

24 

The t h e o r e t i c a l  bases of t h e  momentum method a r e  f i rs t  pre- 

sented,  and the corresponding equat ions a r e  developed, The q u i t e  

unusual method of iaeasurement i s  descr ibed i n  d e t a i l ,  In  this 

connection p x r t i c u l a r  a t t e n t i o n  i s  c a l l e d  t o  t he  accuracy of 

me asur einent . 
The author then  descr ibes  measurements made by him w i t h  a 

two-seated Junkers a i rplane.  24 po la r s  of a th ick  wing sect ion 

w i t h  d i f f e r e n t  wing coverings were obtained by f l i g h t  t e s t s .  

Tes ts  n-ere made with Junkers corrugated sheet  metal ,  plywood and 

f a b r i c  w i t h  d i f f e r e n t  degrees o f  doping, a r t i f i c i a l l y  roughened 

wi th  poppy seed; a l s o  two d i f f e r e n t  kinds o f  sheet metal ,  p l a i n  

and varnished, with and without r i v e t s .  The r e s u l t s  a r e  repre- 

sen ted  by po la r s  and t h e i r  r e l i a b i l i t y  i s  discussed. It i s  

shown t h a t  the  prof i le-drag c o e f f i c i e n t s  a r e  su rp r i s ing ly  af€eet-  

ed by surface condi t ions,  The c o e f f i c i e n t s  obtained f o r  sriooth 

sur faces  a re  considerably smaller  than t h e  r e s u l t s  of wind- 

tunnel  t e s t s  with similar wing sec t ions ,  

Another s ec t ion  dea ls  with the  e s s e n t i a l  f e a t u r e s  of 

, 

Prand t l '  s boundary-layer theory,  as developed during recent  y e a s ,  

and with the  explanat ion of  p r o f i l e  drag, as cierived from t h i s  

theory. It i s  endeavored t o  e s t a b l i s h  ~l r e l a t i o n  between these 

t h e o r i e s  2nd a few specia-1 phenomena observed during t h e  t e s t s .  

This  i s  achieved by coimparing the  prof i l e -drag  measurements W i t h  
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f r i c t i o n  measurements on f l a t  p l a t e s  and by studying the  r e l a t i o n  

between -maximum l i f t  and roughness. L e s t l y ,  t he  p r a c t i c d  i w o r -  

tance of the  r e s u l t s  i s  d iscussed  and suggestions a r e  made reg,zrd- 

ing f u r t h e r  inve s t i g a t  ions. 

A p p e n d i x  

Suggestions f o r  Simplifyii1g t h e  C ~ l c u l a t i o n  

1. I n  the  f i rs t  p lace ,  t h c  equation used can 5e s i n p l i f i e d  

s o  as t o  g r e a t l y  reduce t h e  work of ccdculation. 

i s  'caken by consider ing t h e  nurnerict.,l inf luence o f  t he  second 

A f u r t h e r  s tep  

in t eg ra l .  %%en the  s t a t i c  pressure  i n  t h e  vortex t ra i l  i s  cs- 

sumed t o  be c o n s t a t  and the  t o t a l  p ressure  loop i s  given a mean 

value,  t h e  second?. i n t e g r a l  c a n  be expressed i n  f r a c t i o n s  of the 

f i r s t  i n t e g r d  as zt fu-nction of the  s t a t i c  pressure  and of the  

maximum value o f  t h e  t o t a l  pressure.  

assurrlptions, which do  not d i f f e r  m t e r i a l l y  from t he  ac tua l  con- 

d i t i o n s ,  the  work can be confined t o  t h e  determinat ion of t he  

t o t a l  pressure l o o p  tmdi of t he  mean s tq- t ic  pressure i n  t h e  Vortex 

t ra i l ,  from which, by 2 s h o r t  ct;llculation, the  drag coe f f i c i en t  

Under these si iqplifying 

9 

can be der ived with s u f f i c i e n t  accu~acy .  

2. After introducing t h e  dynmic  pressures ,  equation (?a) 

c m  also be m i t t e n  its follows: 



According t o  Sec t ion  11, e ,  6 ( P L a t  I )  

q i  - q = go - g. 

Thus equation (7 ’0)  becomes 

It! = 2 2 I 1 S ( g o  - g >  dy - S J T m  (+- -JT) d y )  (11) 

This  equation g r e a t l y  s i m p l i f i e s  the  numer icd  ca l cu la t ions  

which are the  necessary prel iminary s t e p s  towaxd the  solut ion,  

S ,  We sha.11 now turn  our  a t t e n t i o n  t o  t he  second i n t e g r a l  

o f  equation (8). Considering t h a t ,  accordins  t o  Sect ion I1 mdi. 

Figure 3, 

i t  i s  obvious t h a t  the  v d u e  of  t h e  in tegrand  depends on the two 

va lues  p and  ( g o  - 3). Thus, when { g o  - g) and p are  

known at a poin t  y ,  the  second in tegraad  at the dynamic pres- 

sure  q, can be ca lcu la ted  f o r  t h i s  point .  The r e s u l t  of such 

a ca l cu la t ion ,  i n  which ( g o  - 5) and p vary with in  a p r a c t i -  

c a l l y  important region,  i s  represented  by Figure 58. The abbre-. 

v i a t i o n  A ( g o  - g> 
t e n t i o n  of e x p e s s i n g  the  second i n t e g r a l  a.s a fyac t ion  of the 

f i r s t  i n t e z r a l ,  

was zdopted f o r  t h e  integrand with the  in- 

Equatioa ( 8 )  would then read 
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I n  Figure 59 a r a t i o  was es t ab l i shed  between t h e  second in- 

tegrznd A (go  - g )  aid t h e  f i r s t  in tegrand  ( g o  - g) . *  T h i s  

r a t i o  i s  found t o  increase as t h e  expression f o r  t h e  t o t a l  pres- 

sure  d i f fe rence  ( g o  - 9). 

f o r  t h e  nhole second i n t e g r a l ,  two assumptions mdst be ixade. 

The f i r s t  assumption r e f e r s  t o  t h e  s t a t i c  pressure,  which i s  con- 

s idered  constant  throughout t h e  whole turbulen t  zone. The second 

dea l s  with the  course o f  t h e  t o t a l  p ressure  d i f fe rence  (go  - g ) ,  

the  magnitude of which a f f e c t s ,  as s t a t e d  above, t he  value of 

the second i n t e g r a l  at every point .  Three cases were inves t i -  

s a t e d  i n  t h i s  connection. 

shape, as obtained by measurements, t he re  were a l s o  assumed a 

rectai;lgle f o z  t h e  upper and an i sosce le s  t r i a n g l e  f o r  the  lower 

In  order t o  ob ta in  a d e f i n i t e  value 

r 

In  addi t ion  t o  a mean ( t tnormal t t )  loop 

l i m i t ,  b o t 3  having t h e  saine a r e a  and a l t i t u d e .  The condi t ions 

of %he noma1 loop are  represented  by Figure 60. The d i f fe recce  

a reas  between t h e  ( g o  - g >  curve and t h e  curves p = constant 

represent  the  va lues  of t h e  second i n t e g r a l ,  and hence the  t o k a l  

r e s u l t  i s  represented  by t h e  a reas  be1o;v the  curves p = constant .  

In t eg ra t ion  czn now be proceeded w i t h .  

After makizng these ca l cu la t ions ,  it only remains t o  deter-  

mine the  maxii.rrum to ta l -pressure  d i f fe rence  and t h e  s t a t i c  pres- 

P sure .  Thereupon the  p a t  of  t h e  second i n t e g r a l  i n  the  f i r s t  

i n t e g r a l  can be d i r e c t l y  determine& regardlless of t h e  inf luence 

of  t h e  shape of the  t o t a l  p ressure  loop. The r e s u l t  i s  shoWn 

*The l i n e s  o f  t h i s  f i gu re  a r e r p e r f e c t l y  straight,  but a r e  nearly 
so  wi th in  the chosen range. 

i n  F.igure 61. The ---- values  ofQt normal ____-___. and -__---- o f  tlie tr iangd.aX -- 
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tp l oop  agree s o  wel l ,  t h a t  they were not p l o t t e d  separately.  The 

rec tangular  l o o p ,  however, d i f f e r s  mater ia l ly .*  Nevertheless,  

i t  i s  extremely improbable t h a t  the t o t a l  p ressure  l o o p s  w i l l .  

ever approach t h e  shape of a rectangle ,  Under ord inary  condi t ions 

the  va lues  of' t h e  normal l o o p  may be considered s u f f i c i e n t l y  ac- 

cur at e e 

Tigure 61 a f fords  a. very p r a c t i c a l  basis f o r  s implifying 

t h e  drag measurements by the  moxentw;? method, If t h e  t e s t  po in t  

i s  loca ted  s u f f i c i e n t l y  far from the  t r a i l i n g  edge o f  t he  wing, 

i t  may be assumed t h a t  the s t a t i c  pressure  i n  the  tur3ulen-t 

zone can genera l ly  be approximately expressed by a s t r a i g h t  l i n e ,  

whereSy the  p r e s s u r e s ' i n  t h e  midrcile o f  t he  vortex t ra i l  requi re  

more a t t en t ion . than  those near t h e  edge. II? tlnis case the  stat- 

t 

i c  pressure  Reeds t o  be determined at only two o r  t h ree  poin ts ,  

The value of t he  second i n t e g r a l  can then  be obtained d i r e c t l y  

from Figure 61, a f t e r  p l o t t i n g  an& i n t e g r a t i n g  the  ( g o  - g >  

loop. 

Perhzps we ma,y go a s t e p  f a r the r .  The s t a t i c  pressure  be- 

hind t h e  wing i s  a f fec ted ,  i n  t h e  f i r s t  p lace ,  by t he  c i rcu la-  

t i o n  and 'ny t he  d is tance  of t he  point  of measurement from the 

wing. The e f f e c t  of t he  vor tex  t r a i l  i s  another i tem concerning 

which no accura te  information i s  yet  avai lable .  When t h i s  in- 

f luence  i s  p r a c t i c a l l y  independent of sur face  condi t ions  and of 

the  shape of t h e  wing sec t ion  o r  when i t s  r e l a t i o n  i s  accUate1y 
*The l i n e s  a re  t he  same as i n  Figure 59, s ince ( g o  - g )  i s  
constant  i n  t h i s  case. 

-. I_ 
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known, i t  only remains t o  meamre the  t o t a l  p ressure  d i f fe rence  

behind the  wing, The s t a t i c  pressure  d i f fe rence  i s  then de- 

r i v e d  from a d i a g r m  as a func t ion  of t he  l i f t  c o e f f i c i e n t ,  from 

the  r e l a t i v e  d is tance  of the  s t a t i c  tube and perhaps a l s o  from 

the  wing- s e c t i on inf  luenc e s . 
Oving t o  t h e  fa,& t h a t  t he  eva lua t ion  of t he  momentum meas- 

urerne-ilts s t i l l  n e c e s s i t a t e s  a" ra ther  ex tecs ive  numerical calcu- 

l a t i o n ,  t he  above-indicated Birnplif icatiion would mater ia l ly  re- 

duce the cost  a i T d  g rea t ly  f a c i l i t a t e  t h e  appl ica t ion  o f  t he  %IO- 

menta1 method of measurement * 

Trans la t ion  by 
iJat ion21 Advisory Comj-fitt ee 
f o r  Aeronautics. 



9e 

R e f e r e n c e s  

1. Betz, A. 

2, Weidinger, H. 

3. P rand t l ,  L. 

5. P rand t l ,  L. 

6. Ton Karmm, 

7. Hopf, L. 

: "Ein V e r f a r e n  zur d i rek ten  
Errfl i t  t e lung  des Prof i l@der-  
s tands ,  I t  Z e i t s c h r i f t  f u r  Flug- 
technik  und Eotor luf t sch i f -  
f a h r t ,  1925. (T.16. No. 3 3 7 :  
A Xethod €or  t he  Direct  Deter- 
mination of Xing-Section Drag. ) 

: "Prof ilwiderstandsmessungen i n  
Fluge, 1926 Yearbook of the  
W i  s sen schaf t 1 i c he Ge s e l l  achaf t 
f6r Luf t fahr t .  

: Ergebnisse der A*erodpmischen 
Versuchsanst a l t  zu Got t ingen, 
Reports 1 and 11, 1923. 

: fl&Iessung stroriender Luft ait- 
t e l s  Staxgeraten,  Focschungs- 
h e f t  ITo. 240 d e s  Vereines 
deut scher Icgenieure . 

I I  

: "Ueber F luss igke i t  sbewegung be i  
selir k l e ine r  iteibung, If Vier 
Abh andlung en zur Hydro dyn mii k 
und Aeroclynwnik. (T.K. No, 
452: ttotions of Fluids  wi th  
Very L i t t l e  Viscos i ty .  ) 

: IIUeber d i e  Oherflgchenreibung 
von Fluss igke i ten ,  If Vortrgge 
aus dein Gebict der Hydro- und 
Aerodynzuik (Innsbruck 1922), 
Ber l in  1924, p.125. 

- r  

: !'Die Xessung der  hydraulis@ien 
Ra.uhigkeit711 Z e i t s c h r i f t  f u r  
angewandte kathemat i k  unc? Me- 
chanik,  1923 p, 329. 



-a 

8.  F r o m ,  

9. S c h i l l e r ,  

31 

: l tS t ro :~u-ngs~~ ide rn tand  iy1 rauhen 
Rolirenoll Z e i t s c h r i f t  f&r a g e -  
wandt e Elathemat i k  unci liiechanik, 
1923, p.359. 

: If Experiment e l l e  Unt ersuchungen 
zuia TcrbuJenzgroblem, Zei t -  
s c h r i i t  fux angewandte Xathe- 
m a t i k  und kechaiiik, 1921, p. 436. 

10, Vxi d-er Hegge-Zijnen, B. G. : 11;; i ,-essurenents of t h e  Velocity 
Cis.5ribution i n  the  Soundcry 
L a y ~ r  8,long a Plane 
Lededeeling 6 u i t  het  la5ora- 
t o r i m  voor Aerodynamics en 
Hydroclynmi ca der Techni sche 
Hoogeschool D e l f t ,  1924, 

13. Wiesels'aerger , C. 

14. Schn-;enk, Oskar 

15. Scmenk, :.:artin 

: "Unter8uchung e ine r  Schukovsky- 
Tragflache, If Z e i t s c h r i f t  fur 
Flag% e ch.nik unci l:o t or luf  t s ch i  f - 
f s i i r t ,  1915, p.113. 

: I! The Aer odynaai c Chail act  e r i  s- 
t i c s  of Seven Frequently Used- 
Win3 Sect ions at F u l l  Reynolds 
fLru,n??er. II  (K.A. C.A. Tech;?icd 
Report 110. 233, 1926.) 

s : " D i s  wj,chtigsten Zr,Sebnisse d-er 
Tragflugtheorie  und i h r e  H~aach- 
pruiufg & a c h  den Ver such , I I  
Vortsage xils dem Cebiet der Ey- 
dro-  und. herodyxmik ( I n i s -  
'ccuck 1922). S e r l i n ,  1924,p.47. 

O$ e Y f 1 ac h e cr a=nh i g k e i C, au f T r ag - 
f l u g e l n ,  I t  TlorlauPige Xi t t e i l -  
u.ngen der  Aers@r,a.mi schen Vex- 
s u c h s m s t a l t  Zo-ltinSeii, i3o. 4. 

II : 



Figs.52,53. 

n Fig .53 .  iior d e f i n i t i o n  of' 
s i i z d . n g  st  r 33s ili 
viocous f l u i  3-0 . 
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