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INTRODlICTl ON 

Pi1ott.d s i m u l a t i o n  o f  h e l i c o p - t x r s  or o t h e r  r o t o r c r a f t  i n  real  t trnc is 
paced  hv t h e  s p r c d  o f  .-elution of t h e  r o t o r  dynamic e q u a t l o n s  nf  mot ion .  
method of i w r e a s i n g  compiitat l c n  s p w d  is t h e  u s e  o f  ii l i vh r td  (nnrilo): p l u s  
d i g i t a l )  compute r ,  Y t t h  a l l  totor ct l ~ - u l a t i o n s  hetng a c c o m p l l s h c J  i n  t h c  
a n a l o ~  computer .  
v i d i n g  roto1 b l a d e  . i i r f o i l  s e c t  i o n  c l i a r a c t r r i s t  Lcs i n  t a b u l i i r  inrn.  s i n c e  the 
time r e q u i r e d  fo r  t h e  v e r y  l a r g e  number of t a b l e  l o o k u p s  mil? neg.ite the 
e x p e c t e d  wwed adv.int'ige. Therefore, i t  was d e t e r m i n e d  t o  d e r i v e  c l o s e d - f o r m  
e a u a t i o n s  ..>r the l t f t ,  drag. and p i t c h i , t g  moment o f  a i r f o i l  sect ions wl l tc t i  

01it-  

Unfor tuna tL* ly ,  t h i s  may p r e c l u d e  thc  normilt p r . w t i c r  o f  p ro -  
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would exh ik i : ,  { n s o f a r  a s  p o s s i b l e  and p r a c t i c a l ,  t h e  e f f e c t s  of a n g l e  of  
a t t a c k ,  Mach number, Re;*nolds number, 2nd t h e  s p e c i f i c  s e c t i o r .  t y p e .  Pub- 
l i s h e d  a i r f q l l  da t ;  w e r v  used t o  e s t a b l i s h  t h e  form o f  e q u a t i o n s  which b o t h  
r e f l e c t  g e n e r a i  . r e n d s  .-nd acromnodate  s p e c i f i c  s e c t i o n  t y p e  c h a r a c t e r i s t i c s  
where p o s s i b l e .  
e x p e r i m e n t a l  d a t a  f o r  t h e  p a r t i c u l a r  a i r t o i l  of i n t e r e s t .  h u t  t h e  d a t a  
r e a u i r e m e n t s  a r e  no t  aq e x t e n s i v e  a 9  f o r  c o n s t r u c t i o n  of  a i r f o i l  d a t a  t a b l e s  
t : ' : , ~ c d l y  used  i n  he1 ic .op ter  r o t o r  a n a l y s i s  programs.  

T h e  c o e f f i c i e n t 9  of  t h e  e q u a t i o n s  must be o b t a i n e d  from 

The e q u a t i o n s  p r e s e n t e d  h e r e i n  a re  e q u a l l y  a p p l i c a b l e  t o  f txrcl-wtng prob-  
lems, arld shou ld  be u s e f u l  i n  an. c a s e  where i t  i s  e i t h e r  i m p r a c t i c a l  or 
i m p o s s i b l e  t o  u s e  an  a i r f o i l  s e - t i o n  d l t a  t a b l e .  
d a t a  t a b l e  is d e s i r e d  b u t  n b t  a v a i l q t l e ,  t h e  e q u a t i o n s  p r o v i d e  a means of 
g e n e r a t i n g  t h e  t a b l e  ( w i t h  a n g l e  o f  s t t a c k  and Mach number as p a r a m e t e r s )  f rom 
l i m i t e d  i n p u t  d a t a .  

Conver se ly ,  i f  a p a r t i c u l ~ r  

ASSUMPTIONS AND LIMITATIONS 

The e q u a t i o n s  p r e s m t e d  h e r e i n  were d e r i v e d  from e x p e r i m e n t a l  a i r f o i l  
s e c t j o n  d a t a  o b t a i n e d  under  c o n d i r i o n s  o f  two-dimens iona l ,  s t e a d y - s t a t e  f l o w .  
The a i r f o i l  s u r f a c e  c o n d i t i o n  is ass idled t o  be  representative of i n - s e r v i c r  
conditions; t h a t  is, smooth.  b u t  with a t u r b u l e n t  boundary l a y e r  over e s s e n -  
t i a l t v  t h e  e n t i r e  a i r f o i l .  C o n s i d e r i n g  t h e  combined e f f e c t s  of manuf .acturfnp 
d e f e c t s ,  s e r v i c e  wea r ,  env i ronmen ta l  d e p o q i t s ,  h i g h  Reynolds  number and free- 
stream t u r b u l e n c e ,  i t  is r e a s o n a b l e .  i f  s l i g h t l y  c o n s e r v a t i v e .  to assume a 
f u l l y  t u r b u l e n t  boundarv  l s lyer  f o r  a l l  f u l l - s c a l e  r o t o r s  and wings f o r  which 
no s p e c i a l  l amina r  €low a p p a r a t u s  is  p rov ided  ( r z f .  1 ) .  The a s sumpt ion  o f  a 
t u r b u l e n i  b o m d s r y  l a y e r  e s t a b l i s h e s  t he form o f  tne i n c o m p r e s s i b l e  d r a g  
c o e f f i c i e n t  ( append ix  8 ) .  

The s u b j e c t  e q u a t i o n s  a r e  a p p l i c a b l e  o n l v  f o r  f l i g h t  c o n d i t i o n s  i n  whtch 
t h e  f r e e - s t r e a m  Mach number is less t h a n  one. rhe  Reynolds  number, based  an 
s e c t i o n  c h o r d ,  is assumed t o  be g r e a t e r  t h a n  1 ~ 1 0 ~ .  C e r t a i n  e x p e r i a e n t a l  d a t a  
f o r  t h e  p a r t i c u l a r  a i r f o i l  t y p e  under  c o n s i d e r a t i o n  must be a v a i l a b l e .  
examples  o f  s u c h  d a t a  a r e :  (1) moment c o e f f i c i e n t  a t  low Mach num5er a id  z e r o  
a n g l e  of  a t t a c k ;  arid ( 2 )  a t  l eas t  two v a l u e s  o f  d r a g  d i v e r g e n c e  Mach number as 
a f u n c t i o n  of  s e c t i o n  a n g l e  of a t t a c k .  A l l  such  r e q u i r e m e n t s  are p r e s e n t e d  in 
a s u b s e q u e n t  s e c t  ion. 

Two 

E q u a t i o n s  are  p r o v i d e d  i n  t h i s  r e p o r t  f o r  section l i f t .  d r a g ,  and p i t c l i -  
i n g  moment c o e f f i c i e n t  t h r o u g h  an ar ;g le  of a t t a c k  r a n g e  cf i 1 8 O o .  However, 
above  a b o u t  +20°.  t h e s e  c o e f f i c i e n t s  a r e  f u n c t i o n s  o n l y  of a n g l e  o f  a t t a c k ,  
and are  i d e p e n d e q t  o f  Mach number, Reynolds  number, dncl t h e  a i r f o i l  type. 
T h i s  s i m p l i f i c a t i o n  !.s a consequcnce  of t h e  v e r y  sr.i11 amount of e x p e r i m e n t a l  
d a t a  a v a i l a b l e  a t  !i igh a n g l e  of a t t a c k .  

It is assumed t h a t  t h e  e q u a t i o n s  p r e s e n t e d  i n  t h i s  r e p o r t  w i l l  b e  a p p l i e d  
o n l y  t o  a i r f o i l s  whose c h a r a c t e r i s t i c s  f o l l o w  t h e  same g e n e r a l  t r e n d s  as  t h e  
e x p e r i m e n t a l  d a t a  used  t o  d e r i v e  t h e  e q i l a t i o n s  ( s e e  t h e  a p p e n d i x e s ) .  For 
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is assumed t o  be g i v e n  by For n e q a t i v e  a n g l e  of a t t a c k ,  t h e  form of  

e q u a t i o n  (Ah). TI:e s iKn of cprnax w i l l  be nek:ative, and f o r  c,imbcrt>d set- 

t i o r i s  t h e  const;arir t r r m  c 1  d i l l  have  a d f f f t x r e n t  magilittide a l w .  

fnL?X 

where 

m a  x 
E 

s t 3 1 1  d c . / d  I + c l v  t l  ( A 1 7 1  

where 

CY. = -1.1 + 1 .78(3 .017451~11  - 0.78531' -90" < I I  5 -22" (All) 

C E  = 1.1 - 1 .78(0 .017451a l  - 2.3561' -160" < a -90" ( A 1  3 )  

c t  = 0 .763  , -172.5" 1 1  5 -160" ( A t 4 )  

C L  = 5.82[.1 - 0 . 0 1 7 4 5 1 ~ ~ 1  , -180" 11 5 -172.5' (A1 5) . 
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For Mac:~ number g r e a t e r  than the  drag divergence Mach number: 

For a n g l e s  of a t t a c k  l e s s  (more negat ive )  than the re ference  ang le  ' s ~ ,  
s u b s t i t u t e  

i n  equat ion (B8).  Also  t h e  negat ive  a n g l e  c t  which dcd!dM becomes constant  
is 



where 



C " ,  = -O.OOH 1H( I - l h ? )  - 0 .  , Ih . ! "  I - 1 7 0 '  

C, = 0.0387 ( I - 170) - ( I .  187 . 1 ?no L - 1 8 0 '  

For  n e g a t i v e  a n g l e s  of a t t a c k :  

cm = 0.00802( /  1 )  - 20) + 0.077 , - 6 7 O  L 1 > -20" 

cm = 0.619[sin(O.O2hOItrI  - 1.2h)I'. I"' , - I h ? O  1 (1 

(11 - 1 6 2 )  + 0.320 .( -17C' <- 1 - 1 6 2 0  

. < I  - 170)  + 0.387 , - 1 P O "  .- I -170" 

INPUT DATA R E q U I K M E ~ T S  

cm = 0.00838( 

cm = - 0 . 0 3 8 7 !  

The i n p u t  d a t a  t h a t  a re  n e c e s s a r y  f o r  e v a l u a t i o n  of t h e  l i f t ,  drac ,  arid 
p i t c h i n g  moment e q u a t i o n s  can be o b t a i n e d  from a i r f l l i l  q e c t i o n  t es t  r e s u l t s .  
The s p e c i f i c  i n p u t  v a r i a b l e s ,  and t h e  r q c a t i o n s  I n  whictl triev a r e  u s e d ,  a re  
l i s t e d  I n  t a b l e  1. 
used  i n  t h e  d r a g  e q u a t i m s  ( B 3 )  and (BS;, can  h e  o t t a i b w c !  from f t g s .  7-10, 
a p p e n d i x  8 ,  r e s p e c t i v e l y ,  ar  f u n c t i o n s  o f  s e c t i o n  t l , i c G n e s s  t / c . )  

( I t  s h o u l d  be  n o t e d  t b t  SA, L/c,  c,!zF, and  K ,  w h l r h  a r e  

Minimum e x p e r i m e n t a l  d a t a  ( fo r  a p a i t i c u l a r  a i t f o i l )  n e c e s s a r y  t o  e v a l -  
u a t e  t h e  I n p u t s  l i s t e d  i n  t n 5 l e  1 axe: 

c ,  v s  3~ Cor several M EL-om z e r o  to M:, 

cd vs M f o r  several  a 

c, vs K f o r  several a 

- 

The e f f o r t  r e q u l - e d  fo r  d a t a  p r e p a r a t i o n  w i l l  be reduced i f  t h e  f o l l o w i n g  
c u r v e s  are a l so  a v a i l a b l e :  

C vs ?I 
%ax 

MDD vs (1 

vs a 

c vs a,  fo r  a l o w  M m 
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The ai  r f o i l  s e c t i o n  rquat ions y r r s c n t c t i  t n  t h i s  r e p o r t  were drvrlopc.cl 
p r i i i c i p a l l v  b y  f i r t i n g  curves  t o  3 r e l a t t v e l v  1imitt.d se t  of e?.pt>rimt>IitLll 
d a t a .  Some ac u r x v  w.is w c r t f t c e d  t o  c ib t a in  g e n e r a l  a p p l i c a b i l i t v  t o  'I r<ingt. 
of a i r f o i l  t y p e s .  The u t i l i t y  o f  such  tsqudt ions c a n  h e  judged o n l v  I n  t h e  
c o n t e x r  o f  the i r  i n t e n d e d  u s e .  If h i g h  a c c u r n c v  is no t  r r q u i r e d ,  tIwse eqtia- 
t i o n s  p r o v i d -  t h e  ab11 it*{ t o  c a l c u l a t e  a i r f o i l  s e c t i o n  ae-odvnitmic c o i . f f  i -  
c i e n t s  a n v  a n g l e  o f  . 3 t t ack ,  o v e r  a wide  rangt'  of subsoniL* N,tL*h numbers.  

The p r i i i , i p a l  , i ~ p l i ~ ~ t i ~ - ~ n  of  ttie t>quations sil l  he i n  fixed or ro tarv  
wing cornpi i t f i t ions for vhic.11 i t  is  n o t  p r a c t i c a l  t o  u s e  g r a p h i c a l  o r  tnhu1at t .d  
s e c t i o n  d a t a ,  o r  f o r  which a d a t a  t a b l e  niust he g r n e r C i t e d  f r o m  l i m i t c d  I n p u t .  
Thr equat ic lns  a l s o  p r o v i d e  
p f t c h i n g  m o m e n t  a t  v r r v  h i g h  d n g l e s  of  a t t a c k  ( t . e . ,  -180' 2 n 1 180").  
Experimentd:  dat;i o f  t h i s  t y p e  are  a v a i l a b l e  f o r  v e r v  few a i r f o i l s .  
i m p o r t a n t  ~ p p l i c a t i o n  i s  i n  t h e  p r e d i c t i o n  of s e c t t o n  c h a r a c t e r i s t i c s  ,it h i g h  
suhsoiiLr Mach numbers i n  c ' i s e s  where s u c h  d a t a  are  i n c o m p l e t c .  

method for c a l c u l ~ t i n p .  s e c t i o n  l i f t ,  d r a g ,  and 

Another 

9 



. 
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where  

i 
c 
_ _  - - s e c t i o n  t t i i c k n v s s  t o  chL,rri r a t i o  

y = 1 . 4  f o r  air 

so t h a t  

( A ? )  1 + t / c  

The u t i l i t y  o f  t h i s  r e l a t i o n  was i n v e s t i g a t e d  bv compar ing  c a l c u l a t e d  .Ind mea- 
s u r e d  ( r e f .  2 )  l i f t - c u r v e  s l o p e s  f o r  s e v e r a l  a i r f o i l s  over n r a n g e  o f  Mach 
numbers,  as shown i n  t a b l e  3 .  L i f t - c u r v e  s l o p e  a t  M above  0 . 3  was o b t a i n e d  
from t h e  measured v n l u e  a t  M = 3.9 and  t h e  ra t io  

10 
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I 

-, - 0.05 pcr deg  
dc e 
da 

Revnold:; number t 'fftAl-ts- A t r f o l l  s e c t i o n  i i f t - c u r v e  s l o p e  t s  < I  weak f i lm. -  

t i o n  o f  R K  up t o  l \ l$-t)r  2 ~ 1 C ' .  and is e s s e n t i a l l y  i n d r p r n d c n t  , ) f  KN for 
hik:tier v a l u e s  ( r e f s .  2 arid 7 ) .  T h c r c t o r e ,  f o r  most tist's, l i f t - c u r v e  s l o p t  ~ A , I  

be assumtad t o  b e  lL31stclnt  w i t h  RN. Itle v a l u e  o f  incomFrrssible l t f t -curvca  
s l o p e  used i n  equ,it ic)n 013) s h o u l d  bc  s e l e c t e d  w i t h  c - o i ~ s i d ~ r a t i n n  for t h c  
l i k t , l v  KN r inKe t o  he r n c o a n t r r e d .  This v a l u e  is a l s o  f u n c t i o n  of t t i x  

s p e c i f i c  a i r f t j i i  s c c t  ic:n conai . iered.  

_- - ---- --- - - 

Angle of Pero L i f t  

r) . I. 

3ach  - number e f f e c t q -  The v a r i a t i o n  of  a i r f , ) i l  st'ctiorl angle o f  ;!t'ro l i f t ,  
~ L O ,  is small w i t h  ri and mav b e  n e g l e c t e d ,  u n t i l  M re.,,chtls '1 h i g h  stihscli?iL. 
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M.ich riurn1)i.r M ,  t s  home' c o n v c n i c n t  M ' M, f o r  which I , ,  can b e  d e t e r m i n e d  
from t h e  k>xprrimen:al s e c t i o n  d a t a .  Note th'at f o r  svmmet r i ca l  a i r f o i l  s e c -  
t i o n s ,  a 3 0 eveti f o r  h igh  Mach numbers. Thus ,  f,,r s y m m c t r i c . d l  s e ~ t l o n e .  
11 0 = ( J I  = ((In)., = 0. 

Revnolds  number c f f w t s -  The a n g l e  o f  zero l i f t  ( low Mach numher) of a n  -___ - ---_ - - 
a i r f o i l  s e c t i o n  is drtc.rmincd by t h e  cniiiber. 'l'lie e x t e n s i v e  s e c t  I o n  d n t ~  prc -  
s e n t c d  i n  r c ~ f e r t w c c  3 i n d t c a t t  t h a t  'I,, is n o t  s i g n i f i c a n t l y  a f f e c t e d  hv 
Keynolds  number. 

Paximum 1.i f t Cbef f I C  i e n t  

Mach numbcr v f f e c t s -  I n  t h e  a n g l e  of a t t a c k  rnnjir  h f l o w  t h e  f i r s t  l i f t  . .~ __ - -.- - 
peak ,  t h e  v a r i a t i o n  o f  a f r f o i l  s e c t i o n  mclximum l i f t  c o e f f i c i e n t ,  c r m a x *  w i t h  
M may b e  c a t e g o r i z e d  as :  ( 1 )  th rouKhout  t h e  r a n g e  of i n t e r e s t .  c ,  

d e c r e a s e s  w i t h  M ,  o r  ( 2 )  i n  p a r t  of t h e  r a n g e ,  r e  I n c r e a s e s  w i t h  M 

(bu t  d e c r e a s e s  o t h e r w i s e ) .  
s o l i d  c u r v e s  i n  f i g u r e  5, .and Lo th  can  b e  f i t t e d  by p o l y n o m i a l s  o f  t h e  form 

ma x 

ma x 
Exper imen ta l  d a t a  for b o t h  types are shown by the 

F i t s  f o r  t w o  s p e c i f i c  a i r f o i l  s e c t i o n s  a re  shown by t h e  dashed  l i n e s  i n  
f i g u r e  4. Fo r  t h e  V23010 - 1.58  ( t y p e  1 a b o v e ) ,  o n l y  t h e  f i r s t  t h r e e  terms 
of  e q u a t i o n  ( A 6 )  were r e q u i r e d .  However, f o r  t h e  VR-7 ( t y p e  2 a b o v e ) ,  all 
t e n  c o e f f i c i e n t s  a r e  nonze ro .  
use  o f  a l e a s t - s q u a r e s  c u r v e - f i t  program. 

I n  2 0 t h  c a s e s ,  t h e  f u n c t i o n s  were o b t a i n e d  by 

Reynolds  number e f f e c t s -  F i g u r e  5 ,  from r e f e r e n c e  2 ,  p r e s e n t s  :he com- 
b i n e d  e f f e c t s  of M and T N  f o r  two a i r f o i l  sections.  It can be s e e n  t h a t  the 
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For n e g a t i v e  a n g l e  of a t t a c k ,  c i n  c q m t i o n  ( B 1 4 )  is  replaced 
f max 

( c  tmax)-cl.' 
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APPENDIX C 

DERT'gATION OF MOMENT COEFFlCiENT EQUATIONS 

SMALL ANCLE OF ATTACK 

The v a r i a t i b n  of  a i r f o f . 1  s e c t i o n  p i t c h i n g  moment ( abou t  t h e  q u a r t e r - c h o r d )  
w i t h  Mach number is small  below t h e  moment d i v e r g e n c e  Mach number, .ind mav b e  
n e g l e c t e d  i n  t h a t  rcgion.  Also t h e  moment i s  e s s e n t i a l l v  independen t  o f  
Revnolde  number. For most 3 i r f 3 i l s ,  t h e  s l o p e  o f  t h e  monent c o e f f i c i e n t  c u r v e  
is  a p p r o x i m a t e l y  c o n s t a n t  ( o f t e n  zero) w i t h  a n g l e  of  a t t a c k  u n t i l  t h t ,  s t a l l  
a n g l e  is r e a c h e d ,  whereupon cm b r e a k s  s h a r p l v .  T h e r e f o r e ,  i t  i s  assumed 
t h a t  

is c, a t  a = 0.  A t  p o s i t i v e  s t a l l ,  c m  h r p a k s  i n  t h t .  nep . i t i vc  
m 3  

where  c 
( n o s e - d o r t )  c, d i r e c t t o n .  A t  n e g a t i v e  s t a l l ,  t h e  r e v e r s e  is t r u e .  

Pimcmt Dive rgence  Macn :!limber 

An i n s p e c t i o n  o f  e x p e r f m e n t s i l  a i r f o i l  s e c t  ion p i t c h i n g  moment c n e f t  Lc ien t  
p l o t t e d  i s a i n s t  Mach number ( e . g . ,  r e f .  4 )  shows t h a t ,  a t  a f t x r d  an f i l e  t> f  
d t t ac ' k ,  c ,  is e s s c n t i * i l l v  const,!nt w i t h  M u n t i l  c e r t a i n  P1 i s  rc.ic.litxi, 
wherrupcin cm diverge.;  r a p i d l y  w i t h  f u r t h e r  i n c r e a s e s  i n  M.  A p l t t - h i n g  
momt3r.t d ive rgenc t .  Mach numbtsr is d e f i n e d  s u c h  t h a t  Mm is t h e  M.ich number 
f o r  which  Idc,/dM' = 0 . 5  as  a i r s p e e d  i s  i n c r e a s e d  a t  c o n s t a n t  s e c t i o n  , Ingle 
of a t t a c k .  Using t h i s  d e f t n i t i o n ,  Mm as a f u n c t i o n  o f  a n g l e  o f  a t t a c k  was 
o b t a i n e d  from e x p r r i m c n t a l  d a t a  f o r  s e v e r a l  a i r f o i l  s e c t i o n s ,  and  is p l o t t e d  
in f i g u r e  14. Al though t h e r e  is some sca t t e r ,  t h e  da t i i  dre r e a s o n a b l y  well 
f i t t e d  by s t r a t g h t  l i n e s ,  or c o m b i n a t i o n s  of s t r a i g h t  l i n e s .  T h e r e f o r e ,  

w i l l  be r e p r e s e n t e d  by e q u a t i o n s  of t h e  form 

where c'pm is t h e  peak  o f  t h e  d a t a .  For symmet r i ca l  sect ions apm 0 ,  
C = A ,  and D -B Exper imen ta l  d a t a  i n  r e f e r e n c e s  3 and  4 i n d i c a t e  t h a t  
Mm is a l w a y s  g r e a t e r  t h a n  a b o u t  0.3, fo r  any  a n g l e  of a t t a c k .  

19 



and 

where ~1 i s  n e g a t i v e .  s t a l l  

LARGE ANGLE OF ATTACK 

Experimental s e c t i o n  p i t c h i n g  moment c o e f f i c i e n t s  through t180" are pre- 

The 
sented  in  f i g u r e  I 5  f o r  the  NACA 61A012 and NACA 0012 a i r f o i l s .  A curve 
through t h e  data was determined I n  four s e c t i o n s ,  2s shown i n  f igure  1 5 .  
curve is given by 

C, * -0.00802 (a - 20) - 0 . 0 7 7  , 20' 5 o 67" (C8) 

cm - -0.619[sln(C.O260a - l . 2 6 ) ] 0 . 3 ' G  , ((29) 

ic10) 

67' c (1 5 162" 

em - -O.O0838((r - 162) - 0.320 * 162" < a 5 170' 

c m  = 0.0387 (U - 170)  - 0.387 * :70° < a 5 180' (CJ1) 
The lower limit o f  20' f o r  t h e s e  large-angle equat ions  I s  a r b l t r a r y .  
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(dCp/da) inc I C L A I  .100/deg A AMDD 0.730 I 
MI I 

ALFZl -1.20 deg c QiDD .830 I ( a d  1 

PDD 

AMACH 1 .80 B WDD -.9246 I 
M ,  AMhCH2 . 85  D DMDD .0346 

("012 ALFZ2 -.TO deg a ALFPDD -2.0' 
Coeft ic ients  for +c * 

aC 10. 0' 
CIlUlX. 

(' R C1 c1 1.622 
C? c2 .337 Coefficients for dcd/dM: 

c3 c3 -2.315 A ACDM 0.274 

c4 C4 .o B BCDM . 0 2 5 3  

c5 c5 .o C SCDM .00273 

(-0 C6 .o D DCDM .a00264 

C ?  C7 .o Coef f icLenta for k: 
AMMD 0.810 I *  CA C 8  .o 

I 

I 
I 

I 
I .  

KNO 

c9 .o 
c10 .o 

CoeCf i c i e n t s  f o r  -c e 
ma-c  

C l N  -1.200 

C2N -. 250 

C 3N 1.716 

C4 N .o 
C5N .o 
C6N .@ 

C 7N .o 
C8N .o 
C9N .o 
C l O N  .o 

I 
i 
j 

BMMD -.026 B 
C CMMD .910 

D m .026 

" 9 r D  ALFPM) -2.0' 

C CMO -. 010 

dc,,,/da D O A  .0014/deg 
ail 

i 

I .  
, .  . 
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I 

4 NACA 6jA012 
1 

I 
I 

I 
1 VERTOI, 
' V23010-1.58 
I 
I 
I 
I ' VERTOL VR-7 I 
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L- 

Mac h 
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. 60 

. 30  

.40 . bo 
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. IO 

. 3 9  

.58 

.74 

. 30  

.40 
.hO 
.77 

. 30 . 40 

.62  

. 7 5  
--- 

11 Reference 2. 
"Equation (A2). 

dc I+ 
E Ac_a 

n.10) 
.IO8 
.128 
. 2 c 0  

.loo 

. l o 5  

. 120 
,155 

.lo0 

. l o 6  

.1?5 

. 160 

.12? 

.1?4 

.145 . -340 

.llO 
,118 
.I38 
.180 
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TABLE 4.- MEASUHEIJ MACH NUMBER EFFECT ON ATRFOIL 

NACA 2409-34 

NACA 4 4 0 9 - 3 4  

NACA 23012 

NACA 23015 

NACA 64A ( 4 . 5  )01 

NQCA 64A312 

NACA 66612 

v23oio- i .5a  
w i t h  T.E. Tab 

VR- 7 
with T.E. Tab 

' I O N  -- 
" l a  - 
o.a( 

. 7 (  

.8C 

. 7 0  

a81 

.ai 

. 7 5  

. 7 6  

.77  

. 7 5  

VR-8 
with T.E. Tab j . 8 5  

--I 

';LE a - 
((1" 1 
deg 
-2.5 

-4.5 
- 1 . 2  

-1.2 

-3.2 

-4.5 

- 2 . 3  

- 4 . 5  

. 5  

- 2 . 0  

- . 8  

-- 

: ERO 

M 

0.8 

* H( 

.8! 

. H i  

-- 

.a: 

.85 

.9c 

.96 

.86 

.90 

. 96  

. a0 . a 5  

.90 

.80 

.85  

.90 

. 8 2  

. a 6  

. 82  

. 9 2  

. 9 0  

. 9 5  - 

: FT 

i -0.5 , 
- 1 . 9  

-. 7 

-.9 
2 . 0  

- 2 . 0  
-.9 -. 5 

-2.5 
-. 9 
- . 5  

- 2 . 0  
.4 

- . 2  
- 2 . 6  
- . 4  
-. 3 

. 2  I 

. 2  1 

-1.1 
-1 .7  

1 - . e  I 

3 

3 

2 
7 
6 

2 

2 

2 

2 

2 

2 

2 

'k, I s  t h e  h i g h e s t  Mach number i n  the  expcri- 
mental da ta  for which no remeins at  a constant  
v a l u e .  
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(a) Sec t ion  l i C t  c o e f f i c i e n t .  

Figure 2 . -  Calculated and measured aerodynamic rharacLerist ics  f o r  NACA 2 3 0 1 2  
a i r f o i l  s e c t i o n .  
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(b)  Sec t ion  drag c o e f f i c i e n t .  

Figure 2 .  - Cont inued.  
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( c )  S e c t i o n  pitching-mment c o e f f i c i e n t .  

Figure 2 .  - Concluded. 
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(b) Section drag coefficient. 

Figure 3.- Continued. 
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( c )  Sect ion pitching-moment coefficient .' 

Figure 3.- Concluded. 
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- AIRFOIL SECTION V230 10- 1.58, 
EXPERIMENTAL DATA, REF. 2 - - - CALCULATED 
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(3) Airfoil section V23010-1.58. 

(b) Airfoil  section VR-7. 

Figure 4.- Maximum lift coefficient. 
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Figure 5 . -  E f f e c t  of  Mach number and Reynolds number on a i r f o i l  s e c t i o n  maxi- 
mum l i f t  c o e f f i c i e n t .  
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r 
FROM REF. 1 

SERIES 

AIRFOIL THICKNESS, %CHORD 

Figure 7 . -  A i r f o i l  s e c t i n n  l * n l c u l i I t d  mean pressure c o e f f t r i r n t .  
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Figure 8.- Airfoil section perimeterfchord ratio. 
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Ftgurr 9.- Airfoll stsl*: ton form drag/frfctlon drug. 
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Figure 10.- Correlation parameter ic;r a i r f o i l  s e c t  i on  drag due t o  1 l f t .  
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MDD = M FOR 1VHlCH dCd/dM = 9.1, FOR CONSTANT u 
1.0r- T 

0 NACA 25012, REF. 4 
0 NACA 23015. REF. 11 

D NACA 63A009,  REF. 8 
0 NACA 63A012,  REF. 8 

'0, 
1 o\ 

10 12 

( c )  NACA f ive-digit series; airfoil sect tons. 

(d )  NACA 63A svmetrical series airfoil stact ions. 

Figure 11.- Continued. 
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MDD 
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MDD 

T M D D ~  M FOR WHICH dCd/dM 7'0.1, AT CONSTANT cc 

a 0 NACA 64A010, R E F .  12 
NACA 64A310, R E F .  12 

0 

J 

0 N.4CA 65, -215, i = 0.5, REF.  11 
A WORTMANN FXS9-h-098, REF. 4 

1.0 - 

MDD 
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I 
I I I 1 I 1 I I 8 10 12 
2 4 6 -4 -2 0 

.4 - 

.2 
-6 

.J 
12 

( e )  NACA 64A s e r i e s  airfoil s e c t i o n s .  

( f )  NACA 6 5  serlrs  and Wortmnn a i r f o i l  s e c t i o n s .  

Figure 11.- Concluded. 
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