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I SUMMARY 

An i n v e s t i g a t i o n  has been conducted i n  the  Langley 6- by 28-Inch Transon ic  
Tunnel t o  de termine  t h e  two-dimensional aerodynamic c h a r a c t e r i s t i c s  of a 
10 -pe rcen t - th i ck  h e l i c o p t e r  rotor a i r f o i l  a t  Mach numbers from 0.33 to 0.87 and 
r e s p e c t i v e  Reynolds numbers from 4.9 X 1 0 6  t o  9.8 x l o 6 .  T h i s  a i r f o i l ,  des ig -  
n a t e d  t h e  RC-1 O(N)-1 , was also i n v e s t i g a t e d  a t  Reynolds numbers frcm 3.0 x 1 O6 
t o  7.3 x 1 0 6  a t  r e s p e c t i v e  Mach numbers of 0.33 t o  0.83 f o r  comparison w i t h  t h e  
SC 1095 ( w i t h  t a b )  a i r f o i l .  The RC-1 O(N)-1 a i r f o i l  was des igned  by t h e  u s e  of 
a v i s c o u s  t r a n s o n i c  a n a l y s i s  code. 
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The r e s u l t s  of t h e  i n v e s t i g a t i o n  i n d i c a t e  t h a t  t h e  RC-lO(N)-1 a i r f o i l  m e t  
a l l  t h e  des ign  g o a l s .  A t  a Reynolds number of about  9.4 x 1 06, t h e  d r a g  
d ive rgence  Mach number a t  z e r o  normal-force c o e f f i c i e n t  was 0.815 w i t h  a 
co r re spond ing  pitching-manent c o e f f i c i e n t  of zero.  The d r a g  d ive rgence  Mach 
number a t  a normal-force c o e f f i c i e n t  of 0.9 and a Reynolds number of about  
8.0 x 1 O6 was 0.61. The d r a g  d ive rgence  Mach number of t h i s  new a i r f o i l  was 
h ighe r  t h a n  t h a t  of t h e  SC 1095 a i r f o i l  a t  normal-force c o e f f i c i e n t s  above 0.3. 
Measurements i n  t h e  same wind t u n n e l  a t  comparable Reynolds numbers i n d i c a t e d  
t h a t  t h e  maximum normal-force c o e f f i c i e n t  of t h e  RC-lO(N)-l a i r f o i l  was h ighe r  
t han  t h a t  of t h e  NACA 0012 a i r f o i l  f o r  Mach numbers above about  0.35 and was 
abou t  t h e  same as t h a t  of t h e  SC 1095 a i r f o i l  f o r  Mach numbers u p  to 0.5. 

~ 

INTRODUCTION 

H e l i c o p t e r  rotor a i r f o i l  des ign  and e v a l u a t i o n  have been par t  of an on- 
going e f f o r t  by t h e  U . S .  Army and NASA to improve t h e  main rotor performance 
of h e l i c o p t e r s .  One approach  t o  t h i s  d i f f i c u l t  a i r f o i l  des ign  problem is t h e  
c r e s t l i n e  method d e s c r i b e d  i n  r e f e r e n c e  1 .  This  method is u s e f u l  i n  p r e d i c t i n g  
t h e  d r a g  d ive rgence  c h a r a c t e r i s t i c s  of a i r f o i l s  a t  l i f t  c o e f f i c i e n t s  from near  
zero up t o  t h e  f i r s t  occu r rence  of s e p a r a t i o n .  Hmever ,  pitching-moment c o e f f i -  
c i e n t s  a t  t r a n s o n i c  speeds  and d rag  c o e f f i c i e n t s  cannot  be e v a l u a t e d  wi th  t h i s  
method. The c r e s t l i n e  approach was developed p r i o r  to  t h e  development of an 
inexpens ive  v i scous ,  t r a n s o n i c  a n a l y s i s  code for s u p e r c r i t i c a l  a i r f o i l s .  (See 
r e f s .  2 to  4 . )  This  code o f f e r e d  t h e  a d d i t i o n a l  c a p a b i l i t y  of c a l c u l a t i n g  
pitching-moment c o e f f i c i e n t s  and d rag  c o e f f i c i e n t s  a t  t r a n s o n i c  speeds.  An 
a i r f o i l  d e s i g n a t e d  t h e  RC-1 O(N) -1  has  been designed w i t h  t h e  u s e  of  t h i s  t r a n -  
s o n i c  a n a l y s i s  code i n  an a t t e m p t  to p rov ide  improved d r a g  d ivergence  charac-  
terist ics r e l a t i v e  t o  o t h e r  h e l i c o p t e r  rotor a i r f o i l s .  

A n  expe r imen ta l  i n v e s t i g a t i o n  has  been conducted to  de te rmine  t h e  aerody- 
namic c h a r a c t e r i s t i c s  of t h e  RC-lO(N)-l a i r f o i l  and t o  e v a l u a t e  t h e  a p p l i c a -  
b i l i t y  of t h e  a n a l y s i s  code t o  t h e  h e l i c o p t e r  rotor a i r fo i l  desigfi problem. 
The a i r f o i l  was t e s t e d  i n  t h e  Langley 6- by 28-Inch Transon ic  Tunnel a t  Mach 
numbers from 0.33 to 0.87 and a t  r e s p e c t i v e  Reynolds numbers (based on chord )  
from 3.0 x l o 6  t o  9.8 x l o 6 .  
model s u r f a c e ;  f i x e d  t r a n s i t i o n  d a t a  were measured a t  s e l e c t e d  Mach numbers to  

The m a j o r i t y  of t h e  t e s t i n g  was done w i t h  a smooth 



adequa te ly  r e p r e s e n t  t h e  t r e n d s .  Normal-force and pitching-moment c o e f f i c i e n t s  
were determined from measurements of a i r f o i l  s u r f a c e  s t a t i c  p r e s s u r e s .  Drag 
c o e f f i c i e n t s  were de termined  from measurements of w a k e  t o t a l  and s t a t i c  
p res su res .  

SYMBOLS 

The u n i t s  used for t h e  p h y s i c a l  q u a n t i t i e s  i n  t h i s  paper are g iven  i n  bo th  
t h e  I n t e r n a t i o n a l  System of U n i t s  (SI )  and U . S .  Customary U n i t s .  The measure- 
ments and c a l c u l a t i o n s  were made i n  U.S. Customary U n i t s .  

C 

=d 

4 

CdMdd 

Cm 

Cn 

cP 

h 

M 

a i r f o i l  chord,  cm ( i n . )  

s e c t i o n  prof  i l e -d rag  c o e f f i c i e n t ,  2 cA (Ah/c) 

Wake 

poi nt-dr  ag  c o e f f i c i e n t ,  

s e c t i o n  p r o f i l e - d r a g  c o e f f i c i e n t  a t  d rag  d ive rgence  Mach number 

s e c t i o n  pitching-moment c o e f f i c i e n t  about  qua r t e r - chord ,  

U.S. c F p ( 0 * 2 5  - + c p ( : ) q  + L.S. c 
1 

s e c t i o n  normal-force c o e f f i c i e n t ,  
U.S. L.S. 

pz - pw 

s, 
s t a t i c - p r e s s u r e  c o e f f i c i e n t ,  

he igh t  of wake-survey probe t u b e s  from g i v e n  r e f e r e n c e  p l ane ,  cm ( i n . )  

Mach number 
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dcd 

dM 
Mach number f o r  d rag  d ivergence ,  - = 0.1 Mdd 

P s t a t i c  p r e s s u r e ,  Pa (psi)  

1 

2 
dynamic p r e s s u r e ,  - PV2, Pa ( p s i )  q 

R Reynolds number based on a i r fo i l  chord and f ree-s t ream c o n d i t i o n s  

t a i r f o i l  t h i ckness ,  cm ( i n . )  

V v e l o c i t y ,  m/sec ( f t / s e c )  

X a i r f o i l  abscissa, cm ( i n . )  

z a i r f o i l  o r d i n a t e ,  cm ( i n . )  

=C o r d i n a t e  of  a i r f o i l  mean l i n e ,  cm ( i n . )  

a a n g l e  of at tack,  ang le  between a i r f o i l  chord l i n e  and airstream 
d i r e c t i o n ,  deg 

a C  a n g l e  of attack corrected for l i f t - i n t e r f e r e n c e  e f f e c t s ,  deg 

P d e n s i t y  kg/m3 ( s l u g s / f t 3 )  

Subscr ip ts  : 

1 local 

max maximum 

min minimum 

SeP s e p a r a t i o n  

s o n i c  Mach number equa l  to 1 

t to t a l  

W f r e e  stream 

Abbrevi a t  i o n s  : 

L.S. lower s u r f a c e  

U . S .  upper s u r f a c e  
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APPARATUS AND METHODS 

A i r f o i l  Design 

The d e s i r e d  c h a r a c t e r i s t i c s  of an a i r f o i l  to be used on  a h e l i c o p t e r  main 
rotor have been mentioned i n  r e f e r e n c e s  1 ,  5, 6, 7, and 8 and o t h e r  unpubl i shed  
documents. I n  gene ra l ,  t h e s e  c h a r a c t e r i s t i c s  are (1) a high d r a g  d ive rgence  
Mach number over  a range of l i f t  c o e f f i c i e n t s  from small n e g a t i v e  v a l u e s  to h igh  
p o s i t i v e  va lues  f o r  reduced power i n  forward  f l i g h t ,  ( 2 )  a h igh  maximum l i f t  
c o e f f i c i e n t  a t  Mach numbers from 0.40 t o  0.60 f o r  maneuverab i l i t y  and reduced 
power i n  forward f l i g h t ,  ( 3 )  a high l i f t - d r a g  r a t i o  a t  Mach numbers from 0.40 
t o  0.65 and a t  l i f t  c o e f f i c i e n t s  from 0.5 t o  0.7 f o r  hover e f f i c i e n c y ,  and 
(4)  a pitching-moment c o e f f i c i e n t  w i t h  an a b s o l u t e  v a l u e  less than  0.02 a t  a l l  
u s a b l e  Mach-number-lift-coefficient c o n d i t i o n s  t o  minimize t h e  p i t c h  l i n k  l o a d s  
and t o  i n c r e a s e  t h e  rotor b lade  s t r u c t u r a l  l i f e .  The s p e c i f i c  d e s i g n  g o a l s  set 
f o r  t h i s  new h e l i c o p t e r  rotor a i r f o i l  were 

( 3 )  c ~ , ~ ~ ~  1 1 .20  a t  M = 0.4 

The design g o a l s  were d e s c r i b e d  i n  terms of normal-force c o e f f i c i e n t s  r a t h e r  
t h a n  l i f t  c o e f f i c i e n t s  i n  o r d e r  to  avo id  t h e  dependency on a n g l e  of at tack 
which m u s t  be c o r r e c t e d  f o r  t h e  u s u a l  i n t e r f e r e n c e  e f f e c t s .  Rotor a i r f o i l s  
have been developed which have a d rag  d ive rgence  Mach number a t  z e r o  normal- 
f o r c e  c o e f f i c i e n t  i n  excess  of 0.80 such  as t h e  FX-69-H-098 ( r e f .  9 )  and t h e  
10-64C (ref .  1 0 )  a i r f o i l s ,  bu t  bo th  of t h e s e  a i r f o i l s  have cor responding  
pitching-moment c o e f f i c i e n t s  g r e a t e r  t han  10.021 a t  Mach numbers of about  0.80 
and h igher .  Therefore ,  t h e  f i r s t  des ign  g o a l  r e p r e s e n t s  an improvement by 
ex tending  t h e  l a w  pitching-moment range up t o  a Mach number of a t  l ea s t  0.80. 
The second des ign  g o a l  was based o n  t h e  f a c t  t h a t  t h e  FX-69-H-098 a i r f o i l  had 
a measured d rag  d ivergence  Mach number a t  a normal-force c o e f f i c i e n t  of 0.9 
e q u a l  t o  0.56 ( a t  R IJ 7.0 x 1 06) and t h i s  v a l u e  was h igh  i n  r e l a t i o n  t o  o t h e r  
a i r f o i l s  of similar t h i c k n e s s .  (See r e f .  9 . )  The des ign  goal f o r  c ~ , ~ ~ ~  w a s  
be l i eved  to  be a va lue  which cou ld  r easonab le  be achieved  c o n s i d e r i n g  t h e  t w o  
d r a g  divergence des ign  g o a l s  and t h e  c ~ , ~ ~ ~  performance of e x i s t i n g  a i r f o i l s  
w i th  high drag  d ive rgence  Mach numbers. A s p e c i f i c  des ign  g o a l  w a s  n o t  se t  f o r  
t h e  l i f t - d r a g  r a t i o s  a t  Mach numbers from 0.40 t o  0.65 because i t  was b e l i e v e d  
t h a t  va lues  h igher  t h a n  most o t h e r  a i r f o i l s  would be a by-product of a c h i e v i n g  
t h e  two drag  d ivergence  des ign  g o a l s .  The maximum t h i c k n e s s  of t h i s  new air-  
f o i l  des ign  was r e s t r i c t e d  to 1 0  p e r c e n t  chord  f o r  t w o  r easons .  Data were 
a v a i l a b l e  i n  t h e  l i t e r a t u r e  f o r  a number of a i r f o i l s  w i th  a maximum t h i c k n e s s  
of about 1 0  p e r c e n t  chord f o r  comparison purposes  and it w a s  be l i eved  t h a t  t h e  
exper imenta l  r e s u l t s  f o r  a 1 O-percent-thick section cou ld  be e x t r a p o l a t e d  w i t h  
conf idence  to o t h e r  t h i c k n e s s  ra t ios  normally used on h e l i c o p t e r  rotors (0.08 
t o  0.12) by us ing  r e f e r e n c e  1 0  as a guide  t o  t h e  increments .  
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T h i s  new a i r f o i l  was des igna ted  t h e  RC-lO(N)-1 i n  o r d e r  t o  be c o n s i s t e n t  
w i t h  t h e  nanenc la tu re  used for new a i r f o i l  des igns  i n  p rev ious  papers .  The 
f i r s t  t w o  le t ters  of t h e  d e s i g n a t i o n  i n d i c a t e  t h e  type  of a i r f o i l ,  i n  t h i s  case 
rotorcraft. 
t h i c k n e s s  i n  p e r c e n t  chord. 
t h e  a i r fo i l  and t h e  f i n a l  number i n d i c a t e s  the  g e n e r a t i o n  of t h e  des ign .  

The t w o  d i g i t s  fo l lowing  t h e  f i r s t  hyphen r e p r e s e n t  t h e  maximum 
The fo l lowing  l e t t e r  r e p r e s e n t s  t h e  des igne r  of 

The des ign  approach involved  combining an a r b i t r a r y  camber l i n e  and t h i c k -  
n e s s  d i s t r i b u t i o n  to  r e s u l t  i n  an  a i r f o i l  shape which was subsequen t ly  e v a l u a t e d  
w i t h  a t r a n s o n i c  a n a l y s i s  code. (See r e f s .  2 t o  4.)  An i t e r a t i o n  p rocess  of 
modifying t h e  a i r f o i l  shape by changing t h e  camber l i n e  and/or t h i c k n e s s  dis- 
t r i b u t i o n  and of  e v a l u a t i n g  t h e  new a i r f o i l  was used t o  converge o n  t h e  des ign  
g o a l s .  The maximum t h i c k n e s s  of t h e  i n i t i a l  t h i c k n e s s  d i s t r i b u t i o n  was located 
a t  t h e  40-percent-chord s t a t i o n  based on  d rag  d ive rgence  t r e n d s  reported i n  
r e f e r e n c e  1 .  T h i s  approach al lowed d i r e c t  control of t h e  maximum t h i c k n e s s  and 
t h e  pitching-manent c o e f f i c i e n t s .  Helicopter rotor a i r f o i l s  have g e n e r a l l y  
been e v a l u a t e d  on  t h e  basis of smooth model d a t a  s i n c e  (1 ) t h e  boundary-layer- 
t r a n s i t i o n  l o c a t i o n  on t h e  a i r f o i l  i n  f l i g h t  is unknown, (2 )  t h e  a p p l i c a t i o n  
of g r i t  to cause  t r a n s i t i o n  on  small-chord wind-tunnel models is d i f f i c u l t  t o  
repeat from m o d e l  to  model t h u s  caus ing  doubts  about  t h e  drag c o e f f i c i e n t s ,  and 
( 3 )  sane s i g n i f i c a n t  amount of  laminar  f l o w  (>5 p e r c e n t  chord )  might now be 
a t t a i n e d  on an a i r f o i l  s e c t i o n  i n  f l i g h t  w i th  t h e  advent  of composite cons t ruc-  
t i o n  rotor b l a d e s  wi th  aerodynamica l ly  smooth s u r f a c e s .  However, t h e  a n a l y s i s  
code a v a i l a b l e  d i d  n o t  have a laminar  boundary-layer computat ion so a n a t u r a l  
t r a n s i t i o n  o p t i o n  was n o t  p o s s i b l e .  Therefore ,  each  a i r f o i l  i n  t h e  d e s i g n  
i t e r a t i o n  was eva lua ted  w i t h  t h e  code w i t h  t r a n s i t i o n  f i x e d  a t  5 p e r c e n t  chord  
on the  upper and lower s u r f a c e  i n  o r d e r  t o  have c o n s e r v a t i v e  r e s u l t s .  S i n c e  
t h e  a n a l y s i s  code d i d  n o t  have t h e  c a p a b i l i t y  to  handle  r e g i o n s  of separated 
f l o w ,  o n l y  c a l c u l a t i o n s  wi th  a n  i n d i c a t e d  boundary-layer s e p a r a t i o n  p o i n t  a f t  
of about  95 p e r c e n t  chord  were cons ide red  re l iable  and an  i n d i c a t i o n  of t h e  
maximum normal-force c o e f f i c i e n t  of an a i r f o i l  cou ld  n o t  be o b t a i n e d  wi th  t h i s  
code. Without any c o n s i s t e n t  and a c c u r a t e  method t o  p r e d i c t  t h e  maximum normal- 
force c o e f f i c i e n t  a t  a Mach number of 0.4, t he  d e s i g n  approach t a k e n  was t o  t r y  
to o b t a i n  an a i r f o i l  which would have a normal-force c o e f f i c i e n t  of 1 .2  a t  t h i s  
Mach number wi th  no s e p a r a t i o n  as i n d i c a t e d  by t h e  a n a l y s i s  code. C o r r e l a t i o n  
of t h e  a n a l y s i s  code r e s u l t s  w i th  exper imenta l  d a t a  on e x i s t i n g  a i r f o i l s  had 
i n d i c a t e d  t h a t  t h e  p r e d i c t i o n  of t h e  s e p a r a t i o n  p o i n t  w a s  conse rva t ive .  

Ana lys i s  Code 

The code ( r e f s .  2, 3, and 41, which was f i r s t  developed f o r  o f f -des ign  
a n a l y s i s  of s u p e r c r i t i c a l  a i r f o i l s ,  c a l c u l a t e s  weak  s o l u t i o n s  of e q u a t i o n s  of 
motion t h a t  can i n c l u d e  one  or more i s e n t r o p i c  shocks ( i n  t h e  mathemat ica l  
s e n s e ) .  The f u l l  p o t e n t i a l  equa t ion ,  inc luding  a semiempirical t u r b u l e n t  
boundary-layer c o r r e c t i o n ,  is so lved  by a r o t a t e d  f i n i t e - d i f f e r e n c e  scheme i n  a 
more-or-less a r b i t r a r y  c u r v i l i n e a r - c o o r d i n a t e  system. The i n p u t s  to t h e  ana l -  
y s i s  code i n c l u d e  t h e  a i r f o i l  geane t ry  ( c o o r d i n a t e s ) ,  t h e  f r ee - s t r eam Mach 
number, t h e  l i f t  c o e f f i c i e n t  (or a n g l e  of a t t a c k ) ,  t h e  Reynoids number, and t h e  
boundary-layer t r a n s i t i o n  p o i n t s  on  t h e  upper and lower s u r f a c e .  The s e l e c t i o n  
of sane o f  t h e  i n p u t  parameters, which have no p h y s i c a l  s i g n i f i c a n c e  o n l y  a math- 
ematical @ne, was made on  t h e  basis of c o r r e l a t i o n s  of t h e  a n a l y s i s  code r e s u i t s  
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w i t h  exper imenta l  f o r c e  d a t a  of e x i s t i n g  a i r f o i l s  measured i n  t h e  Langley 6- 
by 28-Inch Transon ic  Tunnel.  The c o r r e l a t i o n  i n d i c a t e d  t h a t  use  of t h e  d e f a u l t  
(or preset)  v a l u e s  for t h e  number of mesh i n t e r v a l s  (M x N), t h e  boundary-layer 
r e l a x a t i o n  parameter  (RDEL) , and t h e  convergence t o l e r a n c e  (ST) r e s u l t e d  i n  t h e  
best agreement w i t h  t h e  expe r imen ta l  data. The correlation f u r t h e r  i n d i c a t e d  
t h a t  t h e  maximum number of  flow cycles of 20 f o r  t h e  cour se  g r i d  and 1 0  f o r  t h e  
f i n e  g r i d  was s u f f i c i e n t .  The parameter  XSEP was set  t o  -0.93 so t h a t  t h e  cal- 
c u l a t e d  lower s u r f a c e  boundary-layer-displacement  t h i c k n e s s  would i n c r e a s e  mono- 
t o n i c a l l y  near  t h e  a i r f o i l  t r a i l i n g  edge ( t h e  d e f a u l t  v a l u e  of  0.93 allows t h e  
developnent  of a lower s u r f a c e  boundary-layer-displacement  t h i c k n e s s  which is 
c h a r a c t e r i s t i c  of s u p e r c r i t i c a l  a i r f o i l s ) .  During t h e  d e s i g n  i t e r a t i o n ,  it was 
found t h a t  t h e  parameter LL, t h e  index  of  l o c a t i o n  o n  t h e  a i r f o i l  where t h e  
sweep through t h e  upper and lower s u r f a c e s  beg ins  f o r  t h e  f i n i t e - d i f f e r e n c e  
scheme, should be se t  to 73 f o r  ana lyz ing  a i r f o i l s  a t  l i f t  c o e f f i c i e n t s  above 
1 . O  a t  a Mach number of 0.40. 

Model 

The a i r f o i l  p r o f i l e ,  t h i c k n e s s  d i s t r i b u t i o n ,  and camber l i n e  a re  shown i n  
f i g u r e  1 .  The maximum t h i c k n e s s  is 1 0  p e r c e n t  chord  and is located a t  t h e  37.5- 
percent-chord s t a t i o n .  The maximum camber is 2 p e r c e n t  chord  and i s  located 
a t  t h e  25-percent-chord s t a t i o n ;  t h e  camber l i n e  is r e f l e x e d  a f t  of about  t h e  
95-percent-chord s t a t i o n .  The des ign  c o o r d i n a t e s  f o r  t h i s  a i r fo i l  are g iven  
i n  t a b l e  I and t h o s e  f o r  an 8-percent - th ick  and a 12-percent - th ick  d e r i v a t i v e  
of t h e  R C - l O ( N ) - l  a i r f o i l  are g iven  i n  t a b l e s  I1 and 111, r e s p e c t i v e l y .  

The a i r f o i l  was machined f r a n  a h e a t - t r e a t e d  s t a i n l e s s - s t e e l  b lock  and h a s  
a span  of 15.27 c m  (6.010 i n . )  and a chord  of  15.24 c m  (6.000 i n . ) .  The model 
has  23 o r i f i c e s  located i n  one chordwise row on each  s u r f a c e ;  t h e  upper and 
lower s u r f a c e  o r i f i c e  rows are  p o s i t i o n e d  12.6 p e r c e n t  span on opposite s i d e s  
of t h e  midspan ( t a b l e  I V ) .  S l o t s  were m i l l e d  i n  t h e  a i r f o i l  s u r f a c e  and  t u b e s  
were p laced  i n  t h e  s lots  and t h e n  covered  w i t h  epoxy. The f i n a l  a i r f o i l  contour  
has  a s u r f a c e  f i n i s h  of 0.813 Um (0.000032 i n . ) .  The o r i f i c e s  were t h e n  d r i l l e d  
from the  metal s i d e  of  t h e  model to  t h e  embedded t u b e s  so t h e r e  are no  surface 
i r r e g u l a r i t i e s  nea r  t h e  o r i f i c e  row. The o r i f i c e s  have a diameter of 0.0508 cm 
(0.020 i n . )  and  were d r i l l e d  pe rpend icu la r  t o  t h e  local s u r f a c e  contour .  

Wind Tunnel  

Tunnel d e s c r i p t i o n . -  The Langley 6- by 28-Inch Transon ic  Tunnel ( r e f .  1 1 )  
is a blowdown wind t u n n e l  w i th  a s l o t t e d  f l o o r  and c e i l i n g  and is g e n e r a l l y  
opera ted  a t  s t a g n a t i o n  p r e s s u r e s  from about  207 t o  621 kPa (30 to  90 ps ia )  
and a t  Mach numbers f r a n  0.35 t o  0.90. The s e l e c t i o n  of t h e  0.05-open-slot 
geometry i s  d e s c r i b e d  i n  d e t a i l  i n  r e f e r e n c e  12.  Mach number i s  c o n t r o l l e d  by 
h y d r a u l i c a l l y  a c t u a t e d  choker d o o r s  located downstream of t h e  tes t  s e c t i o n .  
The a i r f o i l  model spans t h e  15.27-cm (6.01-in.)  w i d t h  o f  t h e  t u n n e l  ( f i g .  2) 
and is  r i g i d l y  a t t a c h e d  by mounting t a n g s  t o  t w o  c i r c u l a r  end plates  which are 
d r i v e n  by a h y d r a u l i c  actuator t o  p o s i t i o n  t h e  a i r f o i l  a t  t h e  d e s i r e d  a n g l e  of 
attack. A test run  u s u a l l y  c o n s i s t s  of an  angle-of -a t tack  sweep a t  a c o n s t a n t  
Mach number and Reynolds number. 
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Two-dimensionality of  flaw.- The r e s u l t s  of a p rev ious  i n v e s t i g a t i o n  of 
r o t o r c r a f t  a i r f o i l s  i n  t h e  Langley 6- by 28-Inch Transon ic  Tunnel ( r e f .  9 )  have 
shown t h a t  t h e  i n d i c a t e d  maximum normal-force c o e f f i c i e n t  is reduced by tunnel -  
w a l l  boundary-layer i n f l u e n c e s .  Th i s  r educ t ion  is c h a r a c t e r i s t i c  of t w o -  
d imens iona l  wind t u n n e l s  w i thou t  proper s i d e w a l l  boundary-layer c o n t r o l  and 
o c c u r s  because t h e  tunnel -wal l  boundary l a y e r  is t h i c k e r  t h a n  t h a t  of t h e  air-  
f o i l ;  t h e r e f o r e ,  i n i t i a l  s e p a r a t i o n  beg ins  a t  t h e  t u n n e l  wall. 

Although it is no t  p o s s i b l e  to determine p r e c i s e l y  t h e  a f f e c t e d  Mach number 
range or t h e  loss i n  maximum normal-force c o e f f i c i e n t  of t h e  a i r f o i l s  r e p o r t e d  
h e r e i n ,  a comparison of t h e  NACA 0012 d a t a  measured i n  t h i s  f a c i l i t y  w i th  0.05 
open slots w i t h  unpubl i shed  d a t a  from two other f a c i l i t i e s  has  been u s e f u l  i n  
i n d i c a t i n g  t h e  magnitude of t h e s e  losses. The maximum normal-force c o e f f i c i e n t s  
measured i n  t h e  Langley Lw-Turbulence P res su re  Tunnel and t h e  Uni ted  Technolo- 
g i e s  Research  Center  8-Foot Subsonicf l ransonic  Wind Tunnel a t  similar Reynolds 
numbers and a t  a Mach number of 0.36 are higher than t h a t  from t h e  Langley 6- by 
28-Inch Transon ic  Tunnel by a b o u t  0.15. The d i f f e r e n c e  between t h e  d a t a  from 
t h e  Langley 6- by 28-Inch Transon ic  Tunnel and t h e  Uni ted  Technologies d a t a  
dec reased  to 0.05 a t  a Mach number of abou t  0.53. Inc remen ta l  v a l u e s  f o r  o t h e r  
a i r f o i l s  may v a r y  s l i g h t l y  because of s p e c i f i c  c o n f i g u r a t i o n  i n f l u e n c e s .  

An i n v e s t i g a t i o n  conducted i n  t h e  Off i c e  N a t i o n a l  d ' 6 t u d e s  e t  d e  Recherches 
A6rospatiale (ONERA) Rl Ch wind t u n n e l  ( r e f .  13) h a s  shown t h a t  t h e  t u n n e l  s ide -  
w a l l  boundary l a y e r  can a f f e c t  t h e  normal-force c o e f f i c i e n t s  a t  a l l  a n g l e s  of  
a t tack ( t h a t  is, w i t h  e i t h e r  a t t a c h e d  or s e p a r a t e d  boundary l a y e r s ) .  I n  t h i s  
i n v e s t i g a t i o n ,  t h e  s i d e w a l l  boundary-layer t h i c k n e s s  was v a r i e d  by app ly ing  
s i d e w a l l  s u c t i o n  upstream of t h e  model w h i l e  t h e  Mach number and Reynolds number 
were he ld  c o n s t a n t .  Gene ra l ly ,  an i n c r e a s e  i n  sidewall boundary-layer t h i c k n e s s  
r e s u l t e d  i n  a d e c r e a s e  i n  t h e  normal-force c o e f f i c i e n t  a t  a g iven  a n g l e  of 
attack; t h e  t r e n d  r e v e r s e d  a t  Mach numbers g r e a t e r  t han  0.85 wi th  a supe r -  
c r i t i ca l  a i r f o i l .  

Appar a t  u s  

Wake-survey probe.- A t r a v e r s i n g  wake-survey probe is c a n t i l e v e r e d  f ran 
one t u n n e l  s i d e w a l l  t o  measure t h e  p r o f i l e  drag of t h e  a i r f o i l s .  The v e r t i c a l  
sweep rate  of t h e  probe, which was s e l e c t e d  a f t e r  expe r imen ta l  d e t e r m i n a t i o n  of 
a c c e p t a b l e  l a g  time i n  t h e  pressure measurements, was about  2.54 cm/sec 
(1 . O O  i n / s e c )  . 

The probe w a s  l o c a t e d  1 .67 chords  (based on  t h e  15.24-cm (6.00-in.)  chord 
model) downstream of t h e  a i r f o i l  t r a i l i n g  edge and has  a maximum v e r t i c a l  t r a v e l  
of about  k27.9 cm (k11 . O  i n . )  f r a n  t h e  t u n n e l  c e n t e r  l i n e  ( f i g .  2 ) .  Data are 
acqu i red  w i t h  f o u r  total-pressure t u b e s ,  which are  made of s t a i n l e s s - s t e e l  
t ub ing ,  w i th  a 1 .53-m (0.060-in. ) o u t s i d e  diameter and a 1 .02-m (0.040-in. ) 
i n s i d e  d i ame te r ;  t h e  t u b e s  are spaced 0.953 cm (0.375 i n . )  apart  l a t e r a l l y  a s  
shown i n  f i g u r e  3. 

1ns t rumen ta t ion . -  A l l  measurements made du r ing  t h e  test  program were 
o b t a i n e d  w i t h  t h e  u s e  of a high-speed, c a n p u t e r - c o n t r o l l e d  d i g i t a l  d a t a  acquisi- 
t i o n  system and were reco rded  by a high-speed t ape - reco rd ing  u n i t  ( r e f .  1 1 ) .  
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A l l  f ree-s t ream c o n d i t i o n s  were de termined  from s t a g n a t i o n  and s t a t i c  p r e s s u r e s .  
A l l  a i r f o i l  s u r f a c e  p r e s s u r e s  and a l l  w a k e  p r e s s u r e s  were measured wi th  preci- 
s i o n  c a p a c i t i v e  poten t iometer  p r e s s u r e  t r a n s d u c e r s .  The electrical  o u t p u t s  from 
each  of t h e s e  t r a n s d u c e r s  were connected  t o  i n d i v i d u a l  a u t o r a n g i n g  s i g n a l  condi-  
t i o n e r s  which have seven  a v a i l a b l e  ranges .  The o u t p u t  s i g n a l s  from t h e  f o u r  
s i g n a l  c o n d i t i o n e r s  measuring t h e  w a k e  p r e s s u r e s  were f i l t e r e d  wi th  20-Hz l o w -  
pass f i l t e r s  b e f o r e  i n p u t  t o  t h e  data a c q u i s i t i o n  system; t h e  range  of  f requen-  
cies to be passed was e x p e r i m e n t a l l y  de te rmined  d u r i n g  a p r e v i o u s  i n v e s t i g a t i o n .  
The geometric a n g l e  of at tack w a s  de te rmined  from t h e  o u t p u t  of  a d i g i t a l  s h a f t  
encoder a t t a c h e d  to a p i n i o n  engaging a rack on  one  model s u p p o r t  end plate.  

Tests and Methods 

Tes t  runs  were made w i t h  a smooth model s u r f a c e  a t  a s t a g n a t i o n  p r e s s u r e  
of 41 4 kPa (60 psia) a t  Mach numbers from 0.33 to 0.87 to  o b t a i n  Reynolds num- 
bers t y p i c a l  of f u l l - s c a l e  main rotors. Smooth model t e s t i n g  was a lso con- 
duc ted  a t  s t a g n a t i o n  p r e s s u r e s  from 262 to 310 kPa (38  t o  45 psia)  a t  Mach num- 
bers fran 0.33 t o  0.83, r e s p e c t i v e l y ,  to o b t a i n  Reynolds numbers similar to  
t h o s e  ob ta ined  on t h e  SC 1095 a i r f o i l  ( r e f .  1 4 )  so t h a t  a direct  comparison of  
t h e s e  two a i r f o i l s  could  be made. Some tes t  runs  were made w i t h  a roughness  
s t r i p  app l i ed  to bo th  t h e  upper and lower s u r f a c e s  of t h e  model; t h e  l e a d i n g  
edge of t h e  1.27-mm (0.050-in.) wide roughness  s t r i p  w a s  located a t  t h e  
5-percent-chord s t a t i o n  on both  s u r f a c e s .  The roughness  was s i z e d  acco rd ing  to  
r e f e r e n c e  1 5  and c o n s i s t e d  of N o .  220 carborundum g r i t .  The g r i t  was t h i n l y  
s p r e a d  to cover about  5 to 1 0  p e r c e n t  of t h e  s t r i p  s u r f a c e  area and was a t t a c h e d  
to t h e  model wi th  l acque r .  The smooth model d a t a  (Tes t  52) and  t h e  d a t a  w i t h  
roughness a p p l i e d  ( T e s t  73) were measured d u r i n g  t w o  separate e n t r i e s  i n t o  t h e  
same wind tunne l .  Smooth model d a t a  were also measured a t  selected tes t  condi-  
t i o n s  dur ing  t h e  second t u n n e l  e n t r y  i n  o r d e r  to  check t h e  r e p e a t a b i l i t y  o f  
t h e  smooth d a t a .  A t  t h e  lower test Mach numbers, geomet r i c  a n g l e s  of at tack 
ranged from -4O to 13O 
increments  between t h e  a n g l e s  approaching t h e  s t a l l  ang le ;  t h i s  range was 
decreased  a t  t h e  h ighe r  tes t  Mach numbers. 

wi th  2O increments  between t h e  lower a n g l e s  and l o  

Sec t ion  normal-force and pitching-moment c o e f f i c i e n t s  were c a l c u l a t e d  
from the  a i r f o i l  s u r f a c e  p r e s s u r e s  by a t r a p e z o i d a l  i n t e g r a t i o n  of t h e  p r e s s u r e  
c o e f f i c i e n t s .  
s u r f a c e  was a p p l i e d  from t h a t  s t a t i o n  t o  t h e  a i r f o i l  t r a i l i n g  edge  i n  t h e  i n t e -  
g r a t i o n .  Each of  t h e  p r e s s u r e  c o e f f i c i e n t s  r e p r e s e n t s  t h e  average  o f  f i v e  mea- 
surements o b t a i n e d  i n  a 1.0-sec i n t e r v a l .  A form of t h e  e q u a t i o n  d e s c r i b e d  i n  
r e fe rence  1 6  was used t o  c a l c u l a t e  t h e  poin t -drag  c o e f f i c i e n t s  from t h e  measured 
wake p re s su res ,  and a t r a p e z o i d a l  i n t e g r a t i o n  of t h e  poin t -drag  c o e f f i c i e n t s  
w a s  used t o  c a l c u l a t e  t h e  d rag  c o e f f i c i e n t .  
wake  drag c a l c u l a t i o n  were measured w i t h  t u n n e l  s i d e w a l l  o r i f i c e s  located a t  t h e  
same l o n g i t u d i n a l  t unne l  s t a t i o n  as t h e  t i p s  of t h e  t u b e s  on t h e  wake-survey 
probe. 
t h e  measurements made w i t h  fou r  t o t a l - p r e s s u r e  t u b e s  on t h e  wake-survey probe 
i n  one sweep through a wake .  

The p r e s s u r e  c o e f f i c i e n t  a t  t h e  most rearward  o r i f i c e  on  each  

The s ta t ic  p r e s s u r e s  used i n  t h e  

A l l  d r ag  c o e f f i c i e n t s  p r e s e n t e d  i n  t h i s  paper r e p r e s e n t  t h e  mean of 
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The c o r r e c t i o n s  f o r  l i f t  i n t e r f e r e n c e ,  which have been a p p l i e d  t o  t h e  
a n g l e s  of attack, were o b t a i n e d  f r a n  references 1 2  and 17 .  The b a s i c  e q u a t i o n s  , 1 for t h e  c o r r e c t i o n  (ref.  17 )  are  

ac = a + Aa 

where 
I 

a 

h 
k = - K  

1 a is t h e  slot  spac ing ,  and h is t h e  semiheight  of t h e  tunne l .  The s l o t t e d -  
' wall  boundary-condition c o e f f i c i e n t  k f o r  t h e  p r e s e n t  t u n n e l  c o n f i g u r a t i o n  

1 
I 

is 0.4211K. A va lue  of 3.5 was s e l e c t e d  for t h e  s l o t t e d - w a l l  performance coef-  
f i c i e n t  K, based on t h e  d a t a  and d i s c u s s i o n  p r e s e n t e d  i n  r e f e r e n c e  12.  T h i s  
s u b s t i t u t i o n  r e s u l t s  i n  a c o r r e c t i o n  g iven  by t h e  e q u a t i o n  

1 
I Aa = -%c(O.OSOO) 

! where c is i n  c e n t i m e t e r s ,  a is i n  degrees ,  and t h e  c o n s t a n t  i s  i n  deg rees  
j per cen t ime te r .  

I PRESENTATION OF RESULTS 

The resu l t s  of t h e  i n v e s t i g a t i o n  have been reduced t o  c o e f f i c i e n t  form and 
~ are p resen ted  a s  fo l lows:  

Basic c h a r a c t e r  istics F igure  

Aerodynamic c h a r a c t e r i s t i c s  o f  RC-1 O(N)-1 a i r f o i l  . . . . . . . . . . . .  4 
E f f e c t  of  roughness  on aerodynamic c h a r a c t e r i s t i c s  of 

RC-1 O(N)-1 a i r f o i l  . . . . . . . . . . . . . . . . . . . . . . . . . .  5 
Canparison o f  smooth m o d e l  data from t w o  s e p a r a t e  t u n n e l  e n t r i e s  . . . .  6 
V a r i a t i o n  of maximum s e c t i o n  normal-force c o e f f i c i e n t  w i th  Mach 

number of RC-10 (N)-1 and NACA 001 2 a i r f o i l s  . . . . . . . . . . . . . .  7 
V a r i a t i o n  of maximum s e c t i o n  normal-force-drag r a t i o  wi th  

M a c h n i j l i b e r . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  8 
V a r i a t i o n  of s e c t i o n  normal-force c o e f f i c i e n t  w i th  d rag  

d ive rgence  Mach number . . . . . . . . . . . . . . . . . . . . . . . .  9 
E f f e c t  o f  Reynolds number on v a r i a t i o n  of s e c t i o n  d rag  

c o e f f i c i e n t  w i t h  Mach number . . . . . . . . . . . . . . . . . . . . .  1 0  
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Canparisons of RC-10 (N) -1 and SC 1095 airfoils 

Comparison of aerodynamic characteristics of RC-lO(N)-l 

Comparison of drag divergence characteristics and maximum 
and SC1095 airfoils . . . . . . . . . . . . . . . . . . . . . . . . .  1 1  

section normal-force coefficients of RC-10 (N) -1 and 
SC 1095 airfoils . . . . . . . . . . . . . . . . . . . . . . . . . . .  12 

Mach number of RC-1 O(N)-1 and SC 1095 airfoils . . . . . . . . . . . .  13 

Mach number of RC-lO(N)-l and SC 1095 airfoils . . . . . . . . . . . .  14 

Comparison of section drag coefficient at drag divergence 

Comparison of variation of section drag coefficient with 

Theoretical characteristics and comparisons of theory and experiment 

Comparison of experimental and theoretical drag divergence 
characteristics and section normal-force coefficients; 

Variation of theoretical section drag coefficient with Mach 

Comparison of experimental and theoretical section pitching-moment 

Comparison of experimental and theoretical section drag 

Drag divergence characteristics of RC-XX (N) -1 airfoil family; 

experimental data are for smooth model . . . . . . . . . . . . . . . .  15 

number: transition fixed . . . . . . . . . . . . . . . . . . . . . . .  16 

coefficients; experimental data are for smooth model . . . . . . . . .  17 

coefficients; transition fixed . . . . . . . . . . . . . . . . . . . .  18 

experimental data are for smooth model . . . . . . . . . . . . . . . .  19 

Pressure distributions and separation 

Effect of angle of attack on chordwise pressure distribution . . . . . .  20 

layer separation first occurs and on separation point . . . . . . . .  21 
Effect of Mach number on chordwise pressure distribution . . . . . . . .  22 

distributions . . . . . . . . . . . . . . . . . . . . . . . . . . . .  23 

Effect of Mach number on angle of attack at which boundary- 
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DISCUSSION OF RESULTS 

Normal Force 

The normal-force coefficients measured with a smooth model surface at two 
Reynolds numbers are presented in figure 4(a), and those measured with roughness 
strips applied are presented in figure 5(a). 
ficients determined from these two figures are presented as a function of Mach 
number in figure 7 along with unpublished data for an NACA 0012 airfoil measured 
in the same facility with the same slot configuration. The maximum normal- 
force coefficient for the smooth RC-lO(N)-1 airfoil at the higher Reynolds num- 
bers decreases with increasing Mach number up to a Mach number of about 0.53 
where the trend reverses; the corresponding 
M = 0 . 3 3  to 1.0 at M = 0.53. This trend is the result of separation due to 
supercritical flow influences occurring at a lower angle of attack with increas- 
ing Mach number up to a Mach number of about 0.53 (figs. 20 and 21 ) . 

The maximum normal-force coef- 

cn,max values range from 1.10 at 

The 
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maximum normal-force c o e f f i c i e n t  i n c r e a s e s  with a n  i n c r e a s e  i n  Mach limber from 
0.53 to  0.58 because of a f a v o r a b l e  expansion of t h e  s u p e r s o n i c  zone on  t h e  
upper s u r f a c e  of t h e  a i r f o i l  which p rov ides  more s u c t i o n  from about  6 t o  21 per- 
c e n t  chord  a t  a c o r r e c t e d  a n g l e  of attack of 8O a t  t h e  h ighe r  Mach number 
( f i g .  2 2 ( a ) ) .  A t  comparable Reynolds numbers, t h e  cn,max v a l u e s  of t h e  smooth 
RC-lO(N)-l a i r f o i l  are h igher  t h a n  t h o s e  for t h e  NACA 0012 a i r f o i l  a t  a l l  Mach 
numbers above about  0.35. The maximum normal-force c o e f f i c i e n t  des ign  g o a l  of 
1 . 2  a t  a Mach number of  0.4 is achieved  by t h e  RC-1 O(N)-1 a i r f o i l  when t h e  
measured va lue  of  is  incremented by t h e  same va lue  r e q u i r e d  t o  match 
t h e  maximum normal-force c o e f f i c i e n t  of t h e  NACA 0012 a i r fo i l  measured i n  t h e  
Langley 6- by 28-Inch Transon ic  Tunnel a t  a Mach number of 0.36 to  t h o s e  
measured i n  t w o  o t h e r  f a c i l i t i e s .  Lowering t h e  
Reynolds number d i d  n o t  change t h e  
RC-lO(N)-l a i r f o i l  b u t  it d i d  have t h e  usua l  e f f e c t  of r educ ing  t h e  
va lues .  

Cn,max 

(See s e c t i o n  "Wind Tunnel.")  
Cn,max t r end  w i t h  Mach number of t h e  

c n , m a x  

The a d d i t i o n  of roughness  s t r ips  t o  t h e  model s u r f a c e  t o  i n s u r e  boundary 
Cn,max l a y e r  t r a n s i t i o n  had no effect  on e i t h e r  t h e  

or t h e  magnitude of t h e  Cn,max v a l u e s  for Mach numbers up  to abou t  0.53. The 
p r e s s u r e  d i s t r i b u t i o n s  for t h e  smooth model p re sen ted  i n  f i g u r e s  2 0 ( a )  t o  (e) 
s u g g e s t  t h a t  n a t u r a l  boundary-layer t r a n s i t i o n  on  t h e  upper s u r f a c e  would occur  
i n  f r o n t  of or near  t h e  5-percent-chord s t a t i o n  a t  geometr ic  a n g l e s  of a t tack 
e q u a l  to or g r e a t e r  t han  8 O  because of t h e  p re s su re  r ecove ry  i n  t h a t  reg ion .  
The re fo re ,  t h e  expec ted  e f f e c t  o f  a g r i t  s t r i p  l o c a t e d  a t  5 p e r c e n t  chord  on 
t h e  upper s u r f a c e  would simply be a th i cken ing  of an a l r e a d y  t u r b u l e n t  boundary 
l a y e r  a t  t h e s e  h igh  a n g l e s  of attack: t h i s  would have a minimal e f f e c t  on 
Cn,max. 
t o  t h e  smooth model data measured du r ing  t h e  same t u n n e l  e n t r y  i n  f i g u r e  7 (a l so  
f i g s .  5, 8 ,  and 9)  i n  o rde r  t o  minimize t h e  t y p i c a l  small d i f f e r e n c e s  t h a t  occur  
because of separate t u n n e l  e n t r i e s .  (See f i g .  6 . )  The d i f f e r e n c e s  i n  normal- 
f o r c e  c o e f f i c i e n t  shown i n  f i g u r e  6 ( a )  are about 0.02 i n  t h e  l i n e a r  range  of  
t h e  cu rves  and abou t  0.03 i n  t h e  non l inea r  p a r t  of t h e  cu rves  whsre s e p a r a t e d  
flow is u s u a l l y  p r e s e n t  on an a i r f o i l  and r e p e a t a b i l i t y  of d a t a  is d i f f i c u l t  
even du r ing  t h e  same t u n n e l  e n t r y .  

t r e n d  w i t h  Mach number 

I t  should  be noted  t h a t  t h e  d a t a  with roughness  a p p l i e d  are cmpared 

The smooth RC-lO(N)- l  a i r f o i l  e x h i b i t s  a g radua l  s t a l l  a t  a l l  Mach numbers 
up t o  0.58 a t  bo th  sets of Reynolds numbers ( f i g .  4 ( a ) ) :  t h e  a d d i t i o n  o f  rough- 
n e s s  d id  no t  change t h e  s t a l l  c h a r a c t e r i s t i c s .  (See  f i g .  5 ( a ) . )  The p r e s s u r e  
d i s t r i b u t i o n s  p r e s e n t e d  i n  f i g u r e s  2 0 ( a )  to  (e) i n d i c a t e  t h a t  t h e  s t a l l  is  of 
t h e  t r a i l i n g - e d g e  type  by t h e  c h a r a c t e r i s t i c  loss of p r e s s u r e  recovery  (more 
nega t ive  
Cn, max- 

Cp) near  t h e  upper s u r f a c e  t r a i l i n g  edge a t  a n g l e s  of a t tack nea r  

The maximum local Mach number corresponding to  t h e  f i r s t  occur rence  of  
boundary-layer s e p a r a t i o n  v a r i e d  from 1.14 t o  1.59 f o r  free-stream Mach numbers 
of 0.33 and 0.58, r e s p e c t i v e l y ,  and t h a t  corresponding t o  t h e  maximum normal- 
force c o e f f i c i e n t  was abou t  t h e  same or higher  t h a n  t h e  values just mentioned. 
These va lues  of t h e  maximum local Mach number may n o t  be p r e c i s e l y  t h e  t r u e  
maximum va lues  o c c u r r i n g  on t h e  a i r f o i l  p a r t i c u l a r l y  a t  f r ee - s t r eam Mach numbers 
up to  0.43, s i n c e  o n l y  one  to t h r e e  o r i f i c e s  a r e  a v a i l a b l e  to  measure t h e  local 
pressures i n  t h e  s u p e r s o n i c  zone and because of tunnel -wal l  boundary-layer 
i n f l u e n c e s .  However, it is i n t e r e s t i n g  t o  note  t h a t  t h e  maximum l o c a l  Mach 
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numbers corresponding t o  t h e  f i r s t  occu r rence  of  boundary-layer s e p a r a t i o n  a t  
f ree-s t ream Mach numbers up  t o  0.43 are c o n s i d e r a b l y  lower f o r  t h e  RC-lO(N)-l 
a i r f o i l  (1 . 1 4  t o  1.45) than  f o r  t h e  10-64C a i r f o i l  (1.80) ( re f .  IO); t h i s  sug- 
g e s t s  t h a t  t h e  maximum local Mach number is n o t  a ve ry  accurate parameter for 
p r e d i c t i n g  s e p a r a t i o n  du r ing  an  a i r f o i l  des ign  process. 
number (or minimum p r e s s u r e  c o e f f i c i e n t )  a t  t h e  s t a l l  has  been used s u c c e s s f u l l y  
t o  p r e d i c t  cnrmax 
d i c t i o n  worked were similar to  a i r f o i l s  p r e v i o u s l y  t e s t e d  and used as a d a t a  
base f o r  developing t h e  p r e d i c t i o n  technique .  

The maximum local  Mach 

( ref .  7)  s u g g e s t i n g  t h a t  t h e  new a i r f o i l s  for which t h e  pre-  

The maximum normal-force c o e f f i c i e n t s  of t h e  RC-1 O(N)-1 and t h e  SC 1095 
(wi th  t a b )  a i r f o i l s  have been determined from f i g u r e  11 and a re  compared i n  
f i g u r e  12.  The SC 1095 a i r f o i l  was chosen f o r  comparison because it is used 
on t h e  main r o t o r  of t w o  new h e l i c o p t e r s ,  t h e  UH-60A (UTTAS) and  t h e  S-76 
( refs .  1 8  and 191, it was t e s t e d  i n  t h e  same wind t u n n e l  ( ref .  1 4 )  as t h e  
RC-10(N)-1 a i r f o i l ,  and it has close t o  t h e  same maximum t h i c k n e s s  r a t io  
(9.1 pe rcen t  chord)  a s  t h e  RC-1 O ( N ) - 1  a i r f o i l .  The maximum normal-force coef- 
f i c i e n t s  of t h e  RC-1 O(N)-1 a i r f o i l  are about  t h e  same as t h o s e  of  t h e  SC 1095 
a i r f o i l  f o r  Mach numbers up to  0.50. 

P i t c h i n g  Manent 

The p i tch ing-mment  c o e f f i c i e n t  a b o u t  t h e  aerodynamic center (cm a t  
cn = 0 )  f o r  t h e  smooth model ( f i g .  4 ( b ) )  a t  t h e  h igher  Reynolds numbers v a r i e s  
from a b o u t  0.007 a t  s u b c r i t i c a l  f low c o n d i t i o n s  (M 5 0.68) t o  -0.025 a t  super- 
c r i t i ca l  flow c o n d i t i o n s  (M = 0.87) .  T h i s  t r e n d  o f  t h e  pitching-moment coef- 
f i c i e n t  about  t h e  aerodynamic c e n t e r  to  become more nose-down w i t h  i n c r e a s i n g  
Mach number is caused by t h e  deve lopnent  and expans ion  of  a supercrit ical  flow 
reg ion  near t h e  l e a d i n g  edge of t h e  a i r f o i l  on  t h e  lower s u r f a c e  w i t h  i n c r e a s i n g  
Mach number and a lso a rearward s h i f t  of t h e  upper s u r f a c e  shock p o s i t i o n  w i t h  
i n c r e a s i n g  Mach number. (See f i g .  22 (b )  .) The pitching-moment c o e f f i c i e n t  
about  the  aerodynamic c e n t e r  is about  z e r o  a t  t h e  h igher  Reynolds numbers for 
Mach numbers from 0.77 to  0.82; t h u s ,  t h e  des ign  g o a l  is m e t .  Ne i the r  a decrease 
i n  Reynolds number ( f i g .  4 ( b ) )  nor t h e  a d d i t i o n  of  roughness  s t r ips  to t h e  model 
( f i g .  5 ( b ) )  had any e f f e c t  on  t h e  pitching-moment c o e f f i c i e n t s .  

A t  Mach numbers as high as 0.68, t h e  pitching-moment c o e f f i c i e n t s  are  posi- 
t i v e  f o r  p o s i t i v e  normal-force c o e f f i c i e n t s  up  t o  t h e  maximum i n d i c a t i n g  a c e n t e r  
of pressure forward o f  t h e  qua r t e r - chord  and t h e  slopes of t h e  c u r v e s  i n d i c a t e  
t h a t  the  c e n t e r  of p r e s s u r e  moves rearward  wi th  i n c r e a s i n g  normal-force coe f f  i- 
c i e n t  except  f o r  normal-force c o e f f i c i e n t s  near t h e  maximum a t  some Mach numbers 
where a p o s i t i v e  slope i n d i c a t e s  a forward  movement of t h e  c e n t e r  of p r e s s u r e .  
T h i s  pos i t ive  slope i s  t h e  r e s u l t  of an expans ion  of t h e  s u p e r s o n i c  zone near  
t h e  l ead ing  edge on  t h e  upper s u r f a c e  wi th  i n c r e a s i n g  normal-force c o e f f i c i e n t .  
(See f i g .  2O(g) f o r  example.) The c e n t e r  of  pressure i s  a f t  of t h e  q u a r t e r -  
chord  only  f o r  t h e  h igher  normal-force c o e f f i c i e n t s  a t  Mach numbers of 0.73 and 
0.77 and is a f t  of t h e  quar te r -chord  for most p o s i t i v e  normal-force c o e f f i c i e n t s  
a t  Mach numbers of 0.80 and h ighe r .  The aerodynamic c e n t e r  (based on p o s i t i v e  
normal-force c o e f f i c i e n t s  up t o  0.6) is rearward  of t h e  qua r t e r - chord  f o r  Mach 
numbers u p  to 0.83 and is c o i n c i d e n t  w i th  t h e  quar te r -chord  p o i n t  a t  a Mach 
number of 0.87. 
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The pitching-manent c o e f f i c i e n t s  of the RC-10 ( N )  -1 a i r f o i l  are  compared 
w i t h  t h o s e  of t h e  SC 1095 a i r fo i l  (ref. 1 4 )  i n  f i g u r e  11 (b )  . Both a i r f o i l s  have 
near -zero  pitching-manent c o e f f i c i e n t s  for a wide range  of  normal-force c o e f f i -  
c i e n t s  a t  Mach numbers up t o  0.78. The pitching-moment c o e f f i c i e n t  abou t  t h e  
aerodynamic c e n t e r  (Cm a t  Cn = 0) of t h e  RC-lO(N)-l a i r f o i l  is t h e  same as 
t h a t  of t h e  SC 1095 a i r f o i l  a t  Mach numbers up to  0.78 and is more n e g a t i v e  t h a n  
t h a t  of t h e  SC 1095 a i r f o i l  by about  0.01 a t  a Mach number of 0.83. 

Drag 

Minimum drag.-  A t  Mach numbers up t o  0.73, t h e  minimum drag  c o e f f i c i e n t  
f o r  t h e  smooth model a t  t h e  h ighe r  Reynolds numbers ( f i g .  4 ( c ) )  is abou t  0.0065 
and t h e  minimum drag  c o e f f i c i e n t  occurs a t  a normal-force c o e f f i c i e n t  of about  
0.1. 
i n c r e a s i n g  Mach number and t h e  minimum drag  c o e f f i c i e n t  occurs a t  p r o g r e s s i v e l y  
lower normal-force c o e f f i c i e n t s  wi th  i n c r e a s i n g  Mach number: t h e  v a l u e s  of 
cd,min range f r a n  0.0070 t o  0.0235 a t  Mach numbers of 0.77 and 0.87, respec- 
t i v e l y .  Th i s  t r e n d  of cd,min wi th  Mach number is caused by t h e  deve lopnent  
of  supercr i t ical  flow wi th  its a s s o c i a t e d  wave drag.  
number had no effect on t h e  minimum drag c o e f f i c i e n t  f o r  mach numbers up to 0.77 
and it i n c r e a s e d  Cd,min 
The a d d i t i o n  of roughness s t r i p s  i n c r e a s e d  t h e  minimum d r a g  c o e f f i c i e n t s  by 
about  0.001 0 f o r  Mach numbers up t o  0.80 and by about  0.001 5 f o r  t h e  higher  
Mach numbers. (See f i g .  5 ( c ) . )  

A t  Mach numbers above 0.73, t h e  minimum drag  c o e f f i c i e n t  i n c r e a s e s  wi th  

Lowering t h e  Reynolds 

by a small amount f o r  Mach numbers g r e a t e r  t han  0.77. 

The drag c o e f f i c i e n t s  of t h e  RC-lO(N)-l a i r f o i l  are compared w i t h  t h o s e  
of t h e  SC 1095 a i r f o i l  i n  f i g u r e  11 (c) .  A t  Mach numbers up to  0.49, minimum 
drag c o e f f i c i e n t s  of t h e  RC-1 O(N)-1 a i r f o i l  a r e  about  0.001 5 lower than  t h o s e  
of t h e  SC 1095 a i r f o i l .  However, t h e  SC 1095 a i r f o i l  d a t a  were o b t a i n e d  by 
t e s t i n g  a t  s t a g n a t i o n  p r e s s u r e s  above 51 7 kPa (75 p s i a ) ,  approximate ly  twice 
those  used to o b t a i n  t h e  RC-10(N)-1 a i r f o i l  da t a ,  where t h e  t u n n e l  t u r b u l e n c e  
l e v e l  is b e l i e v e d  to  cause  h igher  drag c o e f f i c i e n t s  ( r e f .  1 4 )  t han  t h o s e  which 
would be measured i n  f r e e  a i r .  A t  Mach numbers of 0.73 and 0.78, t h e  minimum 
drag  c o e f f i c i e n t s  of the  RC-lO(N)- l  a i r f o i l  a r e  lower than those of t h e  SC 1095 
a i r f o i l  and t h e y  occur  a t  higher  normal-force c o e f f i c i e n t s  t h a n  t h o s e  of t h e  
SC 1095 a i r f o i l .  The minimum drag  c o e f f i c i e n t  of t h e  RC-lO(N)-l a i r f o i l  is 
a b o u t  0.0020 lower t h a n  t h a t  of t h e  o t h e r  a i r f o i l  a t  a Mach number of 0.83 b u t  it 
a l so  occurs a t  a lower normal-force c o e f f i c i e n t  t han  t h a t  of t h e  o t h e r  a i r f o i l .  

Maximum normal-force-drag ratio.- The maximum normal-force-drag ra t ios  
f o r  t h e  smooth m o d e l  a t  t w o  Reynolds numbers have been determined from f i g -  
u r e  4(c) and t h e  r a t i o s  f o r  t h e  model wi th  and wi thout  roughness a p p l i e d  have 
been determined from f i g u r e  5 ( c )  and t h e s e  a r e  p r e s e n t e d  as a f u n c t i o n  of Mach 
number i n  f i g u r e  8. 
d e c r e a s e  f ran 97 a t  a Mach number of 0.33 t o  92 a t  a Mach number of 0.63 and 
above t h i s  Mach number t h e  v a l u e s  d e c r e a s e  s h a r p l y  wi th  i n c r e a s i n g  Mach number. 
Reducing t h e  Reynolds number lowered t h e  r a t i o s  a small amount a t  Mach numbers 
less t h a n  0.73, as expec ted ,  b u t  it had no e f f e c t  on t h e  ra t ios  a t  h ighe r  Mach 
numbers. 
ratios a t  Mach numbers u p  to  a b o u t  0.68 bu t  it had no e f f e c t  on t h e  ra t ios  a t  
Mach numbers of 0.78 and higher .  

The smooth model va lues  a t  t h e  h ighe r  Reynolds numbers 

The a d d i t i o n  of roughness reduced the maximum normal-force-drag 
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By drawing a tangency to  t h e  d r a g  c u r v e s  p r e s e n t e d  i n  f i g u r e  11 (c) ,  t h e  
va lues  of (Cn/cd)max Of t h e  RC-lO(N)-l a i r f o i l  are  shown t o  exceed t h o s e  of 
t h e  SC 1095 a i r f o i l  a t  a l l  Mach numbers excep t  0.83; t h e  d i f f e r e n c e  is l a r g e  a t  
a Mach number of 0.73 where t h e  va lue  of t h e  RC-1 O(N)-1 a i r f o i l  is a b o u t  55 and 
t h a t  of the SC 1095 a i r f o i l  is about  32. S i n c e  t h e  d rag  c o e f f i c i e n t s  of t h e  
RC-lO(N)-l a i r f o i l  a t  normal-force c o e f f i c i e n t s  from 0.5 t o  0.7 a t  Mach numbers 
from near 0.4 t o  near  0.7 a re  lower than  t h e  co r re spond ing  d r a g  coefficients 
of t h e  SC 1095 a i r f o i l ,  t h e  normal-force-drag r a t i o s  impor t an t  to hover per- 
formance a r e  higher  f o r  t h e  RC-lO(N)-l a i r f o i l .  (See f i g .  11 ( c ) . )  

Drag divergence.-  The smooth model d rag  c o e f f i c i e n t s  ( f i g .  4 ( c ) )  and t h e  
d rag  c o e f f i c i e n t s  w i th  and wi thou t  roughness  a p p l i e d  t o  t h e  model ( f i g .  5 ( c ) )  
were cross p l o t t e d  to o b t a i n  t h e  d rag  d ive rgence  Mach numbers a t  a c o n s t a n t  
normal-force c o e f f i c i e n t  and t h e s e  r e s u l t s  are p r e s e n t e d  i n  f i g u r e  9. The d rag  
d ivergence  Mach number f o r  t h e  smooth model a t  t h e  h ighe r  Reynolds numbers var ies  
from 0.815 a t  z e r o  normal-force c o e f f i c i e n t  to  0.61 a t  a normal-force c o e f f i -  
c i e n t  of 0.9; t h u s ,  bo th  d rag  d ivergence  des ign  g o a l s  ( i n c l u d i n g  t h e  p i t c h i n g -  
moment c o n s t r a i n t s )  are  met. (See f i g .  4 ( b ) . )  Decreas ing  t h e  Reynolds number 
reduced the  drag  d ive rgence  Mach number by 0.01 a t  most a t  normal-force c o e f f i -  
c i e n t s  less  than 0.2 and it d i d  n o t  a f f e c t  t h e  d rag  d ive rgence  Mach numbers a t  
normal-force c o e f f i c i e n t s  from 0.2 t o  0.7. A t  normal-force c o e f f i c i e n t s  of 0.6 
and 0.7, t h e  d rag  d ivergence  Mach numbers a t  t h e  lower Reynolds numbers were 
es t imated  by a comparison of t h e  d rag  c o e f f i c i e n t s  a t  t h e  lower Reynolds numbers 
to  t h e  f a i r e d  cd-M curves  a t  t h e  h igher  Reynolds numbers ( f i g .  1 0 )  s i n c e  t h e  
d rag  c o e f f i c i e n t s  a t  t h e  lower Reynolds numbers were n o t  measured a t  small 
enough increments  i n  Mach number f o r  t h e s e  normal-force c o e f f i c i e n t s  ( f i g .  4 ( c ) ) .  
I t  w a s  not p o s s i b l e  to estimate t h e  d rag  d ive rgence  Mach numbers a t  normal-force 
c o e f f i c i e n t s  above 0.7. The a d d i t i o n  of  roughness  reduced t h e  d r a g  d ive rgence  
Mach numbers a t  some normal-force c o e f f i c i e n t s  w i th  t h e  maximum decrement be ing  
abou t  0.02. 

The d rag  d ivergence  c h a r a c t e r i s t i c s  of t h e  RC-1 O(N)-1 a i r f o i l  a r e  canpared  
wi th  those  of t h e  SC 1095 a i r f o i l  i n  f i g u r e  12.  The RC-lO(N)-l a i r f o i l  has  a 
h igher  drag d ive rgence  Mach number a t  normal-force c o e f f i c i e n t s  above 0.3; a t  
normal-force c o e f f i c i e n t s  of 0.6 and 0.7, t h e  increment  i n  Mdd is about  0.1. 
A t  normal-force c o e f f i c i e n t s  between abou t  0.3 and -0.05, t h e  SC 1095 a i r f o i l  
has  a higher drag  d ive rgence  Mach number, bu t  t h e s e  d i f f e r e n c e s  would be reduced 
i f  t h e  maximum t h i c k n e s s  r a t i o  of t h e  RC-lO(N)-l a i r f o i l  were reduced  about  
1 percent t o  match t h a t  of t h e  SC 1095 a i r f o i l  (maximum t h i c k n e s s  r a t io  of  
9.1 p e r c e n t ) .  The t h e o r e t i c a l  v a l u e s  shown i n  f i g u r e  1 9  imply t h a t  t h e  d r a g  
d ivergence  Mach number a t  z e r o  normal-force c o e f f i c i e n t  would i n c r e a s e  by less 
t h a n  0.01 as a r e su l t  of dec reas ing  t h e  maximum t h i c k n e s s  r a t i o  of t h e  
RC-lO(N)-1 a i r f o i l  to 9.1 p e r c e n t  chord. Although t h e  S C  1095 a i r f o i l  does 
have a higher  d rag  d ive rgence  Mach number a t  l o w  normal-force c o e f f i c i e n t s ,  t h e  
d r a g  c o e f f i c i e n t  of t h e  SC 1095 a i r f o i l  a t  t h e  d rag  d ive rgence  Mach number is 
also 0.0016 t o  0.0048 h igher  t h a n  t h a t  of t h e  RC-lO(N)-1 a i r f o i l .  (See 
f i g .  13.)  I n  fac t ,  t h e  SC 1095 a i r f o i l  offers l i t t l e  advantage ove r  t h e  
RC-1O(N)-1 a i r f o i l  a t  a normal-force c o e f f i c i e n t  of 0.2 because t h e  d r a g  coef- 
f ic ient  Of t h e  RC-lO(N)-l a i r f o i l  is less than  t h a t  of t h e  SC 1095 a i r f o i l  f o r  
Mach numbers up t o  0.795, which is o n l y  0.01 less t h a n  t h e  d r a g  d ive rgence  Mach 
number of the  SC 1095 a i r f o i l  ( f i g .  1 4 )  . 
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C a p a r  i son W i t h  Theory 

Normal force.- The maximum normal-force c o e f f i c i e n t  of t h e  smooth model 
a t  a Mach number of 0.4 is compared w i t h  normal-force c o e f f i c i e n t s  predicted 

I by t h e o r y  i n  f i g u r e  1 5 .  The t h e o r e t i c a l  va lues  were ob ta ined  by i n p u t t i n g  a 

i normal-force ooefficient a t  a Mach number of 0.4 t o  t h e  code and then  l e t t i n g  
t h e  code s o l v e  f o r  t h e  a n g l e  of attack requ i r ed  to a c h i e v e  ( i f  p o s s i b l e )  t h e  
d e s i r e d  normal-force c o e f f i c i e n t .  The t h e o r e t i c a l  v a l u e s  were c a l c u l a t e d  w i t h  
t r a n s i t i o n  f i x e d  a t  5 p e r c e n t  chord  as p rev ious ly  exp la ined .  The expe r imen ta l  

I va lue  of Cn,max is lower than  t h e  c a l c u l a t e d  normal-force c o e f f i c i e n t s  by 
1 abou t  0.1 2 t o  0.22 when t h e  p r e d i c t e d  upper s u r f a c e  s e p a r a t i o n  p o i n t  is a t  
I 99 p e r c e n t  chord  and 93 p e r c e n t  chord,  r e s p e c t i v e l y .  The pr imary r eason  for ' t h e s e  d i f f e r e n c e s  is b e l i e v e d  to  be t h e  premature s e p a r a t i o n  of t h e  t u n n e l  s ide -  
1 wall boundary layer which reduces  t h e  exper imenta l  v a l u e  of c ~ , ~ ~ ~ .  A compari- 

son  of t h e  expe r imen ta l  and t h e o r e t i c a l  p re s su re  d i s t r i b u t i o n s  a t  a Mach number 
of 0.39 i n d i c a t e s  t h a t  t h e  expe r imen ta l  upper s u r f a c e  p r e s s u r e s  do n o t  recover 
to  posit ive v a l u e s  as l a r g e  as t h o s e  p red ic t ed  by t h e o r y  nea r  t h e  a i r f o i l  t r a i l -  
i n g  edge. (See f i g s .  2 3 ( a )  t o  (a) . )  The d i f f e r e n c e  i n  experiment  and t h e o r y  
near  t h e  t r a i l i n g  edge i n c r e a s e s  wi th  i n c r e a s i n g  normal-force c o e f f i c i e n t ;  
t hus ,  t h e  presence  of s e p a r a t e d  f low is implied i n  t h e  expe r imen ta l  d a t a .  The 
d e c r e a s e  i n  slope of t h e  normal-force cu rve  a t  normal-force c o e f f i c i e n t s  above 
abou t  0.95 a t  a Mach number of 0.39 is a f u r t h e r  i n d i c a t i o n  of t h e  presence  of  
s e p a r a t e d  f l o w  i n  t h e  expe r imen ta l  d a t a  ( f i g .  4 ( a ) ) .  

I 

P i t c h i n g  moment . - The smooth model p i  tching-moment c o e f f i c i e n t s  a t  fou r  
Mach numbers are canpared wi th  t h o s e  p red ic t ed  by t h e o r y  i n  f i g u r e  1 7 .  A t  t h e  
lowes t  Mach number, t h e  d i f f e r e n c e s  i n  t h e  two cu rves  are no more than  0.01 for 
normal-force c o e f f i c i e n t s  up  to  about  0.8 and t h e n  t h e y  i n c r e a s e  wi th  i n c r e a s i n g  
normal-force c o e f f i c i e n t .  The d i f f e r e n c e s  i n  pi tching-manent  c o e f f i c i e n t  a t  
t h e  h igher  normal-force c o e f f i c i e n t s  (>0.95)  are caused by t h e  presence  of sep- 
a r a t e d  f low i n  t h e  expe r imen ta l  d a t a .  The exper imenta l  and t h e o r e t i c a l  p i t ch ing -  
m a e n t  cu rves  a t  t h e  t h r e e  h ighe r  Mach numbers d i f f e r  by abou t  0.01 or less. 
A t  Mach numbers of 0.80 and 0.82, comparisons are n o t  p r e s e n t e d  a t  h igher  normal- 
f o r c e  c o e f f i c i e n t s  because t h e  t h e o r y  i n d i c a t e d  s e p a r a t i o n  of t h e  upper s u r f a c e  
boundary l a y e r  near  60 p e r c e n t  chord  f o r  normal-force c o e f f i c i e n t s  0.1 g r e a t e r  
t h a n  t h o s e  shown. A c a p a r i s o n  of t h e  p re s su re  d i s t r i b u t i o n s  a t  a Mach number 
of 0.80 ( f i g s .  23(g)  and ( h ) )  s u g g e s t s  t h a t  t he  t h e o r e t i c a l  pitching-moment 
c o e f f i c i e n t s  are more n e g a t i v e  because t h e  s h o c k  p o s i t i o n  c a l c u l a t e d  by t h e o r y  
is about  5 p e r c e n t  chord  f a r t h e r  a f t  than  t h e  expe r imen ta l  shock p o s i t i o n .  

Drag.- The minimum drag  c o e f f i c i e n t s  with roughness  a p p l i e d  t o  t h e  model 
ag ree  w e l l  w i th  those c a l c u l a t e d  by t h e o r y  ( f i g .  1 8 )  for Mach numbers up t o  
0.82 b u t  t h e r e  is a 0.0020 d i f f e r e n c e  i n  t h e  expe r imen ta l  and c a l c u l a t e d  v a l u e s  
a t  t h e  h i g h e s t  Mach number. A t  t h e  t w o  lower Mach numbers, t h e  t w o  d rag  c u r v e s  
c a p a r e  w e l l  for normal-force c o e f f i c i e n t s  up to abou t  0.6. S i n c e  t h e  normal- 
force curve  a t  a Mach number of 0.39 is nonl inear  a t  normal-force c o e f f i c i e n t s  
above abou t  0.80 ( f i g .  5 ( a ) ) ,  t h e  d i f f e r e n c e s  i n  t h e  expe r imen ta l  and c a l c u l a t e d  
d rag  cu rves  a t  t h e s e  normal-force c o e f f i c i e n t s  may be due t o  t h e  presence  of  
s e p a r a t e d  f low i n  t h e  expe r imen ta l  d a t a .  Analys is  of t h e  normal-force cu rve  
and t h e  p r e s s u r e  d i s t r i b u t i o n s  a t  a Mach number of 0.68 i n d i c a t e s  t h a t  t h e  d i f -  
f e r e n c e s  i n  t h e  drag  c u r v e s  a t  t h i s  Mach number a t  normal-force c o e f f i c i e n t s  
between 0.60 and  0.77 are n o t  caused by s e p a r a t e d  f l o w  i n  t h e  expe r imen ta l  d a t a .  
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T h e o r e t i c a l  d rag  c o e f f i c i e n t s  a t  Mach nubmers of 0.80 and  h igher  are p r e s e n t e d  
o n l y  for l o w  normal-force c o e f f i c i e n t s  because t h e  t h e o r y  i n d i c a t e d  s e p a r a t i o n  
near 60 percent chord for normal-force c o e f f i c i e n t s  0.05 h ighe r  t han  t h o s e  

I shown. 

The drag  d ivergence  Mach numbers p r e d i c t e d  by t h e o r y  a t  t h r e e  normal-force 
c o e f f i c i e n t s  a r e  compared t o  t h e  e x p e r i m e n t a l l y  de te rmined  d rag  d ive rgence  cu rve  

f a i r e d  curves  through t h e  c a l c u l a t e d  d rag  c o e f f i c i e n t s  as shown i n  f i g u r e  16.  
The t h e o r e t i c a l  d rag  d ive rgence  Mach number a t  each of t h e  t h r e e  normal-force 

than  0.01. Note i n  f i g u r e  1 6  t h a t  t h e  c a l c u l a t e d  d rag  c o e f f i c i e n t s  a t  normal- 
f o r c e  c o e f f i c i e n t s  of 0 .0  and 0.5 can d e f i n e  o n l y  a s i n g l e  f a i r e d  cu rve  b u t  t h o s e  
a t  a normal-force c o e f f i c i e n t  of 0.9 c o u l d  have d e f i n e d  a t  l ea s t  t w o  cu rves ;  
f o r  example, i f  c a l c u l a t i o n s  had been made o n l y  a t  Mach numbers of 0.60, 0.64, 
and 0.65, a d i f f e r e n t  curve w i t h  a d r a g  d ive rgence  Mach number 0.03 h ighe r  would 
have r e s u l t e d .  The re fo re ,  i t  is  important d u r i n g  an a i r f o i l  a n a l y s i s  to  choose 
small increments i n  Mach number as t h e  a n t i c i p a t e d  d r a g  d ive rgence  Mach number 
a t  h igh  normal-force c o e f f i c i e n t s  is approached o t h e r w i s e  a s i g n i f i c a n t  over-  
p r e d i c t i o n  of  Mdd cou ld  resul t .  A comparison of  t h e  t h e o r e t i c a l  and expe r i -  
menta l  p re s su re  d i s t r i b u t i o n s  a t  t h r e e  c o n d i t i o n s  (M and cn) close t o  t h e  
expe r imen ta l ly  de te rmined  d rag  d ive rgence  curve of f i g u r e  1 5  i n d i c a t e s  a small 
s h i f t  of t h e  shock p o s i t i o n  i n  each  case and a close agreement  of t h e  p r e s s u r e  
rise through t h e  shock a t  t h e  t w o  h ighe r  Mach numbers. (See f i g s .  2 3 ( e )  

I i n  f i g u r e  15 .  The t h e o r e t i c a l  d r a g  d ive rgence  Mach numbers were de termined  from 

, c o e f f i c i e n t s  (0 .0 ,  0.5, and 0.9) d i f f e r s  f r a n  t h e  expe r imen ta l  va lue  by no more 

to  (91.1 

CONCLUSIONS 

An i n v e s t i g a t i o n  has  been conducted i n  t h e  Langley 6- by 28-Inch Transon ic  
Tunnel t o  de te rmine  t h e  two-dimensional aerodynamic c h a r a c t e r  istics of a 
10-percent - th ick  h e l i c o p t e r  rotor a i r f o i l  a t  Mach numbers M from 0.33 to 0.87 
and  r e s p e c t i v e  Reynolds numbers from 4.9 x l o 6  t o  9.8 x l o 6 .  
des igna ted  t h e  RC-1 O(N)-1, was a lso i n v e s t i g a t e d  a t  Reynolds numbers from 
3.0 x l o 6  t o  7.3 x l o 6  a t  r e s p e c t i v e  Mach numbers of 0.33 t o  0.83 f o r  comparison 
wi th  t h e  SC 1095 (wi th  tab)  a i r f o i l .  The RC-1 O(N)-1 a i r f o i l  w a s  des igned  by 
t h e  use  of a viscous t r a n s o n i c  a n a l y s i s  code; comparisons of experiment  and 
t h e o r y  have been made. 

I 

T h i s  a i r f o i l ,  

Ana lys i s  of t h e  test  d a t a  has  r e s u l t e d  i n  t h e  f o l l o w i n g  
I conclus ions  : 

1 .  Measurements i n  t h e  same wind t u n n e l  a t  comparable Reynolds numbers 
i n d i c a t e d  t h a t  t h e  maximum normal-force c o e f f i c i e n t  
a i r f o i l  was h igher  t h a n  t h a t  of t h e  NACA 0012 a i r f o i l  f o r  Mach numbers above 
about  0.35 and was a b o u t  t h e  same as t h a t  of t h e  SC 1095 a i r f o i l  f o r  Mach 
numbers u p  t o  0.50. 

c ~ , ~ ~ ~  o f  t h e  RC-10 ( N )  -1 

2. The maximum normal-force c o e f f i c i e n t  des ign  g o a l  of 1 .2  a t  a Mach number 
cn ,max  of 0.4 was achieved by t h e  RC-IO(N)-l a i r f o i l  when t h e  measured v a l u e  of 

was incremented by t h e  same va lue  r e q u i r e d  t o  match t h e  maximum normal-force 

Transonic  Tunnel a t  a Mach number of 0.36 t o  t h o s e  measured i n  t w o  o t h e r  t e s t  
f a c i l i t i e s .  

I c o e f f i c i e n t  of t h e  NACA 0012 a i r f o i l  measured i n  t h e  Langley 6- by 28-Inch 
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3. The pitching-moment c o e f f i c i e n t  about t h e  aerodynamic c e n t e r  of t h e  
RC-1 O(N)-1 a i r f o i l  v a r i e d  f r a n  about  0.007 a t  s u b c r i t i c a l  flow c o n d i t i o n s  
( M  S 0.68) t o  -0.025 a t  supercrit ical  f l a w  c o n d i t i o n s  (M = 0.87).  The p i t c h i n g -  
moment c o e f f i c i e n t  a b o u t  t h e  aerodynamic c e n t e r  was about  z e r o  f o r  Mach numbers 
f r a n  0.77 t o  0.82; t hus ,  t h e  des ign  o b j e c t i v e  was m e t .  

1 

I 

4. The d r a g  d ive rgence  Mach number a t  t h e  h ighe r  Reynolds numbers v a r i e d  
f r a n  0.81 5 a t  zero normal-force c o e f f i c i e n t  to 0.61 a t  a normal-force c o e f f i -  
c i e n t  of 0.9; t h u s ,  bo th  d rag  d ivergence  des ign  g o a l s  ( i n c l u d i n g  t h e  p i t c h i n g -  
manent c o n s t r a i n t s )  were met. 

5. A t  c a n p a r a b l e  Reynolds numbers, t h e  drag d ive rgence  Mach number of t h e  
RC-1O(N)-1 a i r f o i l  was h igher  t h a n  t h a t  of t h e  SC 1095 a i r f o i l  a t  normal-force 
c o e f f i c i e n t s  above 0.3. While t h e  SC 1095 a i r f o i l  d i d  have a higher  d r a g  d ive r -  
gence Mach number a t  l aw normal-force c o e f f i c i e n t s  (-0.05 to  0.3), t h e  d r a g  
c o e f f i c i e n t  of t h e  SC 1095 a i r f o i l  a t  t h e  drag d ive rgence  Mach number was also 
0.0016 to  0.0048 h ighe r  t h a n  t h a t  of t h e  RC-lO(N)-l a i r f o i l .  

6. The d r a g  d ive rgence  Mach numbers p r e d i c t e d  by t h e o r y  a t  normal-force 
c o e f f i c i e n t s  of 0.0, 0.5, and 0.9 d i f f e r e d  from t h e  expe r imen ta l  v a l u e s  by no 
more t h a n  0.01. The pitching-moment c o e f f i c i e n t s  p r e d i c t e d  by t h e o r y  d i f f e r e d  
from t h e  expe r imen ta l  v a l u e s  by 0.01 or less. 

Langley Research Center  
Na t iona l  Aeronaut ics  and Space Admin i s t r a t ion  
Hampton, VA 23665 
May 6, 1981 
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TABLE 1.- DESIGN COORDINATES FOR RC-1 O(N)-1 AIRFOIL 

[ S t a t i o n s  and o r d i n a t e s  g iven  i n  percent  a i r f o i l  chord] 

Upper s u r f a c e  

S t a t i o n  

0.000 
,040 
.298 
.go9 

2.289 
4.765 
7.329 
9.841 

12.359 
14.884 
17.41 3 
19.951 
22.484 
25.005 
30.043 
35.076 
37.592 
40.1 05 
42.61 7 
45.1 30 
47.639 
50.1 44 
52.649 
55.1 52 
57.653 
60.1 55 
62.659 
65.1 61 
67.664 
70.1 58 
72.641 
75.1 34 
77.61 5 
80.078 
82.549 
85.027 
87.51 1 
90.004 
92.500 
94.995 
97.491 

1 00.000 

O r  d i n a t e  

0.634 
.883 

1.346 
1.926 
2.733 
3.671 
4.361 
4.892 
5.332 
5.703 
6.01 4 
6.269 
6.473 
6.630 
6.827 
6.884 
6.864 
6.81 0 
6.723 
6.599 
6.439 
6.245 
6.01 9 
5.764 
5.482 
5.1 74 
4.842 
4.487 
4.11 4 
3.730 
3.344 
2.962 
2.595 
2.251 
1 .925 
1 .618 
1.329 
1.058 
.806 
.576 
.367 
.179 

Lower su r f  ace 

S t a t i o n  

0.000 
.460 
.702 

1.591 
2.71 0 
5.235 
7.671 

10.1 59 
12.640 
15.11 5 
17.586 
20.048 
22.51 5 
24.994 
29.955 
34.922 
37.405 
39.893 
42.381 
44.868 
47.359 
49.853 
52.348 
54.845 
57.344 
59.842 
62.337 
64.835 
67.332 
69.838 
72.355 
74.862 
77.381 
79.91 7 
82.446 
84.968 
87.483 
89.991 
92.495 
94.999 
97.503 

1 00.000 

O r  d i n a t e  

0.634 -. 042 
-.164 -. 438 
-.652 -. 994 

-1.268 
-1 .524 
-1.758 
-1 .970 
-2.1 63 
-2.337 
-2.498 
-2.645 
-2.895 
-3.079 
-3.1 45 
-3.1 90 
-3.21 4 
-3.21 4 
-3.1 91 
-3.1 45 
-3.078 
-2.991 
-2.888 
-2.772 
-2.646 
-2.51 5 
-2.385 
-2.262 
-2.1 46 
-2.036 
-1.923 
-1.794 
-1 .641 
-1.460 
-1 .253 
-1 .031 
-.802 -. 569 
-.315 

020 

20 



TABU 11.- DES1C;N COORDINATES FOR RC-O8(N)-l AIRFOIL 

[S ta t ions  and ordinates  g iven i n  percent a i r f o i l  chord] 

Upper surface 

S ta t ion  

0.000 
.082 
.338 
.977 

2.331 
4.81 2 
7.363 
9.873 

12.387 
14.907 
17.430 
19.961 
22.487 
25.004 
30.034 
35.061 
37.574 
40.084 
42.594 
45.1 04 
47.61 1 
50.1 15 
52.61 9 
55.1 22 
57.622 
60.1 24 
62.627 
65.1 29 
67.632 
70.1 27 
72.61 3 
75.1 07 
77.592 
80.062 
82.539 
85.022 
87.509 
90.003 
92.500 
94.996 
97.493 

1 00.000 

Ordinate 

0.541 
.837 

1 .181 
1.690 
2.381 
3.207 
3.802 
4.255 
4.623 
4.936 
5.1 96 
5.408 
5.576 
5.703 
5.856 
5.890 
5.865 
5.813 
5.731 
5.620 
5.478 
5.308 
5.111 
4.890 
4.647 
4.381 
4.094 
3.788 
3.466 
3.1 33 
2.796 
2.464 
2.1 45 
1.847 
1.569 
1.311 
1.071 
.849 
.646 
.462 
.299 
.1 64 

~ ~ ~~ 

Laver surface 

S ta t ion  

0.000 
.418 
.662 

1.523 
2.669 
5.1 88 
7.637 

10.1 27 
12.61 2 
15.092 
17.569 
20.038 
22.51 2 
24.995 
29.964 
34.937 
37.424 
39.914 
42.405 
44.894 
47.387 
49.882 
52.379 
54.876 
57.375 
59.873 
62.370 
64.868 
67.365 
69.870 
72.384 
74.889 
77.404 
79.934 
82.457 
84.975 
87.487 
99.992 
92.496 
94.999 
97.503 

100.000 

Or dinate 

0.541 
.056 -. 031 

-.120 -. 328 -. 531 
-.71 0 
- .887 

-1.056 
-1.211 
-1.354 
-1.487 
-1 .611 
-1 .728 
-1 .931 
-2.089 
-2.1 49 
-2.1 95 
-2.226 
-2.240 
-2.236 
-2.21 5 
-2.1 77 
-2.1 25 
-2.060 
-1.985 
-1.905 
-1 .822 
-1.742 
-1 .669 
-1.604 
-1 ,542 
-1.477 
-1.396 
-1.290 
-1 . I  56 
-.998 -. 824 
-.643 -. 456 -. 249 
.036 

21 



22 

TABLE I11 .- DESIGN COORDINATES FOR RC-12(N) -1 A I R F O I L  

[ S t a t i o n s  and o r d i n a t e s  g iven  i n  pe rcen t  a i r f o i l  chord] 

Upper s u r f  ace 

S t a t i o n  

0.000 
.259 
.842 

2.249 
4.720 
7.296 
9.81 1 

12.333 
14.862 
17.397 
19.943 
22.482 
25.007 
30.053 
35.093 
37.61 2 
40.1 27 
42.641 
45.1 57 
47.668 
50.1 74 
52.679 
55.1 83 
57.684 
60.1 87 
62.692 
65.1 94 
67.698 
70.1 90 
72.670 
75.1 61 
77.638 
80.094 
82.559 
85.033 
87.51 4 
90.005 
92.500 
94.994 
97.489 

100.000 

O r  d i n a t e  

0.801 
1.552 
2.1 86 
3.097 
4.1 34 
4.921 
5.534 
6.046 
6.477 
6.839 
7.1 37 
7.377 
7.565 
7.806 
7.888 
7.872 
7.81 8 
7.724 
7.588 
7.41 0 
7.1 92 
6.937 
6.647 
6.327 
5.976 
5.597 
5.1 94 

4.336 
3.901 
3.469 
3.054 
2.661 
2.287 
1.930 
1.591 
1.269 
.969 
.692 
.437 
.195 

4.771 

Lower s u r f a c e  

S t a t i o n  

0.000 
.002 
.504 
.745 

1 .661 
2.755 
5.284 
7.707 

10.1 92 
12.670 
15.1 40 
17.605 
20.059 
22.51 9 
24.994 
29.948 
34.907 
37.388 
39.873 
42.358 
44.842 
47.331 
49.824 
52.31 9 
54.81 5 
57.31 3 
59.81 0 
62.305 
64.802 
67.299 
69.806 
72.326 
74.835 
77.357 
79.901 
82.435 
84.962 
87.480 
89.989 
92.494 
94.999 
97.504 

1 00.000 

O r  d i n a t e  

0.801 
.742 -. 093 -. 255 

-.653 -. 960 
-1.454 
-1 .825 
-2.1 60 
-2.460 
-2.731 
-2.975 
-3.1 94 
-3.392 
-3.570 
-3.866 
-4.076 
-4.1 46 
-4.1 91 
-4.21 0 
-4.1 99 
-4.1 58 
-4.088 
-3.990 
-3.869 
-3.728 
-3.569 
-3.397 
-3.21 8 
-3.039 
-2.864 
-2.698 
-2.539 
-2.377 
-2.201 
-1.999 
-1 -769 
-1 .512 
-1 -240 -. 963 
-.684 
-.385 
.005 



TABLE IV.- LOCATIONS OF STATIC-PRESSURE ORIFICES 

FOR RC-1 0 (N) -1 AIRFOIL 

[Loca t ions  g iven  i n  p e r c e n t  a i r f o i l  chord] 

Upper s u r f a c e  
s t a t  i o n  

0.00 
1.19 
2.44 
4.96 
7.47 
9.93 

14.94 
19.94 
24.94 
29.94 
34.84 
39.89 
44.86 
49.91 
54.91 
59.86 
64.91 
69.92 
74.93 
79.91 
84.92 
89.90 
94.93 

Lower s u r f a c e  
s t a t i o n  

0.00 
1.20 
2.46 
4.95 
7.44 
9.95 

14.96 
19.97 
24.97 
29.97 
34.96 
39.96 
44.90 
49.91 
54.90 
59.90 
64.87 
69.92 
74.90 
79.92 
84.92 
89.94 
94.92 
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Figure 1 .- Airfoil profile, thickness distribution, and camber line. 
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Figure 3 . -  Wake-survey probe used in Langley 6- by 28-Inch Transonic 
Tunnel. A l l  dimensions are in centimeters (inches). 
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(c) Sect ion drag c o e f f i c i e n t s .  

Figure 4 .  - Concluded. 
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(a) Section normal-force coefficients. 

Figure 5.- Effect of roughness on aerodynamic characteristics Of 
RC-lO(N)-l airfoil. Open symbols indicate smooth model Surface; 
centered symbols indicate transition fixed. 
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(b) Section pitching-moment coefficients. 

Figure 5.- Continued. 
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(c) Section drag coefficients. 

Figure 5.- Concluded. 
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(c) Section drag coefficients. 

Figure 5.- Concluded. 
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(b) Section pitching-moment coefficients. 

Figure 6.- Continued. 
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(c) Section drag coefficients. 

Figure 6.- Concluded. 
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Figure 10.- Effect of Reynolds number on variation of section drag 
coefficient with Mach number of RC-10 (N) -1 airfoil. 
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(a) Section normal-force coefficients. 

Figure 1 1  .- Comparison of aerodynamic characteristics of RC-1 O ( N ) - 1  and 
SC 1095 airfoils. Open symbols indicate RC-1 O(N)-1  airfoil; centered 
symbols indicate SC 1095 airfoil. 
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(b) Section pitching-moment coefficients. 

Figure 11.- Continued. 
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(c) Section drag coefficients. 

Figure 11.- Concluded. 
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Figure 12.-  Comparison of drag divergence characteristics and rnaxiinii section 
normal-force coefficients of RC-1 O(N)-1 and SC 1095 airfoils. 
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Figure 14. -  Comparison of variation of section drag coefficient with 
Mach number of RC-lO(N)-l and SC 1095 airfoils. 
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Figure 15.- Comparison of experimental and theoretical drag divergence 
characteristics and section normal-force coefficients of RC-lO(N)-l 
airfoil. Experimental data are for smooth model. 
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Figure 16.- Variation of theoretical section drag coefficient with Mach 
number of RC-10 (N) -1 airfoil. Transition fixed. 
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Figure 18.- Comparison of experimental and theoretical section drag 
coefficients of RC-1 O(N)-1 airfoil. Transition fixed. 
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1.4 - [ Experiment Theory A i r f  oi I i/ 1 R = 8.0 - 9.4 x 10 R = 7.0 - 9.0 x lo6 
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Figure 1 9  .- Drag divergence character is t ics  of RC-XX(N)-1 a i r f o i l  family. 
Experimental data a re  for smooth model. 
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X I C  

(a )  M = 0.33; R 4.9 x l o 6 .  

Figure 20.- Effect of angle of attack on chordwise pressure dis t r ibut ion of 
RC-lO(N)-l a i r f o i l .  Centered symbols indicate lower surface. 
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(b) M = 0.39; R SS 5 .5  x l o 6 .  

Figure 20.- Continued. 
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(d)  M = 0 .49 ;  R = 6.8 x l o 6 .  

Figure  20.- Continued. 



( e )  M = 0.53; R 7.2 x I O 6 .  

F igure  20.- Cont inued .  
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(f) M = 0.58; R - 7.6 x 106. 

Figure 20.- Continued. 
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Figure 20.- Continued. 

(I C M 
. - 6 3  -1.12 0 -1.1 -1.1 -01 - 6 3  
.6q -1.06 0 -.l -.2 -13 -63  

C n a ‘paonic 

0 Lt.2 3.4 - 6 1  .6q 
7.2 6 .0  -96 -64 

‘ B  8.2 6.9 1 .OO -63 
’b 9.1 7 .9  1.0Y -63 

57 



cP 

58 

-4.8 

-4.4 

-4.0 

-8.6 

-8.2 

-2.8 

-2.4 

-2.0 

-1.6 

-1.2 

-.a 

-.4 

0 

.4 

.8 

1.2 
0 .1 .2 .s .4 .6 .6 .7 .8 .9 1.0 

x/c 

( h )  M = 0.68: R 5 8.5 x 1 0 6 .  

F i g u r e  20.- Continued. 
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( i )  M = 0 . 7 3 ;  R - 9 . 0  x 106.  

F i g u r e  20.- Continued. 
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(j) M = 0.77; R - 9.1 x l o 6 .  

F i g u r e  20.- Continued. 
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(k) M = 0.80; R - 9 .4  x I O 6 .  

F i g u r e  20.- Continued. 
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Figure 20.- Continued. 



(m) M = 0.83; R = 9.5 x l o 6 .  

Figure  20.- Continued. 
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( n )  M = 0.87; R - 9.8 x l o 6 .  

F i g u r e  20.- Concluded. 
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Figure 21.- Effect of Mach number on angle of attack a t  which boundary- 
layer separation f i r s t  occurs and on separation p o i n t  of RC-lO(N)-1 
a i r f o i l .  
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(a) aC = 8.0 

.e 22.- Effect of Mach number on chordwise pressure distribution of 
RC-lO(N)-1 airfoil. Centered symbols indicate lower surface. 



(b) Ctc -1 . 1 .  

Figure 22.- Concluded. 
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(a) M = 0.39; R = 5.4 x l o 6 ;  cn = 0.94. 

gure 23.- Comparison of experimental and theoretical chordwise press 
distributions of RC-10 (N) -1 airfoil. Symbols indicate experimental 
data: centered symbols indicate lower surface. Experimental data a 
for smooth model. 
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(b) M = 0.39; R = 5.4 x l o 6 ;  cn = 1.01. 

Figure 23.- Continued. 
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(c) M = 0.39; R = 5.5 x l o 6 ;  C, = 1.06. 

F i g u r e  23.- Continued. 

70 



-6.0 

-5.6 

-5.2 

-4.8 

-4.4 

-4.0 

-3.6 

-3.2 

-2.8 

Cp -2.4 

-2.0 

-1.6 

-1.2 

-.8 

-.4 

C 

.4 

.8 

1.2 

(a) M = 0.39; R = 5.5 x I O 6 ;  cn = 1.08. 

Figure 23.- Continued. 

71 



72 

(e) M = 0.58; R = 7.8 x l o 6 ;  cn = 0.90. 

Figure 23.- Continued. 
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