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Summary 

The p r ima ry  e f f e c t s  o f  Reynolds number on two-dimensional a i  r f o i  1 charac-  

t e r i s t i c s  a re  discussed. Resul ts  from an ex tens i ve  l i t e r a t u r e  search revea l  t h e  

manner i n  which t h e  minimum drag and maximum 1 i f t  a re  a f f e c t e d  by t h e  Reynolds 

number. Cd and Ca are p l o t t e d  versus Reynolds number f o r  a i r f o i  1s o f  va r -  
m i  n max 

i ous  t h i c kness  and camber. From t h e  t rends  observed i n  t h e  a i r f o i l  data ,  u n i v e r -  

sa l  s c a l i n g  1 aws and e a s i l y  implemented methods are developed t o  account f o r  

Reynolds number e f f e c t s  i n  he1 i c o p t e r  r o t o r  analyses. 



NOMENCLATURE 

speed o f  sound 

a 
max 

a i  r f o i  1 chord 

two-dimensional  drag c o e f f  i c i  en t  , d r a g / 1 / 2 ~ ~ ~ c  

m i  nirnum drag  c o e f f i c i e n t  

f l  a t  p l  a t  2 s k i n  f r i c t i o n  c o e f f i c i e n t  

two-dimeni ional  l i f t  c o e f f i c i e n t ,  l i f t / l / ~ ~ ~ ~ c  

nnaximum 1 i f t  c o e f f i c i e n t  

2 2 two-dimen ;i onal moment c o e f f  i :i ent  , m ~ m e n t / I / 2 ~ V  c 

Reynolds number c o r r e c t i  on f a c t o r  

Mach number, V/a 

Reynolds number, Vc/v 

a i  r v e l o c i t y  

angle o f  a t t a c k  

angle o f  a t t ack  a t  maximum 1 i f t  c o e f f i c i e n t  

angle o f  a t t ack  a t  zero 1 i f t  

v i s c o s i t y  

k inemat i c  v i s c o s i t y ,  p j p  

a i  r dens i t y  

Subsc r i p t  : 

t a i r f o i l  t a b l e  

Abbrevi  a t i  ons : 

F ST NACA F u l l - s c a l e  Wind Tunnel (9.144 by 18.288-meter) 

VDT NACA Var i  abl  e-Dens i ty  W i  nd Tunnel (1.524-meter d i  ameter) 

L TT NACA Two-Dimensional Low Turbul ence Tunnel (0.9144 b,y 2.286-meter) 

TDT NACA Two-Dimensional Low Turbulence Pressure Tunnel 
(0.9144- by 2.286-meter) 



INTRODUCTION 

Analyses o f  he1 i c o p t e r  r o t o r  behav io r  a re  almost u n i v e r s a l l y  based on 

li f t i n g - 1  i n e  theory ,  i n  which t h e  i n n e r  problem i s  a  two-dimensional  a i r f o i  1  

i n  an aerodynamic environment determined by t h e  r o t o r  wake (see  f o r  example, 

r e f .  1). The s o l u t i o n  o f  t h i s  i n n e r  problem o f t e n  i s  based on t h e  use o f  

exper imenta l  a i r f o i l  d a t a  f o r  t h e  l i f t ,  drag, and moment c o e f f i c i e n t s  as a  

f u n c t i o n  o f  angl e -o f -a t tack  and Mach number. Exper imental  c h a r a c t e r i s t i c s  

are used i n  o rde r  t o  account f o r  r e a l  f l o w  e f f e c t s ,  i n c l u d i n g  s t a l l  and 

cornpressibi 1  i t y  e f f e c t s .  The da ta  are p rov ided  i n  t h e  form o f  a  t a b l e ,  so 

i n t e r p o l a t i o n  i s  necessary t o  eva lua te  t h e  c o e f f i c i e n t s  a t  a  g i ven  ang le -o f -  

a t t a c k  and Mach number. Such a i r f o i l  da ta  a re  ob ta ined  f rom two-dimensional  

wind tunnel  t e s t s .  

Viscous e f f e c t s ,  as governed by t h e  Reynolds number Re = Vc/v, have a  

major  i n f l u e n c e  on t h e  a i r f o i  1  l i f t ,  drag, and moment c h a r a c t e r i s t i c s .  Hence 

i t  i s  impo r tan t  t h a t  t h e  a i r f o i l  da ta  used f o r  h e l i c o p t e r  r o t o r  analyses be 

f o r  t h e  c o r r e c t  Reynolds number. For a  cons tan t  chord,  t h e  Reynolds number 

i s  p r o p o r t i o n a l  t o  t h e  Mach number, and t h e  da ta  i n  t h e  a i r f o i l  t a b l e s  a t  

each Mach number must be f o r  t h e  cor responding Reynolds number. If t h e  r o t o r  

b lade  chord v a r i e s  r a d i a l l y ,  i t  w i l l  be necessary t o  have da ta  cor respondinq 

t o  t h e  Reynolds number a t  each r a d i a l  s t a t i o n  where t h e  aerodynamic loads are 

eva lua ted  i n  t h e  analyses. 

I f  exper imental  a i r f o i l  da ta  a t  t h e  proper  Reynolds number f o r  t h e  anal -  

y s i s  o f  a  p a r t i c u l a r  r o t o r  are no t  a v a i l  ab le ,  i t  w i  11 be necessary t o  apply  

c o r r e c t i o n s  t o  whatever da ta  are ava i l ab l e .  The c u r r e n t  p r a c t i c e  i n  t h e  

he1 i c o p t e r  i n d u s t r y  i s  g e n e r a l l y  as f o l l ows .  Of ten  speci  a1 a i r f o i l  t e s t s  



are conducted f o r  a  s p e c i f i c  h e l i c o p t e r  t o  o b t a i n  d a t a  a t  e x a c t l y  t h e  d e s i r e d  

Reynol ds number ( p r e f e r a b l y  i n c l  u d i  ng t h e  c o r r e c t  e f f e c t s  o f  roughness and 

boundary l a y e r  t r a n s i t i o n  as w e l l ) .  When i t  i s  necessary t o  c o r r e c t  e x i s t i n g  

d a t a  f o r  Reynolds number e f f e c t s ,  p a r t i c u l  a r l y  t h e  d r a g  and s t a l l  c h a r a c t e r i s -  

t i c s ,  t h e  c o r r e c t i o n s  a r e  d e f i n e d  u s i n g  s t a t e - o f - t h e - a r t  a i r f o i l  d e s i g n  and 

a n a l y s i s  methods ( t y p i c a l  1  y compu ta t i ona l  f l u i d  dynamics codes).  When t h e  

chord  changes a r e  s m a l l ,  o r  r e s u l t s  a r e  r e q u i r e d  q u i c k l y ,  s i m p l e  c o r r e c t i o n  

p rocedures  a r e  used, commonly s c a l  i ng t h e  dnag c o e f f i c i e n t  w i t h  t h e  one- f  i f t h  

power o f  Reynolds number o r  d e f i n i n g  a  s i  ng l  e  d r a g  c o e f f i c i e n t  i ncrement 

based on some s c a l i n g  law. 

Reynolds number e f f e c t s  on r o t o r  a i r f o i l  c h a r a c t e r i s t i c s  a r e  a l s o  o f  

concern  because t h e y  d e t e r m i n e  t h e  i n f l u e n c e  o f  s c a l e  on r o t o r  b e h a v i o r .  The 

i n f l u e n c e  o f  s c a l e  must be cons ide red  when d e s i g n i n g  a  he1 i c o p t e r  1 a r g e r  o r  

s m a l l e r  t h a n  t h e  s i z e  f rom which t h e  d e s i g n  d a t a  base comes. When s m a l l - s c a l e  

t e s t s  a r e  conducted i n  t h e  cou rse  o f  h e l i c o p t e r  r o t o r  research  and development,  

Reynolds number e f f e c t s  must be cons ide red  i n  o r d e r  t o  p r o p e r l y  e J t i m a t e  t h e  

r o t o r  b e h a v i o r  a t  f u l l  s c a l e .  

The o b j e c t i v e  o f  t h e  p r e s e n t  paper i s  t o  d i s c u s s  t h e  p r i m a r y  e f f e c t s  o f  

Reynolds number on two-d imens iona l  a i r f o i l  c h a r a c t e r i s t i c s .  The r e s u l t s  w i  11 

se rve  as a g u i d e  i n  i d e n t i f y i n g  t h e  i n f l u e n c e  o f  s c a l e  on he1 i c o p t e r  r o t o r  

c h a r a c t e r i s t i c s  and i n  t h e  development o f  Reynolds number c o r r e c t i o n s  o f  a i r -  

f o i l  t a b l e s  f o r  r o t o r  ana lyses.  An e x t e n s i v e  sea rch  t h r o u q h  t h e  l i t e r a t u r e  

was pe r fo rmed  t o  c a t a g o r i z e  t h e  e f f e c t s  o f  Reynolds number. The maxinium l i f t  

c o e f f i c i e n t  and minimum d r a g  c o e f f i c i e n t  were found t o  be g r e a t l y  a f f e c t e d  by  



Reynolds number. Consequent ly ,  t h i s  paper  i s  p r i m a r i l y  concerned w i t h  t h o s e  

two  q u a n t i t i e s .  Data  f r o m  t h e  l i t e r a t u r e  a r e  p resen ted  t o  i l l u s t r a t e  t h e  

e f f e c t  o f  Reynolds number on cd and c ~  f o r  a i r f o i l s  o f  v a r i o u s  t h i c k -  
mi n  max 

ness and camber. The e f f e c t  o f  roughness i s  a l s o  examined. The d a t a  have 

been f a i r e d  t o  show genera l  t r e n d s ;  t h e  c i t e d  r e f e r e n c e s  g i v e  t h e  e x a c t  d a t a  

p o i n t s .  A Reynolds number range o f  105 t o  107 was cons ide red ,  s i n c e  t h i s  

i s  t h e  reg ime  i n  wh ich  a  t y p i c a l  r o t o r  b l a d e  opera tes .  The e f f e c t  o f  Reynolds 

number on t h e  d r a g  c o e f f i c i e n t  was of  p a r t i c u l a r  i n t e r e s t ,  s i n c e  r e s u l t s  

c o u l d  be compared w i t h  s e v e r a l  f o rmu las  f o r  t h e  s k i n - f r i c t i o n  o f  a  f l a t  

p l a t e .  The paper  t h e r e f o r e  beg ins  w i t h  a  d i s c u s s i o n  o f  f l a t  p l a t e  s k i n  

f r i c t i o n  drag.  The r e s u l t s  f rom t h e  a v a i l a b l e  l i t e r a t u r e  on t h e  v a r i a t i o n s  

o f  a i r f o i  1 c h a r a c t e r i s t i c s  w i t h  Reynolds number a r e  t h e n  summarized and 

d iscussed.  F i n a l l y ,  some s i m p l e  c o r r e c t i o n  procedures  f o r  Reynolds number 

e f f e c t s  a r e  desc r ibed .  

BACKGROUND ON S K I N  FRICTION DRAG 

The r e 1  a t i o n s h i p  between t h e  d r a g  c o e f f i c i e n t  o f  an a i  r i o i l  and t h e  

Reynolds number can be b e t t e r  unders tood  by  f i r s t  s t u d y i n g  a  f l a t  p l a t e  

s i t u a t e d  p a r a l l e l  t o  an oncoming f l o w .  The p l a t e  w i l l  e x p e r i e n c e  o n l y  s k i n  

f r i c t i o n  d rag ,  as t h e  p r e s s u r e  d r a g  w i l l  i d e a l l y  be zero .  For  a  l ow  Reynolds 

number, t h e  f l o w  o v e r  t h e  p l a t e  w i l l  be  m a i n l y  l a m i n a r .  Acco rd ing  t o  r e f .  2, 

t h e  law o f  f r i c t i o n  f o r  a  f l a t  p l a t e  i n  l a m i n a r  f l o w  was f i r s t  deve loped b y  

B l  as ius ,  and i s  g i v e n  b y :  

c f  = 1.328 ~ e - ~ ~ ~  f o r  Re < 5 x 1 0 ~  o r  l o 6  ( E q -  1) 

T h i s  law h o l d s  f o r  a  f l a t  p l a t e  a t  ze ro  i n c i d e n c e  i n  two-d imens iona l  f l o w .  



As t h e  Reynolds number i n c r e a s e s ,  t h e  boundary l a y e r  a d j a c e n t  t o  t h e  

p l a t e  undergoes a  t r a n s i t i o n  f rom a  l a m i n a r  t o  a  t u r b u l e n t  boundary l a y e r .  

Numerous exper iments  have been per formed t o  p r e d i c t  t h e  f l  a t  p l  a t e  t u r b u l  e n t  

s k i n  f r i c t i o n  d r a q  as a  f u n c t i o n  o f  Reynolds number. To d a t e  t h e r e  i s  no 

exact  s o l u t i o n ;  e x i s t i n q  f o r m u l a s  a r e  based l a r q e l y  on experimental data .  

From t h e  i n v e s t i g a t i o n s  o f  t u r b u l e n t  f l o w s  i n  p ipes  by B l  a s i u s  i n  1911 

came t h e  B l a s i u s  r e s i s t a n c e  forrnul a  i n  terms o f  Reynolds number ( r e f .  2 ) .  

With t h e  r e s u l t s  o f  experirr lents i n v e s t i g a t i n g  t h e  1  aw o f  f r i c t i o n  and v e l o c i t y  

p r o f i l e s  i n  smooth p i p e s  by  N ikuradse,  B l a s i  u s ' s  f o r m u l a  can be r e l a t e d  t o  a  

one-seventh  power v e i  o c i  t y - d i  s t r i  b u t i  on 1  aw. By assumi nq t h e  v e l o c i t y  p r o -  

f i l e s  i n  t h e  boundary 1  ayer  o f  a  smooth f l a t  p l a t e  and a  smooth p i p e  a r e  

i d e n t i c a l ,  t h e  f o l l o w i n g  f o r m u l a  by  P r a n d t l  r e s u l t s  f o r  t h e  s k i n  f r i c t i o n  

draq c o e f f i c i e n t  o f  a  smooth f l a t  p l a t e  whose boundary 1  ayer i s  t u r b u l e n t  

f rom t h e  1  eading edge onwards: 

cf  = 0.074 ~ e - ~ ~ ~  f o r  5 x 1 0 ~  < Re < l o 7  (Eq .  2 )  

( r e f  .2) .  A forrnul a  f o r  c f  was a l s o  developed by  P r a n d t l  f rom t h e  l o q a r i t h n l i c  

v e l o c i t y - d i s t r i b u t i o n  1  aw ( r e f .  2 ) .  From P r a n d t l  ' s  a n a l y s i s ,  Schl i c h t i n q  

deve loped an empi r i c a l  re1  a t i o n s h i p  between c f  and Reynolds number: 

To accoun t  f o r  any i n i t i a l  l a m i n a r  f l o w  a long  t h e  p l a t e ,  a  decrement i s  i n -  

c luded  i n  t h e  above e q u a t i o n  f o r  c f :  

= 0.455 - - A f o r  Re c l o 9  ( E q .  3 )  
C f  - 2 0 ~ 8  Re 

where A depends upon t h e  l o c a t i o n  o f  t h e  p o i n t  o f  t r a n s i t i o n  f rom a  l a m i n a r  



t o  a  t u r b u l e n t  boundary l a y e r .  Equat ion 3  i s  t h e  P r a n d t l - S c h l i c h t i n g  s k i n -  

f r i c t i o n  fo rmu la  f o r  a  srnooth , f l a t  p l  a t e  a t  ze ro  i nc i dence  w i t h  a  t u r b u l e n t  

boundary 1  ayer ( r e f  .2). 

Severa l  o t h e r  formulas f o r  f l a t  p l a t e  s k i n  f r i c t i o n  drag w i t h  a  t u r b u l e n t  

boundary 1  ayer a r e  a lso  ava i l ab l e .  According t o  r e f .  3, von Karrnan determined 

t h a t  c f  i s  p ropo r t i ona l  t o  log(Re c f ) .  From t h i s  r e l a t i o n s h i p ,  Schoenherr 

devel oped t h e  f o l  1  owi ng fo rmu l  a: 

l o g  (Re c f )  = 0.242 c f -Oo5 f o r  Re < 10' o r  l o l o  

An approx imat ion t o  Schoenherr 's fo rmu la  i s  g i ven  i n  r e f .  3  as: 

cf'Oo5 = 3.46 l o g  Re - 5.6 

By exper iment ing  w i t h  v e l o c i t y  d i s t r i b u t i o n s  on a  p lane  w a l l ,  Schultz-Grunow 

developed t h e  f o l l  owing fo rmu la  ( r e f .  3) 

cf  = 0.427 ( l o g  Re - 0 . 4 0 7 ) ' ~ ~ ~ ~  f o r  Re G l o 9  (Eel. 6) 

Eqs. 4  and 6 agree we1 1  w i t h  exper imental  r e s u l t s  (accord ing  t o  r e f .  3 ) ,  and 

are v a l i d  over a  l a r g e r  range o f  Reynolds number than  eq. 2. However, eqs. 4 

and 6  do not  account f o r  t h e  t r a n s i t i o n  reg ion .  A decrement such as t h e  one 

i n c l u d e d  i n  eq. 3  should be i nc l uded  i n  eqs. 4  and 6, i f  t h e  c f  i n  t h e  

t r a n s i t i o n  r e g i o n  i s  des i red .  

F i g u r e  1 shows p l o t s  o f  f l a t  p l a t e  s k i n  f r i c t i o n  drag f o r  laminar  and 

t u r b u l e n t  f low, i n c l u d i n g  t h e  t r a n s i t i o n  reg ion ,  based on eqs. 1, 3, ar~d 4. 

The q u a n t i t y  2cf i s  p l o t t e d  f o r  comparison w i t h  a i r f o i l  drag c o e f f i c i e n t  

va lues.  The form o f  t hese  curves i s  c h a r a c t e r i s t i c  o f  t h e  v a r i a t i o n  of 

a i  r f o i  1  drag w i t h  Reynolds number as we1 1  . 



SUMMARY OF EXPERIMENTAL RESULTS 

A  r e v i e w  o f  t h e  1  i t e r a t u r e  on two-d imens iona l  a i r f o i  1  c h a r a c t e r i s t i c s  

e s t a b l i s h e d  t h a t  t h e  l i f t  and d r a g  c o e f f i c i e n t s  a r e  g r e a t l y  a f f e c t e d  by  

Reynolds number, w h i l e  t h e r e  i s  l i t t l e  o r  no e f f e c t  on moment c o e f f i c i e n t  

( o r  a t  l e a s t  no g e n e r a l i z a b l e  e f f e c t ;  see f o r  example, r e f .  4 ) .  The r e -  

s u l t s  t o  be p resen ted  h e r e  were o b t a i n e d  f r o m  r e f s .  4-18. C o r r e l  a t i n g  t h e  

r e s u l t s  f rom t h e  l i t e r a t u r e  was d i f f i c u l t ,  as no two exper i rnents were p e r -  

formed under t h e  same t e s t  c o n d i t i o n s .  Tab le  1 i n d i c a t e s  some f a c t o r s  t h a t  

[nust be  cons ide red  when compar ing r e s u l t s  f r o m  d i f f e r e n t  sources,  i n c l u d i n g  

t y p e  o f  w ind t u n n e l  used, a i r f o i l  chord,  a i r f o i l  span, and t h e  t y p e  o f  c o r -  

r e c t i o n  a p p l i e d  t o  t h e  t e s t  da ta .  The f i g u r e s  t o  be d i scussed  r e f l e c t  t h e  

d i s c r e p a n c i e s  between t h e  sources,  However, t h e  v a r i o u s  sources show s i m i  1  a r  

t r e n d s  f o r  t h e  c h a r a c t e r i s t i c s  o f  a  g i v e n  a i r f o i l  ( w i t h  a  few e x c e p t i o n s ) .  

Minimum Drag C o e f f i c i e n t  

F i q u r e  2 shows t h e  minimum d r a g  c o e f f i c i e n t  as a  f u n c t i o n  o f  Reynolds 

number f o r  t h e  NACA 0012 a i r f o i l .  The c u r v e  f rom NACA Rept. 586 (VDT) e v i -  

d e n t l y  i n c l u d e s  t h e  t r a n s i t i o n  r e g i o n  o f  t h e  f l o w ,  s i n c e  cd decreases,  
m i  n  

i n c r e a s e s ,  and t h e n  decreases w i t h  Reynolds number (compare w i t h  f i g .  1 ) .  

NACA Rept .  669 shows t h e  same t e s t  d a t a  as Rept. 586, w i t h  a d d i t i o n a l  d a t a  

r e d u c t i o n  c o r r e c t i o n s  as s p e c i f i e d  i n  Rept. 669. The rema in ing  cu rves  show 

no s i g n  o f  a  t r a n s i t i o n  reg ion .  The s lopes  o f  a1 1  cu rves  a r e  r o u g h l y  -0.125 

o r  l e s s  f o r  Re g r e a t e r  t h a n  approx ima te l y  4 x 1 0 ~ .  Leading edge roughness 



caused cd t o  i nc rease  by as much as 0.0065, accord ing t o  NACA TN 1945. 
m i  n  

However, t h e  .increment i n  drag due t o  roughness decreases as Re i ncr'eases. 

One-hundred per-cent  t u r b u l e n t  f l o w  (i .e. w i t h  t h e  t r a n s i t i o n  p o i n t  a t  t h e  

l e a d i n g  edge) caused t h e  drag t o  i nc rease  by as much 0.0022, according t o  

NACA War Rept. L-682. Th is  increment a lso  decreased w i t h  i nc reas ing  Re. 

An i n t e r p r e t a t i o n  o f  t h i s  t r end  can be t h a t  t h e  a d d i t i o n  of roughness t o  an 

a i r f o i l  i nc reases  t h e  e f f ec t  o f  t h e  Reynolds number ( t h e  NACA TN 1945 curves 

show t h i s ) .  It should be noted t h a t  drag va l  ues i n  NACA War Rept. L-682 were 

o b t a i  ned computat iona l  l y ,  based on exper jmenta l  determi  n a t i o n  o f  t h e  t r a n s i  - 
t i o n  p o i n t  on t h e  a i  r f o i  1. 

Data from NACA Rept. 586 a re  shown i n  severa l  of t h e  f i g u r e s  t o  f o l l o w .  

The c o r r e c t i o n s  descr ibed  i n  NACA Rept. 669 can be app l i ed  t o  a l l  o f  t h e  

curves obta ined f rom NACA Rept. 586. An example o f  t h e  form and magnitude o f  

these c o r r e c t i o n s  on t h e  drag da ta  i s  shown i n  f i g .  2  (compare t h e  p l o t s  from 

NACA Repts. 586 and 669).  Data obta ined frorn NACA Repts. 647 and 530 (shown 

i n  f i g s .  2  and 3, r e s p e c t i v e l y )  apply t o  a  rec tangu l  ar ,  aspect r a t i o  6  wing. 

I n  NACA Rept. 647 i t  i s  shown t h a t  t h e  wing minimum drag behaves s i l i i i l  a r l y  

t o  t h e  s e c t i o n  drag c o e f f i c i e n t ,  r e q u i r i n g  o n l y  a  smal l  c o r r e c t i o n  f o r  t i p  

e f f ec t s .  The p l o t  shown i n  f i g .  2  f rom NACA Rept. 647 has been co r rec ted  f o r  

t i p  e f f e c t s .  

F i gu re  3  shows t h e  m i  nimum drag c o e f f i c i e n t  as a  f u n c t i o n  o f  Reynolds 

number f o r  t h e  NACA 23012 a i r f o i l .  NACA TN 1945 shows cd i s  increased by 
m i  n  

as much as 0.0062 by 1 eading edge roughness, w i t h  t h e  drag increment decreas- 

i n g  as Re inceases. El i m i n a t f o n  o f  t h e  drag bucket i n  t h e  d rag  versus l i f t  

graphs i n  NACA TN 1945 b r i n g s  t h e  cd versus Re cu rve  i n t o  b e t t e r  agreement 
m i  n  



w i t h  t h e  o t h e r  p l o t s .  NACA Rept. 586 a g a i n  shows a  t r a n s i t i o n  r e g i o n .  Curves 

f r o m  NACA Rept. 586, Rept. 530, and TN 1945 (LE roughness) have s l o p e s  o f  

a p p r o x i m a t e l y  -0.125. A l though  n o t  shown i n  t h i s  f i g u r e ,  NACA Rept. 530 a l s o  

g i v e s  r e s u l t s  o b t a i n e d  i n  t h e  FST, wh ich  produced l o w e r  va lues  o f  cd  t h a n  
mi n  

t h e  VDT r e s u l t s .  

Drag d a t a  f o r  two h e l i c o p t e r  r o t o r  a i r f o i l s  a r e  p resen ted  i n  f i g .  4. The 

minimum d r a g  appears t o  decrease w i t h  i n c r e a s i n g  Re f o r  t h e  SC1095-R8, w h i l e  

t h e  d r a g  f i r s t  decreases and t h e n  i n c r e a s e s  f o r  t h e  SC1095 a i r f o i l .  S ince 

NASA TP 1701 o f f e r e d  c d  va lues  a t  o n l y  a  few Reynolds nunlbers, t h e s e  t r e n d s  
m i  n  

a r e  n o t  n e c e s s a r i l y  c o r r e c t .  However, t h e  SC1095 shows lower  d r a g  va lues  

t h a n  t h e  SC1095-R8, wh ich  i s  a  m o d i f i c a t i o n  o f  t h e  SC1095 i n c l u d i n g  a  drooped 

1  e a d i  ng edge. 

The e f f e c t  o f  t h i c k n e s s  on t h e  rninirnum d r a g  c o e f f i c i e n t  as a  f u  r t i ~ n  o f  

Reynolds number i s  i l l u s t r a t e d  i n  f i g s .  5 and 6, f o r  t h e  NACA 230-se r ies  and 

6 3 - s e r i e s  a i  r f o i  1  s,  r e s p e c t i v e l y .  For Re l e s s  t h a n  a p p r o x i m a t e l y  8x106, 

b o t h  f i g u r e s  show t h a t  c d  i n c r e a s e s  w i t h  t h i c k n e s s  a t  a  c o n s t a n t  Reynolds 
mi  n  

number. It s h o u l d  be no ted  t h a t  NACA RM L8B02 ( f i g .  5) g i v e s  d a t a  f o r  t h e  

d r a g  a t  t h e  d e s i g n  l i f t  c o e f f i c i e n t ,  wh ich  i s  ck = 0.3 f o r  t h e  230-se r ies  

a i  r f o i  1. The a c t u a l  minimum d r a g  occurs  a t  a  l o w e r  v a l u e  of 1  i f t ,  around c t  

= 0.1 o r  0.2. The c u r v e  f rom NACA War Rept. L-752 ( f i g .  5) i s  t h e  d r a g  a t  a  

l i f t  c o e f f i c i e n t  o f  c ~  = 0.275. F i g u r e  5  shows t h a t  t h e  e f f e c t  o f  Reynolds 

number i n c r e a s e s  w i t h  t h i c k n e s s ;  i .e.  t h e  s l o p e  o f  cd  versus Re i n c r e a s e s  
m i  n  

i n  magn i tude  as t h i c k n e s s  i nc reases .  The Reynolds number e f f e c t  on t h e  63- 

s e r i e s  a i r f o i l s  i s  shown i n  f i g .  6. C o n t r a r y  t o  t h e  230-se r ies  r e s u l t ,  f i g .  



6 shows t h a t  f o r  each a i r f o i l  t h e  drag increases a f t e r  a c e r t a i n  Reynolds 

number has been reached. 

F i gu re  7 shows t h a t  a t  a cons tan t  Reynolds number, t h e  minimum draq 

increases as t h e  p o i n t  o f  minimum pressure  moves forward on t h e  chord. For 

t hese  a i r f o i l s  cd i s  i n s e n s i t i v e  t o  Re below about 9x106, a f t e r  which t h e  
m i  n 

d rag  inc reases  w i t h  d s lope  o f  approx imat ley  0.33. The i n f l u e n c e  of t h e  

t h i c kness  form however i s  a un i f o rm  increment i n  drag, i ndependent o f  Reynolds 

number over  t h e  range covered by NACA TN 1773. 

Maximum L i f t  C o e f f i c i e n t  

The l i f t  curve s l ope  a r~d  t h e  angle  o f  zero l i f t  o f  an a i r f o i l  s e c t i o n  

remain re1 a t i  v e l y  unchanged as . the Reynolds number v a r i e s  (see, f o r  exampl e, 

r e f .  4 ) .  Hence t h i s  s e c t i o n  i s  o n l y  concerned w i t h  t h e  Reynolds number i n -  

f l u e n c e  on t h e  maximum l i f t .  

F igures  8-11 g i v e  t h e  maximum l i f t  c o e f f i c i e n t  as a f u n c t i o n  o f  Reynolds 

number f o r  r e s p e c t i v e l y  t h e  NACA 0012, NACA 23012, and severa l  h e l i c o p t e r  

a i r f o i l s .  I n  genera l ,  cp, increases w i t h  Re f o r  curves on a l l  o f  t hese  
max 

f i g u r e s .  F i gu re  8 shows da ta  f o r  t h e  NACA 0012 sec t ion .  A l l  curves show 

ci i n c r e a s i n g  w i t h  Re. According t o  NAC9 TN 1945, adding l ead ing  edge 
max 

roughness i n t r oduces  a decrement o f  a l e a s t  0.2 t o  t h e  va lue  o f  cp, f o r  a 
max 

smooth NACA 0012 a i  r f o i  1. The rnagni tude  o f  t h i s  decrement increases w i t h  

i n c r e a s i n g  Re. Hence rouyhness lessens t h e  e f f e c t  o f  Reynolds number on 

c~ . F i g u r e  9 presents  da ta  f o r  t h e  NACA 23012 a i r f o i l  sec t ion .  It 
rnax 

shou ld  be no ted  t h a t  NACA TN 1945 used d a t a  from r e f .  4 f o r  3 x 1 0 ~  4 Re G 



9x106, hence t h e  c o i n c i d e n c e  o f  t h e  two c u r v e s  f o r  t h i s  Reynolds number range.  

The e f f e c t s  o f  roughness a r e  s i r n i l  a r  t o  t h o s e  on t h e  NACA 0012 s e c t i o n .  The 

c u r v e s  o f  f i g .  8 show a  w ide  range o f  s l o p e s .  The s l o p e s  o f  t h e  curves o f  

f i g .  9  f a l l  i n  t h e  0.125 t o  0.2 range. The d a t a  o b t a i n e d  f r o m  NACA Repts. 

647 and 530 (shown i n  f i g s .  8, 9, and 13) a p p l y  t o  a  r e c t a n g u l a r ,  aspect  r a t i o  

6  d ing.  NACA Rept. 647 shows t h a t  f o r  t h e  NACA 0012 and 0009 a i r f o i l s ,  t h e  

w ing  s t a l l s  sirnul t a n e o u s l y  ove r  t h e  span, s u g g e s t i n g  t h a t  t h e  maximum 1  i f t  

s h o u l d  be corrlparable t o  t h a t  o f  t h e  two-d imens iona l  a i  r f o i  1. 

F i g u r e  10 shows t h ~  cg c h a r a c t e r i s t i c s  o f  f i v e  e a r l y  NACA h e l i c o p t e r  
max 

a i r f o i l s .  Because o f  t h e  l i m i t e d  d a t a  o b t a i n a b l e  f r o m  NACA TN 1922, d e f i n i t e  

t r e n d s  a r e  n o t  d i s c e r n i b l e .  F i g u r e  11 shows t h e  c g  c h a r a c t e r i s t i c s  o f  
m ax 

t h r e e  c u r r e n t l y  used h e l i c o p t e r  a i r f o i l s :  t h e  SC1095, SC1095-R8, and t h e  

NACA 0012 w i t h  0-deg t a b .  The maximum l i f t  inc,peases w i t h  i n c r e a s i n g  Re f o r  

t h e  SC1095-R8 and t h e  NACA 0012 w i t h  0-deg t a b ,  h h i l e  t h e  SC1095 shows 

1  i ttl e  v a r i  a t i o n  o f  cg  w i t h  Reynolds number. 
max 

The e f f e c t  o f  t h i c k n e s s  on c g  ve rsus  Re cu rves  i s  shown i n  f i g s .  12- 
max 

14 f o r  v a r i o u s  s e t s  o f  a i r f o i l s .  For Re l e s s  t h a n  a p p r o x i m a t e l y  1 . 5 ~ 1 0 ~ ~  

NACA Rept. 586 shows i n  f i g .  12 t h a t  c ~  i n c r e a s e s  w i t h  i n c r e a s i n g  t h i c k -  
max 

ness a t  c o n s t a n t  Re, an e f f e c t  t h a t  d i m i n i s h e s  as Reynolds number i nc reases .  

The t h i n n e r  a i r f o i l s  (NACA 0012 and 0009 s e c t i o n s )  show a  d e l  a.yed response 

t o  Reynolds number e f f e c t s .  For  Reynolds number above 1.5x106, NACA TN 3524 

shows ( f i g .  13) t h a t  t,he e f f e c t  o f  t h i c k n e s s  i n c r e a s e s  w i t h  i n c r e a s i n g  Re. 

The t h i n n e s t  s e c t i o n ,  t h e  NACA 0006, seems t o  show a  s l i g h t  decrease i n  c g  
PI ax 

w i t h  i n c r e a s i n g  Re. Data  f o r  t h e  NACA 0009 a r e  shown f rom two  sources.  The 

t w o  curves a r e  s i g n i f i c a n t l y  d i f f e r e n t ;  t h e  c u r v e  o b t a i n e d  f r o m  NACA Rept. 



647 matches w e l l  t h e  curves f rom NACA TN 3524. The s lopes o f  t h e  curves f o r  

t h e  NACA 0007, 0008, and 0009 a i r f o i l s  a re  approx imate ly  0.125. The NACA 63- 

se r i es  o f  a i r f o i l s  show s i m i l a r  t rends  f o r  c g  versus Re ( f i g .  14).  The 
max 

Reynolds number e f f e c t s  i s  again  g r e a t e s t  f o r  t h e  t h i c k e s t  a i  r f o ' i l  . 

F i g u r e  15 shows t h e  i n f l u e n c e  o f  camber on t h e  v a r i a t i o n  o f  cg, w i t h  
max 

Reynolds number. The maximum 1  i f t  inc reases  w i t h  camber f o r  a  cons tan t  Re. 

S i m i l a r  e f f e c t s  a r e  found f o r  t h e  NACA 63-ser ies  d i r f o i l  da ta  i n  NACA TN 1773 

(no t  shown here) .  As camber increases,  t h e  e f f e c t  o f  Reynolds number de- 

creases. Also, t h e  i n f l u e n c e  o f  camber decreases as Re increases.  

The e f f e c t  o f  th i ckness  form ( t h e  chordwise p o s i t i o n  o f  t h e  p o i n t  o f  

minimum pressure )  on t h e  cg, c h a r a c t e r i s t i c s  i s  shown i n  f i g .  16. The maxi-  
m ax 

mum 1  i f t  c o e f f i c i e n t  f o r  a1 1  t h r e e  a i r f o i l s  remains re1  a t i v e l y  una f fec ted  

over t h e  range 3x106 < Re < 9x106. For Reynolds number g rea te r  than  approx i -  

mate ly  1.2x107, cg, increases w i t h  i n c r e a s i n g  Re. With cons tan t  Reynolds 
max 

number, ce inc reases  w i t h  decreas ing t h i ckness  form f o r  Re > 1 . 2 ~ 1 0 ~ .  
max 

C o m ~ r e s s i b i l i t v  E f f e c t s  

The e f f e c t  o f  Mach number must a l so  be cons idered i n  ana lyz ing  t h e  i n -  

f l u e n c e  of Reynolds number. The da ta  presented i n  f i g s .  2-16 a re  g e n e r a l l y  

f o r  l ow Mach number (see  t a b l e  1). There i s  evidence t h a t  t h e r e  i s  a  p a r t i -  

c u l a r  Mach number above which t h e  e f f e c t  o f  Reynolds number on c~  i s  i n -  
max 

s i g n i f i c a n t  and t h e  e f f e c t  o f  compress ib i l  i t y  dominstes. For t h e  NACA 0012 

rec tangu la r  wing, as t e s t e d  i n  r e f .  19, c o m p r e s s i b i l i t y  had a  major e f f e c t  

on t h e  values o f  CR f o r  Mach numbers above about 0.17, w h i l e  t h e  Reynolds 
max 

number e f f e c t  dominated f o r  Mach numbers below 0.17. Ref. 20 r e p o r t s  t h a t  



Mach number as w e l l  as Reynolds number e f f e c t s  must  be c o n s i d e r e d  when c o r -  

r e l a t i n g  d a t a  f r o m  d i f f e r e n t  w ind t u n n e l s  (and f l i g h t  t e s t s ) .  Reference 20 

shows t h a t  t h e  Reynclds number e f f e c t  decreased p r o g r e s s i v e l y  as Mach number 

i ncreased,  becomi ng i n s i g n i f  i c a n t  a t  a  Mach number o f  a p p r o x i m a t e l y  0.55. 

Reference 21 shows cg versus Re f o r  t h r e e  d i f f e r e n t  v a r i a t i o n s  o f  Mach 
m ax 

number w i t h  Reynolds number; t h e  c o n c l u s i o n  was made t h a t  f o r  Mach numbers 

above 0.15-0.20, compressi  b i  1  i t y  e f f e c t s  become s e r i o u s .  Reference 14 shows 

t h a t  f o r  rough a i r f o i l s ,  t h e  Reynolds number e f f e c t  on c ~  was n e a r l y  t h e  
max 

same, r e g a r d l e s s  o f  how Mach number v a r i e d  w i t h  Reynolds number; r e f .  22 

shows s i m q l  a r  t r e n d s .  A1 though c ~  i n c r e a s e s  w i t h  i n c r e a s i n g  Reynolds 
m ax 

number, i t  decreases w i t h  i n c r e a s i n g  Mach number. Reference 23 s t a t e s  t h a t  

cg  i s  a lmost  e n t i r e l y  dependent on Reynolds number be low a  p a r t i c u l  a r  
max 

Mach number, y e t  Mach number e f f e c t s  shou ld  n o t  be n e g l e c t e d  f o r  even low 

Mach numbers. 

SIMPLE CORRECTIONS FOR REYNOLDS NUMBER EFFECTS 

I t  i s  u s e f u l  t o  have u n i v e r s a l l y  a p p l i c a b l e  and e a s i l y  implemented 

methods t o  c o r r e c t  a i  r f o i  1  d a t a  f o r  t i l e  i n f l u e n c e  o f  Reynolds number. The 

a i  r f o i  1  d a t a  a r e  normal l y  ava i  1  abl e  f o r  he1 i c o p t e r  r o t o r  ana lyses i n  tabu1 a r  

form: values o f  l i f t ,  d rag ,  and rnornent c o e f f i c i e n t  a t  d i s c r e t e  v a l ~ ~ e s  o f  

angl e - o f - a t t a c k  and Mach number. L i n e a r  i n t e r p o l  a t i o n  i s  used t o  e v a l u a t e  

t h e  c o e f f i c i e n t s  a t  a r b i t r a r y  angl e - o f - a t t a c k  and Mach number. Equat ions  

a re  r e q u i r e d  t o  t h e n  c o r r e c t  t h e  c o e f f i c i e n t s  f r o m  t h e  Reynolds number o f  t h e  % 

t a b l e  t o  t h e  a c t u a l  Reynolds number o f  t h e  r o t o r  b l a d e  s e c t i o n .  



The d e s c r i p t i o n  o f  t h e  a i r f o i l  t a b l e  must now i n c l u d e  a  l i s t  o f  Reynolds 

number values, one f o r  each Mach number va l ue  i n  t h e  t a b l e .  For an a r b i t r i r y  

Mach number, t h e  Reynolds number 1  i s t  can be 1  i n e a r l y  i n t e r p o l  a ted t o  f i n d  

t h e  co r respond i  ng Reynolds number value. 

9 The Reynolds number can be w r i t t e n  Re = (V/a) (ca/v)  = M Rel, where a  

i s  t h e  speed o f  sound. Fcr  t h e  a i r f o i l  t a b l e ,  Re1 w i l l  be a  cons tan t  i f  t h e  

a i r f o i l  was t e s t e d  a t  cons tan t  pressure and temperature (which i s  poss ib l e ,  

bu t  n o t  always done), For t h e  r o t o r  blade, Re1 w i l l  be a  cons tan t  if t h e  

chord i s  constant .  I f  bo th  cond i t i ons  a re  s a t i s f i e d ,  then  i t  f o l l o w s  t h a t  

Ret/Re = Re l t /Re l  = constant ,  regard less  c.? t h e  Mach n u m b ~ r  ( he re  t h e  sub- 

s c r i p t  'It" r e f e r s  t o  t h e  t a b l e  va lues) .  

The a i r f o i  1  c h a r a c t e r i s t q i c s  presented i n  t h e  preceedi  ng sec t i ons  p r o v i d e  

j u s t i f i c a t i o n  f o r  t h e  ass~~ rnp t i on  t h a t  u n i v e r s a l  s c a l i n g  eq r~a t i ons  may be 

app l i ed  t o  account f o r  t h e  i n f l u e n c e  o f  Reynolds number. These exper imenta l  

r e s u l t s  a l s o  p r o v i d e  guidance f o r  s e l e c t i n g  t h e  s p e c i f i c  forms o f  t h e  s c a l i n g  

equat ions,  and f o r  assessing t h e  l i m i t a t i o n s  o f  t h e  r e s u l t i n g  s imp le  Reynolds 

number c o r r e c t i o n s .  Simp1 e  c o r r e c t i o n s  f o r  t h e  drag and 1 i f t  c o e f f i c i e n t s  

a re  desc r i bed  i n  t h e  f o l l o w i n g  paragraphs. The procedures r e q u i r e d  t o  i m -  

plement these  c o r r e c t i o n s  i n  a  comprehensive r o t o r c r a f t  ana l ys i s  ( s p e c i f i c a l l y  

r e f .  1)  a r e  g i ven  i n  t h e  Appendix. 

Drag C o e f f i c i e n t  

I n  o r d e r  t o  develop a  method f o r  c o r r e c t i n g  t h e  d rag  c o e f f i c i e n t  d a t a  i n  

an a i r f o i l  t a b l e ,  an e x p l i c i t  equa t ion  i s  r e q u i r e d  f o r  t h e  dependence on 

Reynolds number, i.e. 



cd = cons tan t  * f (Re)  
m i  n  

C o r r e c t i n g  cd d i r e c t l y  i s  no t  des i r ab le ,  because i t  would be necessary t o  
m i  n  

search t h e  a i r f o i l  t a b l e  f o r  cd ( o r  i n c l u d e  a  separate  a r ray  o f  cd 
m i  n  m i  n  

va l ues ) ;  moreover, i t  would s t i l l  be  necessary t o  c o r r e c t  t h e  drag due t o  

l i f t .  Therefore,  o n l y  c o r r e c t i o n s  f o r  t h e  t o t a l  drag cd a re  considered. I t  

i s  expected t h a t  t h e  s k i n  f r i c t i o n  drag would s c a l e  i n  t h e  same manner a t  a1 1 

l i f t s ;  i n  f a c t ,  i t  i s  found t h a t  t h e  t o t a l  drag v a r i e s  w i t h  Reynolds number 

ve r y  much 1  i k e  t h e  minimum drag c o e f f i c i e n t  v a r i e s  ( c e r t a i n l y  t o  t h e  accuracy 

o f  t h e  c o r r x t i o n s  b ? i n g  developed here) .  Hence i t  i s  assumed t h a t  t h e  dray 

v a r i e s  w i t h  Reynolds number accord i  ng t o  t h e  equa t ion  

cd = cons tan t  * f (Re)  

where f (Re)  i s  t h e  u n i v e r s a l  s c a l i n g  equa t ion  be ing  used, and t h e  cons tan t  i s  

eva lua ted  from t h e  a i r f o i l  t a b l e  drag value. It f o l l o w s  t h a t  t h e  a i r f o i l  

t a b l e  drag c o e f f i c i e n t  cd , a t  Reynolds number Ret, i s  c o r r e c t e d  t o  t h e  d rag  
t 

a t  Reynolds number Re by t h e  equa t ion  

where K = f (Re t ) / f (Re ) .  

The r e s u l t s  o f  t h e  preceding sec t i ons  p rov i de  severa l  cho ices f o r  t h e  

f u n c t i o n  f (Re) .  Equat ions 1-6 f o r  f l a t - p l a t e  s k i n  f r i c t i o n  drag g ive ,  r e -  

spect i v e l y :  

f (Re)  = 

f (Re)  = 

f(Re) = (3.46 l o g  Re - 5.6)-2 (Eq- 5a) 

f (Re)  = ( l o g  Re - 0.407)-2-64 ( E q .  6 4  



Equat ion  4 i s  an i m p l i c i t  r e l a t i o n ,  which i s  no t  u s e f u l  here.  Equat ion l a  i s  

f o r  1  ami nar boundary 1  ayers, w h i l e  a1 1  t h e  o t h e r  equat ions a re  f o r  t u r b u l e n t  

boundary l a y e r s  (eq. 3a i nc l udes  t h e  t r a n s i t i o n  r e g i o n  f o r  nonzero A ) .  The 

s i m i l a r i t y  between t h e  form o f  t h e  s k i n  f r i c t i o n  d rag  cu rve  ( f i g .  1)  and t h e  

curves  f o r  a i  r f o i  1  minimum drag imp1 i e s  t h a t  these  equat ions w i l l  be usefu l  

f o r  a i  r f o i  1  s  as we1 1  . 

The a i r f o i l  niinimum drag c o e f f i c i e n t  p l o t s  ( f i g s .  2-7) o f t e n  show a 

cons tan t  s l ope  over a  s i g n i f i c a n t  Reynolds number range i m p l y i n g  t h e  sca l  i ng 

equa t i on  

f (Re)  = Re-n 

Th is  form a l s o  covers t h e  laminar  and t u r b u l e n t  f l a t  p l a t e  s k i n  f r i c t i o n  

equa t ions  above, w i t h  n  = 0.5 (eq. l a )  and n  = 0.2 (eq. 2a) ,  r e s p e c t i v e l y .  

The t u r b u l e n t  f l a t  p l a t e  boundary 1  ayer equa t ion  i s  t h e  source of t h e  one- 

f i f t h  power s c a l i n g  1  aw f r e q u e n t l y  used f o r  h e l i c o p t e r  a i r f o i l  t a b l e  co r rec -  

t i o n s .  The curves presented i n  f i g s .  2-7 suggest va lues o f  n = 0.125 t o  0.2, 

depending on t h e  a i r f o i l  and t h e  Reynolds number range. 

Wi th  t h e  power law f o r  t h e  s c a l i n g  equa t ion  f (Re ) ,  t h e  c o r r e c t i o n  f a c t o r  

i s  K = (Re/Ret). Note t h a t  i f  Re/Ret i s  a  cons tan t  (under t h e  c o n d i t i o n s  

desc r i bed  i n  t h e  p rev ious  sec t i on ) ,  i t  f o l l o w s  t h a t  K i s  a  cons tan t  f o r  t h e  

e n t i r e  t a b l e  i n  t h i s  case. 

Perhaps t h e  e a s i e s t  c o r r e c t i o n  t o  implement i s  t h e  a d d i t i o n  o f  a  cons tan t  

drag increment  t o  t h e  e n t i r e  t a b l e :  

The d rag  increment can be eva luated us i ng  t h e  equat ions and f i g u r e s  o f  t h i s  



r e p o r t .  Th i s  approach, however, does n o t  sca le  t h e  drag due t o  l i f t  w e l l .  

The cons tan t  m u l t i p l i c a t i v e  f a c t o r  of t h e  preceding paragraph i s  p robab ly  

more appropr ia te .  

L i f t  C o e f f i c i e n t  

A c o r r e c t i o n  f o r  t h e  l i f t  c o e f f i c i e n t  i s  r e q u i r e d  t h a t  w i l l  mod i f y  t h e  

maximum l i f t  w h i l e  l e a v i n g  t h e  1 i f t - c u r v e  s l ope  unchanged. This may be 

accomplished by  c o r r e c t i n g  t h e  a i r f o i l  t a b l e  va lues c, ( a t )  as f o l l o w s :  
t 

where here 

K = amax/( amax)t = CR I ( C R  ) t  
max max 

( I t  i s  assulned here t h a t  cg ( 0 )  = 0) .  To implement t h i s  equat ion,  i t  i s  

necessary t o  add t o  t h e  a i r f o i l  t a b l e  a  l i s t  o f  cg values, f o r  each Mach 
max 

number i n  t h e  t ab le .  

The maximum l i f t  c o e f f i c i e n t  p l o t s  ( f i g s .  8-16) p r o v i d e  guidance f o r  

s e l e c t i n g  t h e  equa t ion  t h a t  w i l l  d e f i n e  t h e  s c a l i n g  o f  c, w i t h  Reynolds 
m ax 

number. Often t h e  curves have a  cons tan t  s l ope  over  a  s i g n i f i c a n t  Reynolds 

number range, which i m p l i e s  t h e  equa t ion  

K = C, ( C  ) t  = (Re/RetIn 
max max 

where t h e  cons tan t  n  i s  a  smal l  p o s i t i v e  number, say 0.125 t o  0.2. 

CONCLUSIONS 

The ava i  1  ab le  1  i t e r a t u r e  on exper imenta l  two-dimensional  a i  r f o i  1  charac- 

t e r i s t i c s  were examined t o  e s t a b l i s h  t h e  i n f l u e n c e s  o f  Reynolds number t h a t  

nrust be cons idered f o r  h e l i c o p t e r  r o t o r  analyses. The d i scuss ion  focussed 



on t h e  e f f e c t s  o f  Reynolds number on t h e  minimum drag  and maximum 1  i f t .  For 

a  subs tan t i  a1 range o f  Reynolds number, t h e  minimum drag c o e f f i c i e n t  o f  an 

a i r f o i l  v a r i e s  w i t h  Reynolds number i n  a  manner s i m i l a r  t o  t h e  v a r i a t i o n  o f  

f l a t  p l a t e  s k i n  f r i c t i o n  drag, a l though t h e  a i r f o i l  c h a r a c t e r i s t i c s  may no t  

show a t r a n s i t i o n  r eg ion  (depending on t h e  t e s t  c o n d i t i o n s ) .  The d rag  

g e n e r a l l y  decreases w i t h  Reynolds number. The e f f e c t  o f  Reynolds nurnber on 

d rag  i s  g r e a t e r  f o r  rough a i r f o i l s  and f o r  t h i c k  a i r f o i l s .  The maximum l i f t  

c o e f f i c i e n t  g e n e r a l l y  increases w i t h  Reynolds number. The i n f l u e n c e  o f  

Reynolds number on l i f t  i s  g r e a t e r  f o r  t h i c k  a i r f o i l s  and l e s s  f o r  rough 

a i r f o i l s .  Mach number e f f e c t s  must a l s o  be i n c l u d e d  when d i scuss ing  t h e  

i n f l u e n c e  o f  Reynolds number. A t t e n t i o n  must be g i v e n  t o  t h e  manner i n  which 

t h e  Mach number was va r i ed  w i t h  Reynolds number f o r  a  g i ven  t e s t .  Evidence 

suggests t h a t  Reynolds number e f f e c t s  on c ~  d i m i n i s h  as t h e  Mach number 
max 

i ncreases . 
From t h e  t r ends  observed i n  t h e  a i r f o i l  data ,  s imp le  methods t o  c o r r e c t  

f o r  Reynolds number e f f e c t s  i n  h e l i c o p t e r  r o t o r  analyses were der i ved .  

F i n a l l y ,  i t  should be noted t h a t  t h e  d i sc repanc ies  observed between da ta  froin 

va r i ous  sources made c o r r e l a t i o n  o f  t h e  r e s u l t s  d i f f i c u l t .  S tanda rd i za t i on  

o f  w ind- tunnel  t e s t s  on two-dimensional a i r f o i l  c h a r a c t e r i s t i c s  i s  necessary 

t o  e l i m i n a t e  i ncons i s t enc ies .  This problem no t  o n l y  degrades t h e  accuracy o f  

t h e  a i r f o i l  c h a r a c t e r i s t i c s  used i n  r o t o r  analyses, b u t  a l so  makes i t  more 

d i f f i c u l t  t o  assess t h e  i n f l u e n c e  o f  Reynolds number on these c h a r a c t e r i s t i c s .  



APPENDIX 

M o d i f i c a t i o n s  t o  Comprehensive R o t o r c r a f t  Ana l ys i s  

Requi red  To Imp1 ement The Simp1 e  Reynolds Number Co r rec t i ons  

This appendix presents  t h e  s p e c i f i c  m o d i f i c a t i o n s  t o  t h e  equat ions i n  

t h e  Comprehensive A n a l y t i c a l  Model o f  R o t o r c r a f t  A~rodynamics  and Dynamics 

( r e f .  1)  t h a t  a re  r e q u i r e d  t o  implement t h e  s imp le  Reynolds number c o r r e c t i o n s  

desc r i bed  i n  t h i s  r e p o r t .  

Revnolds Number 

I n  o rde r  t o  c a l c u l a t e  t h e  Reynolds number as r equ i r ed  t o  impleinent t h e  

c o r r e c t i o n s ,  t h e  a i r  v i s c o s i t y  must be i nc l uded  i n  t h e  environment model (pp.  

127-128, r e f .  1). The v i s c o s i t y  i s  ob ta ined  from t h e  equa t ion :  

where T/To i s  t h e  r a t i o  o f  t h e  temperature t o  t h e  sea l e v e l  s tandard tempera- 

t u r e  To, and t h e  sea l e v e l  s tandard v i s c o s i t y  has t h e  va lue  

po = 3.7373 E-7 l b - s e c / f t 2  = 1.7894 E-5  ~ - s e c / m ~  

For yawed f low,  t h e  Reynolds number w i l l  be g rea te r  t han  f o r  unyawed f l o w :  

Vyaw = V/cosX and cyaw = c/cosX (where X i s  t h e  yaw ang le ) ,  so Reyaw = 

".yaw / v  = ~ e l c o s ~ ~ .  

Draq Coef f i c i  e n t  

The drag c o e f f i c i e n t  (p.  120, r e f .  1) i s  eva luated w i t h  t h e  f o l l o w i n g  

equa t ion ,  i n c o r p o r a t i n g  e f f e c t s  o f  ,yawed f low,  dynamic s t a l l ,  and now t h e  

Reynolds number c o r r e c t i o n  : 



Cd = - 1 C d i  (ad COSX) -k ACd C ACd 
cosx R ey  D S 

where X i s  t h e  yaw angle,  ad i s  a  de layed  ang le  o f  a t t a c k  a c c o u n t i n g  f o r  dy-  

namic s t a l l  e f f e c t s ,  and Acd i s  a  d r a g  increment  due t o  dynamic s t a l l .  The 
D S 

Reynolds number c o r r e c t i o n  f a c t o r  i s  K = f ( R e t ) / f ( R e )  , where t h e  f u n c t i o n  f 

can be chosen f rom eqs. l a  t o  6a. A l t e r n a t i v e l y ,  a  s i n g l e  d r a g  i nc remen t  

A C ~  can be used 
R ~ Y  

L i  f t  Coef f i c i  e n t  

The l i f t  c o e f f i c i e n t  (pp. 119-120, r e f .  1 )  i s  e v a l u a t e d  w i t h  t h e  f o l l o w -  

i n g  equa t ion ,  i n c o r p o r a t i n g  e f f e c t s  o f  yawed f l o w ,  dynamic s t a l l ,  and now 

t h e  Reynolds number c o r r e c t i o n :  

where c ~  ( 0 )  i s  t h e  1  i f t  c o e f f i c i e n t  a t  ze ro  a n g l e  o f  a t t a c k ,  x i s  t h e  yaw 

ang le ,  ad i s  a  d e l a y e d  ang le  o f  a t t a c k  accoun t ing  f o r  dynamic s t a l l  e f f e c t s ,  

and ACR i s  a  l i f t  inc remen t  due t o  dynamic s t a l l .  The Reynolds number 
DS 

c o r r e c t i o n  f a c t o r  i s  K = ( ~ e / ~ e ~ ) ~ .  

A i  r f o i  1  Tab1 e  

The a i r f o i l  t a b l e  (pp. 112-115, r e f .  1 )  must  be ~ ~ l o d i f i e d  t o  i n c l u d e  t h e  

f o l l  owing a d d i t i o n a l  d a t a  r e q u i r e d  t o  imp1 ement t h e  Reynolds number c ~ r e c -  

t i o n s :  Reynolds number Re, maximum l i f t  c o e f f i c i e n t  c t  , perhaps m i n i -  
max 

mum drag c o e f f i c i e n t  c d  , and perhaps ang le  o f  z e r o  1  i f t  aZL (a1 1 as a  
m i  n  

f u n c t i o n  o f  Mach number). 
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Figure  1. Sk in  f r i c t i o n  c o e f f i c i e n t  o f  a  f l a t  p l a t e  a t  zero inc idence  
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Figure 2. Minimum drag coefficient for NACA 0012 a i r fo i l  
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F i g u r e  3. Minimum drag c o e f f i c i e n t  f o r  NACA 23012 a i  r f o i  1 



F igu re  4. M i  nimum drag c o e f f i c i e n t  f o r  SC1095 and SClQ95-R8 a i  r f o i  1 s 
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F igu re  5. Minimum drag  c o e f f i c i e n t  f o r  NACA 230-ser ies a i r f o i l s :  
e f f e c t  o f  t h i c kness  
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Figure  6. Minimum drag c o e f f i c i e n t  f o r  NACA 63-ser ies a i r f o i l s :  
e f f e c t  o f  th ickness  
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F i g u r e  8. Maximum 1 i f t  c o e f f i c i e n t  f o r  NACA 0012 a i r f o i l  
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Figure  9. Maximum 1 i f t  c o e f f i c i e n t  f o r  NACA 23012 a i r f o i l  
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F i g u r e  10. Vaximum 1 i f t  c o e f f i c i e n t  f o r  a i  r f o i  1 s  designed f o r  r o t o r  b l  ades 
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F igu re  11. Maximum l i f t  c o e f f i c i e n t  f o r  SC1095, SC1095-R8, and 0012 ( 0  
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F igu re  12. Maximum 1 i f t  c o e f f i c i e n t  f o r  NACA symmetrical a i r f o i l s :  
e f f e c t  o f  th ickness  
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F igu re  13. Maximum 1 i f t  c o e f f i c i  erlt  f o r  NACA symmetrical a i  r f o i  1  s: 
e f f e c t  o f  th ickness  
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F igu re  15. Maximum 1 i f t  c o e f f i c i e n t  f o r  NACA 4 - d i g i t  s e r i e s  a i  r f o i  1 s : 
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F i g u r e  16. Maximum 1 i f t  c o e f f i c i e n t  f o r  NACA 6 -ser ies  a i r f o i l s  : e f f e c t  
o f  th i ckness  form 
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