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I t  i s  sho~yn t h a t  on t 3 e  b a s i s  o f  e x i s t i n y  hi?"-speed. 
af r f  o i l  d a t a ,  p r a p c l l e r  e f f i c i s n c i e s  a g p r e c i a b l y  i r  e x c e s s  
of 40 p e r c e n t  do n o t  a p p e a r  ~ ~ o s s i b l e  a t  speeds  above 500 
n i l e s  p e r  hour  a t  20 ,000 f e e t .  The a n s u o p t i o n  t h a t  p r e s -  
e a t  g rope i l e r - -g lade  t?Lickfi.epses cannot be reduced r a d i c c l -  
l y ,  i s  i n p l i e d .  U n t i l  t h e  r e l i a b i l i t y  and  a p p l i c a b i l i t y  
o f  t h e  a i r f o i l  d a t a  a r e  e s t a % l i s L e d ,  t h i s  c o n c l u s i o n  n u s t  
r o t  be r e g a r d e d  ns  i n f a l l i b l e .  Dive t e s t s  n i t h  a i r p l a n e s  
e q u i p p e d  v i t h  t h r u s t  n e t e r s  and t o r q u e  n e t e r s  a r e  p roposed  
t o  p r o v i d e  sn u r ~ e n t l y  needen c'leck. 

The desi0;n o f  2iq5-speed p r o p e l l e r s  i s  dict .?*ted o h o l l g  
'ny conpress ib i1 i t : r  c o n s i d e r a t , i o n s .  The b l a d e  vi d t h ,  t h i c k -  
n e s s ,  and  ? i t c h  d i s t r i b u t i o n ;  a l s o  t 3 e  ? < i r ? o i l  s e c t i o n s ,  ' 

t h e  l i f t  c o e f f i c i e n t ,  t h e  p r o p e l l e r  d i a n e t e r ,  and  rpn  n u s t  
a l l  b e  a d j u s t e d  i f  r.easona'ole e f z " i c i e n c 5 . e ~  a r e  % a  be nnin-  
t a i z e d  a t  a i r p l a n e  specds  t h a t  a r e  201:: be inq  approached.  

Research  i s  u r ~ s c t l p  needed o n :  

1 )  A i r f o i l s  a t  s u b s o n i c ,  s o s i c ,  and s u p e r s o n i c  speeds  

2) P r o p e l l e r s  : x t  h i ~ 3  f o r c a r d  speeds  i n  mind t u ~ n e l s  

3 )  P r o p e l l e r s  i n  f r e e  fLi3;ht a t  h i y h  speeds  

4 )  J e t  p r o p u l s i o n  2nd. r e l a t e d  dev i  cos  

Tko bre2kdowx~ of' l)ro~c31 l c r  e f f  i c i e ~ c : r  i n t l i c a t  ed  377 
a i r f o i l  d z t a ,  shou ld  s c r v c  a s  nc i n c e n t i v e  f o r  a c c e l e r s t o d  
r e s e a r c h  ox j c t  p r o p u l s i o n .  TLis doy icc  n s i  e ~ t e n d  t h e  
a t t a L n a b l c  spec6 o f  c u r r e n t  c i r p l a n e s  t o  f5e n e l ~ h b o r h o o d  
of 550 n i l c s  p e r . h o u r  ~ " t  20,000 f o s t .  
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T4e p r o b l o n  of p r n p e l l e r  des iyn  f o r  >i<Y-spcod ?ir- 
3 

p l z n o s  i s  t % c  f n ~ i l i a r  ci1e c ?  e x t r a p o l c t i ~ z g  c o n f l i c t i o ~  
csper i i zo r : t~ l  dnt  z 1:. :lozns of i n n d c q u ~ t c  t'lt30r:r.  i i i r p 1 2 ~ c s  
2nvc z c t u c l l ~ ~  f l o y ~ n  z t  s p o o ~ s  i n  e x c e s s  of 400 n i l a s  pc9 ' 

hour  znd. a r c  b c i n ~  des iynod f o r  5 i g h o r  spccfis; g e t ,  t o  t5.e 
n u t h o r y s  k:io~:led";, t 3 c r o  i s  av.,:lr?,ble n o t  a s i r i g l e  s e l i -  
n b l c  t e s t  on n p r o p o l l o r  zt Corxard spccds  02 t h i s  na%ni -  
t u d o .  The :ssist?,rco n f fo rZod  3p t!~oor:~ i s  l i t t l a  n o r e  
t h 2 n  q u ~ , l f t n t i v c  i n  t k e  s u j s o n i c  r e ~ ; i n e .  T h o r e f o r e ,  t h e  
o n l n  r e c o u r s e  i s  t o  t 2 c  c ~ l c u l a t i o n  o f  p r o p e l l e r  p e r f o r n -  
n n e o  f r o a  ? i r f o i l  t e s t s  and dn tn .  Alf3ou4L t h o r c  a r c  z m p  
l e ? i t i r . i a t o  o5 , j cc t ions  t o  t i c  v a l i d i t y  of t3.e r e s u l t s  of 
such c n l c u l n t i a n s ,  c s r t n i n  t r e n d s  o f  c o n s i d c r n b l c  i i ~ t c r o s t  
cnn 3 e  e s t n 3 l i s h e d .  Thc o f f c c t s  of  t k r o e - d i c o a s i o n 3 1  f l o n ,  
p ~ ~ r t i c u l a r l p  n e a r  t h e  t i p s ,  t h o  i n f l u o c c c  02  centrifugal 
f o r c o  on t h o  b e h a v i o r  of  t h o  boundzry l n v o r ,  sad t h e  c f f  c c t  
of t h e  nftorboci?r i n  r?oiiif:rino; t b z  f l o c  t h r o u g h  t h o  p ropo l -  
l e r ,  a r e  s o r e  f c c t o r s  I - h i c 2  a r c  d i f f ' i cu l t  t o  accoun t  f o r  L n  
c n l c u l s t i o l z s  of propc!.lcr c T f i c i e n c y  a t  h i g h  spcods  f r o =  
n i r f o i l  d a t a .  If t 3 e s c  f a c t o r s  2 r c  borne  i n  n i a d ,  however,  
i t  s 3 o u l d  b o  p o n s i b l c  t o  d o t o r z i n o  t h e  c f f c c t  o f  chane ing  
n i r f o l l s  2nd t o  o s t a b i i s h  t h e  1i:: i tatfons i n p o s c d  on pro-  
p c l l o r s  bv c o ~ p r e s s i . b i l i t ~  c f f  e c t s .  

COliPBESSIBILLTY PEFECTS - AIRFOIL DATA 

T h i s  s c c t i o ?  i n c l u d e s  n b r i e f  r e ~ i e e  of nell-known 
c o n p r e c s i b i l i t p  e f f  e c t s  on a i r f n i l  c l ~ n r a c t o r i s t i c s .  

E f f e c t  a n  L i f t  a ~ d  P i t c h i n q  Konent 

The v a r i a t i o n  of l i f t  c o e f f i c i e n t  w i t h  a i r  speed a t  
c o n s t a n t  a n g l e  of a t t a c k ,  a s  s3oan i n  r e f e r e n c e s  1, 2 ,  and 
e l s e n h e r e ,  t e n d s  t o  f o l l o ~ ~  t h e  7 a r i a . t i o n  p r e d i c t e d  by 
G l a u e r t ' s  fo rmula  f o r  t h i n  a i r f o i l s ,  up t o  t h e  c r i t i c a l  
s p e e d ,  wken t h e  shock w a ~ e  forms.  T h i s  r a r i a e i o n  i s  shown 
i n  f i y u r e  1. Above t h e  c r i t i c a l  s p e e d ,  t h e  l i f t  a t  c o n s t a n t  

,'p 

a n y l e  of a t t a c k  d rops  a b r u p t l v ,  and t i e n  i n c r e a s e s  a ~ a i n  
Below t h e  c r i t i c a l  s p e e d ,  t % e  i n c r e a s e  of l i f t  c o e f f i c i e n t  
w i t h  speed a t  c o n s t a n t  a n y l e  of a t t a c k  i s  o b t a i n e d  th rou?h  
4 r e a t e . r  s l o p e  of t h e  l i f t  c u r v e ,  t i e  a n g l e  f o r  z e r o  l i f t  
r e m a i n i n ?  unchanged u n t i l  t k e  shock wave i s  formed. The 



e f f e c t  of c o m p r e s s i b i l i t y  on t h e  p i t c h i n ?  moment i s  s i m i l a r  
t o  t h a t  on L i f t ,  except  t h a t  t h e  exper imenta l  d a t a  a v a i l -  
a b l e  ap3ear  t o  i n d i c a t e  a l e s s  c o n s i s t e n t  and l e s s  s e v e r e  
v a r i a t i o n  t h a n  t h e  t 3 e o r c t i c a l .  

The most predominate  c o m p r e s s i b i l i t p  e f f e c t  i s  t h e  i n -  
c r e a s e  i n  d r a y .  A t y p i c a l  v a r i a t i o n  of a i r f o i l  s e c t i o n  
d rag  c o e f f i c i e n t  w i t 3  speed . i s  shown i n  f i y u r e  1. The sud- 
den i n c r e a s e  i n  OD n h i c 5  i s  caused b?r t h e  d i s s i p a t i o n  of 
e n e r y y  as 3 e a t  i n  t h e  shock va7e and 32.7 t h e  a t t e n d a n t  sep- 
a r a t i o n  of f l o w  from t h e  s u r f a c e ,  i s  p receded  by a more 
5 r s d u a l  r i s e .  T h i s  r i s e  i s  due t o  t h e  f a c t  t h a t  t h e  p rea -  
s u r e s  i n - ~ o l v c d  a r e  bej innina;  t o  be of s u f f i c i e n t  maqni- 
t u d a  t h a t  t h e  c o m p r e s s i b i l i t y  of t h e  a i r  i s  c a u s i n g  a n  np- 
p r e c i s b l e  change i n  t e m p e r a t u r e ,  The p r e s s u r e s  a r e  t h u s  
d i f f e r e n t  Trom t k o s e  t h a t  would c o r r e s ~ o n d  t o  an i s o t h e r m a l  
p r o c e s s .  I x  f i0;ure 1, t h e  i n c r e a s e  1: dynamic p r e s s u r e  
o v e r  t L a t  c a l c u l a t e d  bg t h e  2ormuls 4 p V" (an  i n c r e a s e  
which agl2ears i n  t 3 e  I 'orce c o e f f i c i e n t s )  i s  p l o t t e d  f o r  
c  ompari son. 

I t  w i l l  b e  s3own t h a t  3 i ~ h - s p e e d  p r o p e l l e r s  n u s t  op- 
e r a t e  w i t h  a c o n s i d e r a b l e  p o r t i o n  of t h e i r  b l a d e s  above 
t h e  c r i t i c a l  lhach n u n - ~ e r ,  so t h a t  t h e  d rz?  v a r i a t i o n  above 
t L i s  speed  i s  of pr imary  impor tance .  The t h e o r e t i c a l  f a c -  
t o r s  n 3 i c h  yovern t h e  dray  when t h e  f l o * , ~  i s  p a r t i a l l g  sub- 
s o n i c  and 2 a r t i n l l y  s u g e r s o n i c ,  a r e  l i t t l e  u n d e r s t o o d  - 
i n  a i  r p l a n e - d e s i y n  c i r c l e s ,  a t  l e a s t .  Exper imenta l  d i f f i -  
c u l t i e s  a r i s e  from t h e  magnitude of t h e  I 'orces i n v o l v e d  
a n d  t b e  pomer r e q u i r e d ,  from t h e  e f f e c t  of t h e  shock wave 
on t u n n e l - v e l o c i t v  d i  s E r i b u t i o n  ' r o ~  m a l l  c o r r e c t i o n s  end  
t a r e  d r a T s ,  and from Regnolds numaer e f f e c t s .  Hence much 
of t 'ae a v a i l a b l e  e s p e r i n a n t a l  d a t a  e x t e n d  .on ly  up  t o  t h e  
f o r m a t i o n  of t h e  shock ware and t h e  a t t e n d a n t  p r e c i p i t o u s  
dray i n c r e a s e .  Vhen t h e  d ray  above t h e  c r i t i c a l  speed  i s  
i n d i c a t e d ,  some i n c o n s i s t e n c i e s  appear .  F i w r e  2 i s  -a 
c 0 n p a r i  son o f  t ~ y i  c a l  draq c u r - ~ e s  from s e r e r d  s o u r c e s  
w i t h  d a t a  f  ram t5.e NACA 11- inch ,  h iqh-speed,  c l o s e d - t h r o a t  
t u n n e l ,  

-l 3 i ~ u r e  22 compares r e s u l t s  from t h e  open- je t  Guidoilia 
5 i q h d s p e a d  t u c n o l  ( r e f e r e n c e  2 )  w i t h  t h o  NACA d a t a  f o r  t h e  
s a n e  a i r f o i l  ( r e f ' e rence  8 ) .  F i ~ u r e  2% shows t 5 e  t y p e  o f '  
v z r i n t i o n  o b t a i n a d  by D o u ~ l a s  and P e r r i n g  i n  a  s e r i s s  of 
p r o p e l l e r  t s s t s  ( r e f e r e n c e  1 3 )  i n  : ~ : ~ i c >  t h e  a i r f o i l  cbnrac-  



t e r i  s t i c s  n e r e  deduced f r o 3  e x p e r i m e n t a l  t h r u s t  and t o r q u e  
y r a d i n ?  cur-res.  The s u j s t a , n t i a l  a ~ r e e m e n t  between t 3 e s e  
r e s u l t s  and t 5 e  Guidonia  c u r v e s  i n  f i q u r e  2a l a s  p r e r i o u s -  
2.7 beeii reco- ;n ize& ( r e f e r e n c e  2 ) .  T'.e XACA d a t a  l a x  t L e  
sane  a i r " i l  a r e  s%onn i n  c o n p a r i s o n .  F i g u r e  2c c o n t r a s t s  
r e s u l t s  t y p i c a l  of e a r l y  t e s t s  a t  t h e  Svreau  of S t a n d a r d s  
( r e f e r e c c e  l l ) ,  ~ 1 1 i c h  show o n l y  a  ve ry  s l i ~ h t  dray  i n c r e a s e  
a t  t'ze c r i t i c a l  s ~ e e d .  The BBCA r e s u l t s  a r e  t y p i c a l  of a 
l a r q e  r u n b e r  of r e c e n t  NACA t e s t s  ( r e f e r e n c e s  1 and  1 7 )  ex- 
c e p t  t h a t  v i t k  t h e  more nodern  a i r f o i l s ,  tLe  d r a ?  % n c r e z s e  
0 c c u r s  even n o r e  sudden ly ,  p a r t i c u l a r l y  a t  Lon l i f  % coef f i -  
c i e n t  s. A t  t h e  hi*;hor anh;les of a t t a c k ,  t h e  a ~ r e e m e n t  be- 
tween t3.e NACA r e s u l t s  and t h e  B r i t i s b  p r o p e l l e r  t e s t s  i s  
e x c e i l e l t ,  but  t h e  sudSen drat; i n c r e a s e  a t  ze ro  a n ? l e  of 
a t t a c k  sio17n b. t l ie  a i r f o i l  t e s t s  was n o t  r e a l i z e d  n i t h  
t h e  > r o p e l l e r s ,  I ? e v e r t ? e l e s s ,  t h e  nyreenen t  I s  s u f f i c i e n t  
t o  l e n d  17:eiqit t o  t h e  c o n t e n t i o n  t h a t  p r o p e l l e r  l o o s e s  me7 
be p r e b 9 c t e d  from a i r f o i X  t e s t s .  

The f a c t  t h a t  t h e  XACA d z t a  s501v a sudden d r a ?  i n -  
c r e a s e  ~ " t  t k e  c r i t i c a l  speed .-,t a l l  a n y l e s  o f  a t t a c k ,  i s  
o ? p r i n a r g  i n p o r t s n c e .  The : p r a c t i c a b i l i t y  o f  f l i ~ h t  a - ~ o v e  
t h e  c r f t i c a l  speed  de2ecds ,  of c o u r s e ,  o n l y  upon t h e  r a p i d -  
i t . 7  8116. na?; r i tudi l  of t h e  d rnq  i n c r e a s e  n e a r  t h a t  speed .  

One s t r i  k i n $  c 3 a r n c t  c x i  s t l c  of a l l  tLe  1TAC.A c o n p r e s s i -  
b i l i t p  d z t a  :s t h a t  no maximum dr3.q c o e l f i c i e n t  i s  s3oun 
n e a r  t h e  c r i t l c n l  s:%~oed.  I t  i s  apparent f r o n  f i q u r e  2% 
t h a t  t L i s  i s  due o o l y  t o  t h e  f a c t  t h a t  h i?h  enouy3 speeds  
n e r e  n o t  r eached .  That 2 maximum n u s t  e x i s t ,  i s  s u b ~ t < ~ n t i -  
n t e d  by r e c e n t  r e s u l t s  from t h e  Guidoaia  t u n n e l  ( r e f e r e n c e  
I. 6 1, :::q.ich sho-,~ t i , ~ t  a minisun arny c o c f f i c f  e n t  o f  t h e  o r -  
d e r  of mzynitade of 0.33 w,as o b t a i n e d  y i t h  n i r f o i l s  o f  s i m -  
p l e  s h p c  z t  Knch nuobers  i n  t h e  noiqhborhood of 2 .  I t  
r-la?. p rob t tb lp  be nssumaa t h a t  t h e  c o e f f i c i e n t  d e c r e a s e s  con- 
t i n u o u s l y  f r o n  t h e  v s l u c s  s3onn i n  f i q u r c  2 ,  t o  t 3 c  more 
n o d e r n t c  v a l u e s  a t  speeds  vhoro  t h e  f low i s  e n t i r e l y  super-  
s o n i c ,  Soz~c b a l l i s t i c  s t u d i e s ,  dosc r ibe? .  i n  r e f  e r a n c e  5 ,  
a l s o  verifar  .t;h:>.,t t b e  draq c o e f f i c i e n t  reaches a cnaxinun 
j u s t  nbove t h e  c r i t i c a l  spceh  and thon  d e c r e a s e s  con t inu-  
o u s l y .  The shage of t h e  drxy curve  i n  f i g u r o  1, nbove t h e  
c r i t i  c21 speed,  f o l l o x ~ s  t h e s e  b a l l i s t i c  d z t a .  I n  a p p l y i n ?  
the NACA r e s u l t s  t o  p r o p e l l o r  c a l c u l a t i o n s ,  i t  i s  d i f f i -  
c u l t  t o  e s t i n n t o  t h e  maynitude of t h e  rnaxiraum dray c o e f f i -  
c i e m t .  I t  i s  t h e r e c o r e  n e c e s s a r y  t o  a s s u n e  t h a t  t h e  d r a y  
j-clst above t h e  c r i t i c a l  speed 9 s  no& l e s s  ,t-bt:n t?.e 42ia;hest 
v a l u e s  shown on t b e  3TBCA c u r v e s .  T>us, o n l y  t h e  minimum 
r e d u c t i o n  i n  p r o p u l s i v e  e f f ' i c i e n c p  can be c a l c u l a t e d  from 



t h e s e  d a t a .  A c a r e f u l  stud>r i n d i c a t e s  t h a t  t ?e  drw? coef-  
f i c i e n t s  i n  t a b l e  I a r e  t y p i c a l  of t h e  h i ~ h e s t  v a l u e s  
shown f 0 r . a  l a r q e  number of a i r f o i l s  i n  r e f e r e n c e s  1, 8 ,  and 
1 7 .  

TABLE I 

P r o f i l e  D r a g  c o e f f i c i e n t  above C r i t i c a l  Speed 

P e r c e n t  
t -.....--..------ 7-- 

6 

T2e Beduct ion  of Gornpress i l i i l i ty  E f f e c t  on Draq 

I t  sill be of i n t e r e s t  t o  de termine  t h e  e x t e n t  t o  
xvhic3 t 2 e  c o m p r e s s i b i l f t p  e f f e c t  on t h e  d raq  of p r o p e l l e r  
a i r f o i l s  can be c o n t r o l l e d .  I n  e f f e c t ,  t h i s  n e a r s  t h e  ex- 
t e n t  t o  which t i e  c r i t i c a l  iklach number of t i e ' a i r f o i l  cnn 
be r n i s e d  b ? ~  chzneing t h e  e i r f o i l  s3ape and c h a r a c t e r i s -  
t i c s ,  2nd t h e  c o n d i t i o n s  unde r  v 3 i c h  t h e  a i r f o i l  o p e r a t e s .  

The shock wave, w i t h  i t s  a t t e n d a n t  sudden drap; i n -  
c r e a s e ,  o c c u r s  when t h e  l o c a l  v e l o c i t ? ~  a t  ang  p o i n t  i n  t h e  

, f i e l d  of i l o v ~  exceeds  t h e  1 0 ~ 3 1  speed  of sound ( r e f e r e n c e  
1 7 ) .  T h e r e f o r e .  any e f f e c t  v h i c h  d e c ~ e a s e s  t h e  rnaximun 
l o c a l  v e l o c i t y ,  c a u s e s  3n i n c r e n s e  i n  %lie c r i t i c a l  Hach 
numbcr. S i n c e  l o c a l  speeds  y e n e r a l f p  - i n c r e a s e  w i t 2  a n  in -  
c r e a s e  i n  e i t h e r  s o c t i o n  l i f t  c o e f f i c i e n t  o r  t h i c k n e s s ,  
t h e  c r i t i c a l  speed i s  reduced bp an i n c r e s s e  i n  e i t h e r  of 
t h o s e  two p a r a n o t o r s .  T h i s  e f 2 o c t  i s  e v i d e r t  i n  f i q u r e  3. 
T k o  d c c r a n s e  i n  c r i t i c a l  Mach numbcr c e a r  zero  l i f t  i s  due 
t o  the 3i:h l o c a l  velocities c r e a t e d  by t h i s  a i r f o i l  n t  
s m a l l  n e y a t i v o  a n g l e s  o f  a t t a c l t  and i s  n o t  a  < e n e r a 1  r e s u l t .  
O the rwise  t h a  e f f e c t  of b o t h  l i f t  c o e f f i c i c n t  ~ c d  t h i c k n e s s  
i s  t y p i c a l  of n o r c z l  a i r f o i l s .  These e f f e c t s  a r e  d i s c u s s e d  
a t  l e n q t h  i n  r e f e r e n c e  12.  

F r a n  t h e s e  c o n s i d e r n t i o n s ,  it i s  obvious  t 5 a t  t 3 o  nax- 
i n u n  p o s s i b l e  c r i t i c a l  Yach nunber ~ !? . i c3  cou ld  be o b t r ~ i n e d  

- - . - 



w i t ?  a n y  a i r c o i l  o :>er ,z t i~y  a t  3 -;iven 1ir"t c o e r " f i c i e n t ,  
v o a l d  be o b t a i n e d  w i t h  an a i r f o i l  i ~ k i c h  hnd zero t h i c k n o s s  
?$n?- a uaiforr:  chordwise  p r e s s u r e  d i s t r i 3 u t i o n .  Tz2e chord- 
v r i  s c  d i s t r i - a u t i o n  of c i  r c u l s t i o n  n i t 5  suck ?,r czirf of 1 ::auld 
producc  t 5 e  l e n s t  p o s s i b l e  nnxinun l o c a l  v e l o c i t y .  T 3 i s  
P?,ct 3.2s boon s e c o ~ n i z e d  by Lock ( r e f e r e n c e  1 2 )  2nd T a g i o r  
( r e f e r c n c c  1 4 ) .  The l n t t c r  h a s  d i s c u s s e d  means of d e r i r i n ?  
a i r f o i l s  o? f i n i t e  t h i c k n e s s  v i t h  t h e  d e s i r e d  c o n s t a n t  
c:iordaise p r e s s u r e  d i s t r i b u t i o n .  T i i  s p rocedure  marv t l ~ e r e -  
f o r e  be c o n s i d e r e d  a s  me11 established. S i n c e  a  p r o p e l l e r  
conposed of c o n s t a n t - ~ r e s s u r e ,  z e r o - t 3 l c k n e s s  s e c t i o n s  . 
~ ~ o u l d  bave t h e  l e a s t  e l f i c i e n c g  l o s s  a t  h i g h  s p e e d s ,  S U C ~  

a i r f o i l s  m i l l  be r e f e r r e d  t o  a s  I t i d e a l  73ropelLer a i r f o f l s . "  
TLeg r e p r e s e n t  t h e  a b s o l u t e  l . $ m i t  of r e f s n e n e n t  of e i r f o f l  
d e s i y n  f r o =  t h e  s t a n d p o i n t  of i n c r e a s e  i n  c r i t i c a l  iLac5 
number. TLe v a r i a t i o n  of  cr$.tical c o m p r e s s i b i l i t y  speed  
f o r  t h e  i d e a l  p r o p e l l e r  a i r Z o i l  i s  p l o t t e d  a g a i n s t  s e c t i o n  
l i f t  c o e T f i c i e n t  i n  f i g u r e  4 .  ( ~ h e s e  d a t a  and a l l  subse-  
quen t  c r i t i c a l  speeds  shown, a r e  f o r  a s t a n d a r d  a l t i t u d e  
o f  20,900 f e e t ,  s e l e c t  cd a r b i t r a r i l y  t o  a p p r o x i n a t e  the 
c o n d i t i o n s  w i t h  n b i c h  t h e  d e s i q u c r  i s  most l i k e l y  t o  have 
t o  d e a l . )  The c r i t i c a l  speed  i s  de te rmined  from t?te  f o r -  
n u l a  developed b :~  J a c o b s  ( r e 9 r e n c e  6 )  m5ic\ y i v e s  t h ~  
c r i t i c a l  sl2eeii a s  a f u n c t i o n  of t l e  n a s i n u n  n e g a t i v e  p r e s -  
s u r e  a t  10w speed.  The lift c o e f f i c i e n t  a t  higk speed  i s  
t h e n  deterni l led.  from t 4 e  l o n - g n e ~ d  coefficient 3 1 7  nulti-pl.ir- 

;*2)-1/?* i n ?  b y 7  G l a u e r t  t s  T a c t o r  (1 - i!i 

The e f f e c t  of add in?  t 5 i c B n e s s  t o  t % e  i d e a l  p r o p e l l e r  
a i r f o i l  L U S ~  noxv be c o n s i d e r e d .  327 a d j u s t i n q  t h e  c3ord- . 

wise  t L i c k n e s s  d i s t r i 5 u t i o i 1 ,  t 3 e  i n c r e a s e  i a  l o c a l  r e l o c -  
i t g  l.vit2 t h i c k n e s s  can be !zest t o  a  minfnun ( r e f e r e n c e  1). 
The d i s t r i ' ou t io : i  used  f o r  t h e  BACA OGXX-35 and f o r  t h e  
0 0 X X - 6 4  t e s t e d  ( r e f e r e n c e  1 )  , n r o j a b l v  approacLes t h e  l i n -  
i t  is t h i s  r e y a r d .  TLe n a x i ~ l u n  s u c t i o n  encoun te red  nit12 
t h e  b a s i c  F r e s s u r e  d i s t r i b u t i o n  o d  suck a i r P o i l s ,  a g p e z r s  
t o  be about  70 p e r c e n t  of t h a t  of tLe  c o n v e n t i o n a l  IGACA 
Sour-nunber s e r i e s  and t h e  C l a r k  Y. (Tlie b a s i c  p r e s s u r e  
d i s t r i 3 u t L o n  i s  t h e  d i s t r i 5 u t f o n  a.t ze ro  l i f t  f o r  t h e  un- 
c a n k e r e d  a i r f o i l .  ) Takinq a t h i c k n e s s  e f f e c t  e q u i v a l e n t  
t o  t h a t  of t h e  0 0 X X - 6 4  a , i r f o i l  and conb in in?  t h e  r e s u l t i r - ?  
b a s i c  p r e s s u r e  d i s t r i b u t i o n  w i t h  t h e  l i f t  c l f e c t  of t k e  
i d e a l  a i r f o i l ,  a v a r i a t i o n  of c r l t i c a l  speed w i t h  t k i c k -  
n e s s  and l i 2 t  c o e l f i c i e n t  3as j e e n  d e t e r c i n e d .  T h i s  v a r i -  
a t i o n ,  p l o t t e d  i n  f i y u r c  5 ,  i s  b e l i e v e d  t o  - ~ e  n e a r  the 
p r a c t i c a l  l i n i t  a t t a f  n a b l e  w i t h  an27 air?  o i l  what s o e v e r .  
If a n y  f u r t h e r  inprovenen t  i n  t h i c k n e s s  e f f  e d t  i s  p o s s i b l ~ ,  
i t  \ v i l l  bo o f f s e t  bg t:ke f a c t  t h a t  an  a b s o l u t e l y  u n i f o r n  



p r e s s u r e  d i s t r i b u t i o n  due t o  l i f t  cannot  be o b t a i n e d .  These 
c r i t i c a l  speeds  nag be conpared mi th  t h e  conparab le  d a t a  
~ i v e n  i a  f i ~ u r e  3 f o r  t k e  Cla rk  Y a i r f o i l ,  a i d e l y  u s e d  f o r  
p r o p e l l e r s .  The Cla rk  Y c u r v e s  a r e  based  on t 5 e  r e s u l t s  of 
r e f e r e o c e  8 ,  s u p p l e ~ e n t e d  by p r e s s u r e - d i s t r i b u t i o n  d a t a .  

I t  i s i n e e r e s t i n q  t o  n o t e  that sone of t h e  s e c t i o n s  
t e s t e d  ( r e f e r e n c e  1 )  hsve  c r i t i c a l  speeds  v e ~ ? ? ~  c l o s e  t o  t h e  
p r a c t i c a l  I T n i t .  A conpar i son  i s  sLo.,~n i n  f i q u r e  6 f o r  
9 - p e r c e n t - t h i c k  a i r f o i l s .  T h i s  would seen  t o  i n d i c a t e  t2at 
f ron  t 3 e  c r i t i  ca l -speed s t a n d p o i n t ,  ve ry  l i t t l e  i ~ p r o v e n e n t  
i n  a i r f o i l  s e c t i o n s  i s  p o s s i b l e .  F i y u r e  6 i s ,  of c o u r s e ,  
a c o n p z r i s o n  of t 3 e o r e t i c a l  v i t b  e x p e r i n e n t a l  d a t a .  I t  h a s  
been shown ( r e f e r e n c e  17) t3at tLe  c r i t r c a l  speeds  a t t a i n e d  
i n  a i r f o i l  t e s t s ,  f a l l  sonenhat  3elom t b o s e  p r e d i c t e d  f r o n  
l o n - s p e e d  2 r e s s u r e - h i s t r i - ~ u t i o n  d a t a .  
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I n  t h i s  s e c t i o n  an a t t e n p t  i s  ~ a d e  t o  e v a l u a t e  q u a n t i -  
t a t i v e l y  tLe  e f f e c t  of t h e  f o r e r o i n g  c o n s i d e r a t i o n s  on prou 
p e l l e r  e f f i c i e 3 c L e s  a t  'rsio;h , a i r p l a n e   speed.^. O v i n ~ ;  t o  t h e  
s c a r c i t y  of d a t a ,  i t  I s  p o s s i b l e  o n l y  t o  de termine  t h e  
l e a s t  c o n p r e s s i - o i l i t g  e f f e c t  - i . e ,  , t h e  h i ~ h e s t  e f f i c i e n c y  
t h a t  a;:.ears l i k e l y  f  ron  t 3 e  a i r f o i l  d a t a  a v a i l a b l e .  

Considar  f i r s t ,  f i y u r o  7 :  T 3 i s  I i q u r e  q i v e s  t h e  v a r i -  
a t i o n  of b lade  th ickness -cLord  r a t i o  w i t h  p r o p e l l e r  d i m -  
e t e r  assunoiii 3 e r e i n a f t e r .  T h i s  thickness-c3or-d r a t i o  i s  
t a k e n  a s  s i i y h t l g  l e s s  t h c a  t h e  t h i n n e s t  p r o p e l l e r s  now 
n v c i l a 3 l e .  Due t o  t h e  c o n s i d r r a ' b l e  i n c r e a s e  i n  s t r u c t u r a l  
l o a d s  Cram c o n p r c s s i b i l i t p  e f f e c t s  and t o  t 5 e  f a c t  t h z t  
d i a m e t e r s  f o r  b i y b  speed c u s t  bc l a r y e ,  i t  i s  f e l t  t h c t  
th in i20r  b l a d e s  a r e  not  i f l c c l ~ i -  t o  bc dcvs loped  i n  t h e  n e c r  
f u t u r e ,  e-ren m i t h  i n p r o v e n e n t  i n  m a t e r i a l s .  A s p i n n e r  m i l l  
be 3,ssuced t o  cover  t h e  i n n e r  2 2  p e r c e n t  o f  t h e  d i s n e t e r  
nnd c u l f s  t o  e x t e n 6  f r o n  t h e  s p i n n e r  out  t o  35 p e r c e n t  of 
t h e  ? L i a n e t e r .  I n  o r d e r  t o  keep t h e  s e c t i o n s  n e a r  t h e  
s p i n n e r  t o  n  r e a s o n z b l e  t h i c k n e s s  r a t i o ,  t 5 e  c u f f s  
n u s t  a s s u n e  huye p r o p o r t i o n s .  The nnxinun c u f f  chord  r o u l d  
p r ~ b , > ~ b l : r  k2ve t o  be 2 4  i n c h e s  o r  n o r e ,  i n  o r d e r  t o  n n i n t a i n  
t h e  r:l.tio shoen, 

For  2" p r o p e l l e r  a i t h  Cla rk  Y a i r f o i l  s e c t i o n s  and 
t h i c k n e s s e s  i n  accordance  w i t h  l i f u r e  7, c r i t i c a l  s e c t i o n  
s p e e d s  a r e  ? l o t t e d  i n  f i g u r e  8 ~ ~ q a i n s t  p r o p e l l e r  r a d i u s ,  



f o r  t n o  s e c t i o n  l i f t  c o e 5 f i c i e n t s .  Fron  t h i s  l i ? u r e ,  i t  
i s  s e e n  t S n t  a shock wave would form n e a r  t h e  s p i n n e r  a t  
3 s e c t i o n  speed  of abou t  850 12 i l e s  p e r  3 o u r  a t  20 ,000 f e e t .  
A s'nock wave ~ ~ o u l d  form n e a r  t h e  t i p  a t  s e c t i o n  s p e e d s  be- 
t w e e n  500 axd 600 m i l e s  p e r  l ~ o u r ,  dependin?  upon t h e  see-  
t i o n  l i f t  c o e f f i c i e n t ,  The i n f l u e n c e  of t h r e e - d i m e n s l o ~ a l  
f l o w  a t  t k e  f i p ,  which mould t e n d  t o  i n c r e a s e  t h a  c r i t i c a l  
s p e e d  s l i y b t l g  o v e r  t h e  o u t e r  5 .  o r  1'3 p e r c e n t  of t h e  r a d i -  
u s  ( r e f e r e n c e  l o ) ,  h a s  j e e n  n e g l e c t e d .  I t  m i l l  be s c e n  
tha t  t h i s  i s  n o t  an  impor tan*  f a c t o r .  

The t n o  c u r v e s  on f i y u r e  8 n h i c h  a r e  concave uplvard 
r e p r e s e n t  t 3 e  s e c t i o n  spceds  a t  a i r p l a a c  speods  of 450 and  
500 m i l e s  p e r  h o u r ,  f o r  a c e r t a i n  d i a n e t e r  and r p n  ~ h i c 5  
v i l l  be ment ioned  l a t e r .  A c o n p a r i s o n  of t h o  t i vo  s e t s  o f  
c u r v e s  p e r n i t s  sono i n t  e r e s t i n ?  conc lu r , ions .  F i r s t ,  a t  a 
s p e e d  ol abou t  450 m i l e s  p e r  hour  a t  20 ,000 f e e t ,  t h i s  
p r o p e l l e r   ill become c o v c r e d  I r o n  r o o t  t o  t i p  w i t h  a 
shock ;:am. Second,  b y  c o n p a r i n 9  t h e  s l o p e  of t h o  %no 
s a t s  o f  c u r v e s ,  i t  i s  a 3 p a r c n t  t h a t  a t  h i ~ h  Torna rd  s p e o d s ,  
t h e  s5ock wave forms a l n o s t  s i o u i t a a e o u s l p  o v e r  n o s t  of 
t h c  g r o p c i l c r ,  and  t h a t  even n i t 3  l a r g e  blade-shank f a i r -  
i n y s ,  t h o  r o o t  i s  as c r i t i c a l  a s  t h c  t i p .  A t   lo^ fo rward  
s p e c d s  wit3 h i 4 3  t i p  s ~ e e d s ,  o n l v  t h e  t i p  i s  s u b j o c t c d  t o  
t h e  s L o c k  wave. FkereCore ,  a l t h o u q h  low f o r n a r d  s p e e d  
t e s t s  have i n d f  c a t e d  small r e n u c t i  ons i n  e f f i c i e n c y  due t o  
c o m p r e s s i b i l i t p ,  i t  i 9  c o t  t o  be presumed t L a t  t h e  reduc-  
t i o n s  a t  h i ? h  f o r n a r d  s p e e d s  n i l l  be modera te .  

F i q u r e  9 s h o e s  s imi la r  s e t  of c u r v e s  f o r  two o t h e r  
p r o p e l l e r s .  The f i r s t  p r o p e i l e r  i s  c a l l e d  t h e  " b e s t  p r a c -  
t i c a l  p r o p e l l e r , "  because  i t  i s  nade up  of t h e  4es4 Erg- 
~ e l l e r  ~ i r r o i l s  n3ose  c r i t i c a l  s13eeds a r e  shonn i n  f i y u r e  
5 ,  and t h e  ? r o b a b l e  ninimun p r a s t i c a l  b l a d e  t h i c k n e s s ,  
shown 9n f i q u r e  7. These a t r z o i l s ,  i t  rill Se r e c a l l e d ,  
n e r e  f n t e n d e d  t o  have t b e  n a x i n u a  p o s s i b l e  c r i t i c a l  s p e e d  
f o r  a glyien s e c t i o n  l i f t  c o e f f i c i e n t  a.zd t h i c k n e s s .  There- 
' o r e ,  t h e  c r i t i c a l  speeds  of t h e  " b e s t  p r a c t i c a l  p r o p e l l e r "  
a r e  b e l i e v e d  t o  be t h e  h i g h e s t  a t t a i n a b l e  a i t h  ary p r a c t i -  
c a l  p r o p e l l e r .  The second ? ? r o p e l l e r ,  r e p r e s e n t e d  on f % ? u r e  
9 ,  i s  t h e  " i d e a l  p r ~ p c r ? l l e r ~ ~  02 ze ro -b lade  thScknoss  rxns. 
l e a s t  l i f t - c o e f f i c i e n t  e f f e c t ,  I t s  c r i t i c a l  s p e e d s  a r e  t h e  
a b s o l u t e  maxisum f o r  a n p  p r o p e l l e r ,  mha teve r .  These  wi t -  
i c n l  s p e e d s  a r e  based  o a  t 5 e o r e t i c a l  c o n s i d e r a t i o n s ,  cit3- 
o u t  r e f e r e n c e  t o  a i r f o i l  t e s t  d a t a .  

Shown ? o r  comparison i n  f i q u r e  9 ,  are p r o p e l l e r - s e c t i o n  
s p e e d s  f o r  aa a i r p l a n e  speed  of 500  n i k c s  p e r  h o u r .  I t  i s  



s e e n  t i z t ,  v o r e  i t  p o s s i b l e  t o  keep t h e  ~ p r o g e l l e r  s e c t i o n  
l i f t  c o z f f i c i e n t  belot7 0.4, an  a i r p l a n e  speen or" 500 n i l e s  
p e r  Lour could. be a t t a i n e d  7 , ~ i t h  t h i s  p r o p e l l e r  b e f o r e  t h e  
e n t i r e  b l z d c  was covered  n i t 3  s3.ock wnve. F i f h  even 
l o c e r  coo? f i  c$ent  s  , s l i ~ h t l p  h i y h c r  speeds  cou ld  3 c  roachcd 
w i t h  3. s n a l l  p a r t  of t h e  b l a d e  s t i l l  b e l o a  t h e  c r i t i c a l  
speed .  

Yo:;, r e s u l t s  pf f i ~ u r e  9 mi91 have l i t t l e  s i g n i f i -  
c m c e  u n t i l  t h e  s e r i o u s n e s s  of t i e  c f f o c t  or" t h e  shock na-Te 
upon s r o p u l s i v e  ef f i c i e n c ! ~  i s  e s t a 3 l i s 9 e d .  Before n t tompt-  
i n ?  t h i s ,  h o ~ ~ c v e r ,  sonc of t h e  c o n p r o ~ i s e s  n 3 i c h  c o n f r o n t  
t 3 e  d z s i y n e r  % r i l l  be Oiscussed.  

P r a c t i c c l  p r o p e l l e r  d e s i ~ n  Sor  t k e s e  speeds  c u s t  con- 
p romisc  bet-:reen s e c t i g n  spced  and s e c t f o r  l i f t  coefficient. 
A n y  s f ? o r t  t o  Bccreaso  t'hc l i f t  coef l" ic1ent  by i n c r e a s i n ?  
c l t h o r  t h e  rpn  o r  t h o  d i a n e t e r  .:Ill, of c o u r s e ,  O E ~ : ~  r e s u l t  
i n  i n c r e a s e d  s e c t f o n  spse i i s ,  so t h e t  no 4 a i n  a i l 1  ba r e a l -  
i z e 3 ,  The numb e r of blades and t h e  b l a d e  . r id th  can 3 e  in -  
c r e a s e d ,  crovide3- t h e  t h i c k n e s s  r R t i o  i s  x a i n t a i n e d .  V9th- 
ou t  i n c r e a s i n g  t h e  s e c t i o n  s p e e 9 s ,  t h i s  rill reduce  t h e  
l i f t  c o o f ' f i c i e n t s .  I t  i j i l l .  z l s o  have a n  adr- l i rable a f f e c t  
o c  t h e  b l a d c  1 o s C i . n ~  at t ake -o f f  c 3 i c L ,  n i t h  h i ~ h - s p e e d  
a i r p l a n e s ,  i s  a l n c p s  l i k e l y  t o  be e x c e s s i v e .  Thera a r c  
1 i n i t a t : o p s  on t i e  e x t a n t  t o  1:hicL t h i s  cay 3 c  c z r r i e i i ,  
5osover .  A r e d u c t i o n  i n  c o e f f i c i e n t  from O.3 t o  0.2 v o u l d  
require a 50-percont  i n c r e a s e  i~ blaCa s i d t h  j u t ,  f r o n  f i ? -  
u r e  9 ,  s o u l d  o n l y  y i e l d  a 15-nixes-par-kour  i n c r e s s a  i u !  

p a r n l s s f ? l c  s e c t i o n  spced. A l s o ,  t \ o  c e ~ t r i f u $ s L  f o r c e  
c r e a t e s  a  coup le  v h i c h  x u s t  be r e s i s t e d  323 t h e  13itch con- 
t r o l  mecLznism. T h i s  c o u a l e  i n a r c a s e s  r a p i C l y  n i t h  b l a d c  
w i d t 3  and b l a d e  n c g l e .  S i n c e  t 3 o  t o r q u e  v h i c h  t h e  p i t c b  
mechanism can s s c r t  i s  l l m f t ~ 8 ,  t h e  effect i s  ,to l i m i t  t h e  
b l a d e  nicl th nhicb can be  cmplo:~o& 

Anothcr  conpromise i s . 3 r o u y h t  a3ou t  by t h o  f a c t  t h a t  
t h e  s e c t i a a  LID r z t i o  b a s  nn i m 2 o r t a n t  e f f e c t  upon t h e  
c f f i c i  encp. The 1 0 7 . 7  l i f t  coefficients d o s i r a b l e  from t h e  
c o m p r e s s i b i l i  t p  s tandpoir r t  , a r e  y e n c r ~ . l l p  cor,sPd.erablg 3e- 
10:; t h e  r-laximum L/D p o i ~ t .  B o r t u n z t e l g ,  a s  t b o  p r o f i l e  
dray  i s  recluced, t h e  CL f o r  b o s t  L/D s h i f t s  donnaard. 
If i t  can B e  Tssumad t h a t  p - i r f o i l s  das i$nod f o r  t h e  rcduc-  
t i o n  o f  c o m p r e s s i b i l i t : ~  c f f o c t s  z i l l  have  lo-?or  p r o f i l e  
d r a ?  t h z n  I s  n o r  c u r r e n t ,  t h e  compronisc r e q u i r e d  rill n o t  
e x a c t  s e v o r e  :3anz l t i c s ,  



T3c i n p o r t a n c e  of a d j u s t i z g  t h e  s e c t f o ~  l i f t  c o o f f i -  
c i e n t  t o  o b t a i n  b i ~ h  c r i t i c a l  spoads 23s boor i n d i c a t e d ,  
With p r o s e n t  d a t a ,  h o r c v e r ,  i t  nouLd -3e i m ~ o s s i b l e  t o  60- 
to rmino   ti^ ,-,n$le of , ~ ~ t t s c k  r e q u i r e d  n t  s u p o r c r i t i c z l  
s n e e d s  t o  g i ~ e  EL c e r t a i n  l i f t  c o e f f i c i e n t .  F h e r c f o r c ,  t 3 e  - 
l i f t  c o o ? f i c i e n t  %t ~ . ~ h i c h  t h e  s e c t i o n s  n r c  t o  o p e r a t e ,  
c m n o t  -9c c o n t r o l l e d  w i t h 2 3  v i d e  l i m i t s  by > d j u s t i n g  t b c  
p i t c h  d i s t r i b u t i o n .  T2e r e s u l t  you ld  be z l u l i i f i c a t i o n  of 
t h a  a&-,rr.nt,?-~es ~ n i a e d '  327 u s c  of hi$lz-speed s e c t i o z s .  
A(orcovcr, i t  i s  l i k o l ~  t h a t  evcx n i t 3  c o n g l e t e  d a t a ,  a  
p i t c 5  e . i s t r i 3 u t i o n  s o t  t o  n a i n t a i z l  t h e  des i red .  l i f t  c o o f f i -  
c i c n t s  t b r o u f h o u t  t h e  p r o > o l i o r  2 i n n c t c r  vou ld  r e s u l t  i n  n c 

d i s t r i b u t i o n  n t  low spccds  so c o n p l e t o l p  u o s u i t ~ , 3 l e  t h c t  
t b e  t ~ k e - o f f  an?- c l imb  a 0 u l 5 ~  bc s e r f  o u s l y  a f 2 e c t e d .  

Ir o r 5 e r  t o  de termine  t k s  e f f e c t  of t 5 e  shock wave, 
t h e  p ~ o p u l s i v e  e f f i c f e n c p  w i l l  be checked l o r  n p r o p e l l e r  
desi:aed f o r  500 m i l e s  p e r  hour  a t  20,000 f e e t .  A t h r e e -  
b l a d e  p r o p e l l e r  v i l l  be u s e d  t o  a-asorb 2030 brake  h o r s e -  
parer. S i n c e  i n  t 3 e  p r a c t i c a l  cnse  a r e a s o n a b l e  e f f i c i e r -  
cy i n  c l imb z u s t  be o b t a i r l e d ,  t h i s  v i l l  r e q u i r e ,  t h a t  t i e  
b l a d e  be u n s t a l l e d  at  250 m i l e s  p e r  hour  ct 10,,000 f c e t .  
The g f f e c t  of t h i s  ~ e q u i r e n e n t  1~3.11 be t o  p l a c e  a  reason-  
a b l a  l o r e r  l i m i t  on t h e  rpm f o r  any d i a n e t e r .  The t a k e -  
o f f  w i l l ,  of c o u r s e ,  bo s n c r i f i c e d  s i n c e  t h e  b l a d e s  d l1 
be s t c u l l e d  a t  a11 snoeds b e l o n  t k e  c l imb  speed. F o r  a 
c o n v e n t i o n a l  Hamil ton S t a n d a r d  6101 51adc form r i t h  C l a r k  
Y s c c t i o n s ,  t h e  ninfnum dio.meter t 5 n t  w i l l  s a t i s f y  t b c  
above c o n d i t i o n s  i s  p l o t t e d  a y n i n s t  t h e  r p o  i n  f io ;u rc  10 ,  
Also  s'lo~.~v;.z, i s  t h e  t i p  speccf. Tor 9 f o r n a r d  speed of 500 
n i l o s  p e r  >our .  I t  i s  seen t h t  t5 i s  t i p  speed v a r i e s  
s lo \ : lp  :.;it2 d i a n e t e r .  T3e sec:ion speeds  s3onn on f i e u r o s  .. 
8 and  9 ,  corresponi l  t o  t S e  13-foot  9- inch p r o p e l l e r  on 
fi.o;ux-e 10. 

N o n  t h e  e f f e c t  of Tn e x t e o s i v e  skock n a r c  on t b c  prov 
p u l s i v e  e f f i c i e n c y ,  v i l l  be de termined by c a l c u l a t i o n  f o r  
a p r o p e l l e r  of 13- foo t  9- inch d i a n e t e r  at 960  r p c .  The 
n i r f o i l  s e c t i o z s  m i l l  be t h o s e  f o r  %"re "bes t  p r a c t i c a l  pro- 
p e l - i e r  ," so 5 h s t  tl?e c r i t i c a l  speeds  s:io?.in in .  f i w r e  9 .. 
=ill -p?lg. I t  i s  assume?- t h n t  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  a r e  s u f f i  c i e n t l g  . :e l l  km13n at s u ~ e r c r i t i c c ? l  s p e e c s ,  
t 3 n t  t 5 e  p i t &  d i s t r i b u t i o n  cnn %e $-,djuste?. a s  d e s i r e d ,  ' A 
u c i  f o r a  l i f t  coef T i c i e n t  t h r o u ~ h o u t  t : ~ e  r n d i u s  w i l l  5e u s e d ,  
e x c e p t  over  t h e  blade-sh-nk f ~ ~ i r i n q s ,  1~3.ick c r e  n o s t  ad- 
v e t n t a ~ e o u s l y  s e t  n t  z e r o  l i f t .  , 

Usinq s imple  b lzde-e lenent  t L e o r 7 ,  t h e  p r o p e l l e r  e f f i -  



c i o c c y  k3.s S e e r  c n l c n l - t o d ,  nssxminq t3-t t 3 e  p r o f i l e  ? - r ~ ~ 4  
c o e f f i c 5 . e n t s  ~ ~ b o v e  t i e  c r i t i c ~ , l  speed a r e  i n  accordance  
r i t 2  t a b l e  I. Bo v n l u a s  g r e a t e r  t h a n  0.12 were u s e d .  A s  
i io tea  abovs ,  t 4 e s e  ?,re t 3 e  lowes t  c o e f f i c i e n t s  t h a t  ~ 3 8  

c o n c e i v ~ ~ b l g  r e s u l t  from i n t e r p r e t c t i o n  of t 2 e  XACA 2 i r f o i l  
d a t a .  T:ie f n c t  t3-at f h e  a a x i n u n  d r a 5  i s  no5 n t t a i n e d  i z z o -  
C ? i ~ t e l ~  2t t 3 e  c r i t i c a l  speed ,  i s  o f f s e t  5:- tlze p r e ~ i o u s l ' c r  
z o t c d  d i f f ' s r ecce  S e t r e e n  t h c  ca,lcul?.ted ,>c3 t h e  a c t u n l  
c r i t i c z l  speed.  Selow t h e  c r i t i c d  s p e c d ,  G5e p r o f i l e  drz4  
i s  nssuned  t o  be z e r o .  The r e s u l t i r o ;  efficiency a p ~ e a r s  i n  
f i q u r o  11 zs t 'ne cur-rc r:arl:e& 7 I! .  T j e  uppcr  cur.rre i s  ax 
~ ~ ~ l c u l ? , t e d  f r o n  t 3 e  t o s t  d a t a  of r o f c r e r c e  1 0 ,  r i t h o u t  t i p -  
spccd  c o r r o c t i o n .  Onin? t o  t h e  ::p.riler i n  = h i e >  t h o  assunp- 
t i o r s  : v . ~ e  3een 3 u i l t  up ,  t h e  curve  of qnnx i s  b e l i e v e d  
t o  r e q r s s e n t  t l e  Ir._io;bes.t er'<icir:r?c$ which can be r . t t z i i l e d  
r i t L  ?.CY? p r z c t i c n l  p r o p e l l e r ,  p rov ided  o n l y  t 5 n t  t k e  IT.4-CA 
r . i r f o i 1  d a t a  a r e  n~plicnTO3.e t o  p r o p a l l o r  c a l c u l z ~ i o n s .  The 
l o r e r  curve  i n  f i y n r e  11 i s  t y p i c a l  of p r o p e l l e r s  employ- 
ir? " b e s t  p r o ~ t t l l e r  a i r ?  o i l s ' t  but  : ingi_r_~ convez t ion :~ l  p i t  c 5  
G i  s t r i - ~ u t : o c s .  

Considera5Le i n v e s t i  : a t i o n  Lns shown t h s t  t 3 e  e f  f  i c i a n -  
CTT ?t 500 n i l c s  p e r  hour cz,rnot b o  r a i s e d  n p p r e c r a b l g  s-20-re 
t h e  Q,,, curve  by rnr j r iny  t b e  u s u a i  p r o p e l l s r  3 - r a ~ l e t e r s ,  
i n c l u d i r g  t i c  b l a d e  l o a d i n %  (nucber  of " l a d e s )  n i t h i n  rea -  
s 0 3 ? ~ b l e  l i n i t s .  9hc g r i n a r ~ r  v.--.rf n b l e  n h i c h  d e t c r n i n o s  t " ~  
c n q n i t u d e  of  t h e  . e f f f  c i c n c y  a t  t h c s e  s p e e d s ,  i s  t h e  d r a ?  
c o e ? l Z c i c x ~ t  i n  t h e  s u p a r c r l t i c ~ l  rnnqc .  

The  s?arp  drop i n  o l ? r c i e n c y  ( f i q .  1 1 )  a o u l d  be cx- 
potted t o  occur  .?t soce ;~hn t  h i y h e r  s y e e d s ,  n e a r  ssct l e ~ e l  - 
pt2rliaps 'bctneen 500 and 559 .miZos p e r  hour .  

Tko c ? f i c i e c c i c s  shopq i n  f i g u r e  13. :re 2iyh enouq3 
so tk*.t t h e  g o s s i b l l i t p  of f l i g h t  3,bovc 500 n i l c s  p c r  hour  
i s  n o t  n l tc<o- l ' aer  ? rec ludod  but  z r e  1017 uz1oug5 t o  r e n d e r  
s u e 3  spccds  i m p r a c t i c a l  f o r  - t h e  p r e s e n t  u n l o s s  sorns n u x i l -  
i 3 . r~  ~ e ~ , n s  of 2 r o p u l c i o n  becone 2 ~ - b i l a b l c .  If It  -9ccoacs 
p o ~ s i b l e  t o  r educe  g r o s c r t  p r o p e l l e r - b l n d c  t h i c k ~ e s s e s  cs- 
t e r i ? - l l : r ,  t b c  speed  zt :*kith t k c  sudden o f f i c i c n c : ~  d rop  
o c c u r s ,  c.?n 50 s k i f t e d  upcs rd .  

e TLo r e s u l t s  of r e f e r c n c d  16, whit:: f n a i c n t e  l o r  d ray  

c o a f f  ic t .> ;2 ts  at  r c r y  h i ~ 3  s p c c & s ,  p o i n t  t o  . tLo y o s s i b i l 5 . k : ~  
' ,  o f  I n p r o ~ i a y  t'nc : ? ropo l l c r  ef-ficfozc:r 5:: inc rcns ino ;  t:ic 

s o c t i o a  s?oods, once t k c  ~ n t i r e  - ~ l ? ~ d e  k n s  p3ssed  i t s  s 2 e c d  
f o r  n ~ ~ x i x u : ~  d r 3 5 .  coo;? i c i o n t  . Tkose r ~ n u l t  s n i s o  i n d i c 2 t e  
t 2 - t  coz:2rcssi-aili t g  irzpo s e s  no a a i s o i u t o  l i n f  t t o  u s e f u l  
p r o p o l l o r  speeds .  



Because t h e  a v a i l a b l e  n i r f o i l  d a t a  indf  c a t e  cocpres -  
s i b i l i t : ~  efr"ect  s of i c n e d i n t  e i n p o r t n n c e  t o  l~ iqh-s??eed 
n i rp l? . zcs ,  i t  becoces  i n p e r n t i v e  thczt  t h e s e  dn tn  3e  c3ecked. 

F o r t ~ r ~ t e l y ,  t h i s  s h o u l d  be p o s s i b l e  zt  32 e a r l y  a n t e .  
Ttio e x ; > e r i ~ e n t ~ . l  c e t h o  ds n r e  s u ~ g e s t e d .  

Air j? lanes  wkicb ,  by d i f r f n y ,  can n 5 t a i n  speeds  i n  GiCCeSS 
of 500 n i x e s  p e r  h o u r ,  .?re noa n r s , i l ~ b l e .  B i t %  nn e x t r c n e -  
l y  s i n p l c  t e s t  se t -up ,  e c p l o g i n <  t k r u s t  n e t e r s  pad t o r q u e  
m e t e r s ,  t ' lc  propeller eff ic ienc: r  can be nensured  o v e r  a 
v i d e  rq->zge of s2ecds .  The r e s u l t s  c a n  t h e n  be cocpnrcd 
v i t k  p r e d i c t i o n s  of t3.o a i r f o i l  t e s t s .  

T ~ ~ r u s t  z e t c r s  and t o r q u e  c c t o r s  :~cl-e e n p l o ~ c d  b!~ t ' lc  
LockLocd A i r c r a f t  Corl2orntioc i r  1939,  t o  nensure  p r o p e l -  
l e r  c f f i c i e n c i o s  n t  c o d e r - t c  s p e e d s ,  ~ i t 1 1  s z t i s f ? c t o r y  
r e s u l t s .  B e s u l t s  yr i thin 2 l u s  o r  n i n u s  5  p e r c e n t  n o u l d  proe 
v i d e  u s e f u l  i n f o r n - t i o r ,  2s ? r e s e c t  p r o p e l l e r  c n l c u l ~ t i o i i s  
an-a ; :e l l  be i c  e r r o r  5 2 7  s c ~ e r n l  t i n e s  t h i s  3 ~ o u n t  at 314h 
s p o e d s ,  I t  i s  f e l t  t>,:t t l i s  nccurscy  cou ld  e n s i l y  bc 
03tnincci .  

B 3 i l e  f li yht  t o s t s  Iyoul$- f u r n i s h  nn i x n e d i a t  c n n s r e r  
t o  t h e  q u e s t i o z  of v a l i d i t y  of t11c a i r f o i l  d a t a ,  2 propc l -  
l e r -de .~o iopxenC Tro5rnn rroulil pr03abl:f requf r e  wind-tVu:?nel 
t e s t s  a t  l i g 5  f o r n n r d  s p e e d s ,  The2 n i n d  t u n ~ o l s  3econo 
nvqJil?-91e ..-:l~f ch czn produce speeds  of 500 z ~ i l c s  y c r  :lour 
?.t t:or:ciag;-sectisn d e n s i  t i e s  corrosponrl.icy t c  nbout 20,000  
f c c t  , t b c  d u > l i c n t i o n  of f u l l - s c a l e  c o n p r o s s i 5 i l i t y  e f f  o c t s  
b o c o r ~ c s  n s i n p l e  z z t t c r .  Fj.<urc 1 2 3  S?~OT:S %::e rnoqe  of 
n i r p l s o e  c o n h i t i o n s  -33  c 5  i t  a o u l d  be d e s i r a b l e  t o  covor.  
F i ~ u r e  1 2 3  shows L l ~ e  r o d e l  ? o v e r s  ?,nil rpn  which would bo 
r c q u i r u d  $0 d u p l i c - t o  t h c  f u l l - s c n l e  c o n d i t i o n s  oxsctl::, 
e x c e p t  f o r  Reynolds n u r b c r ,  T i t 3  model-pro;cl ler  d ian-  
e t e r  o? 2.5 f c s t ,  n r c l n t i v p l g  snnl.1 t u n n e l  r o u l d  s u f b i c c .  

.The nzxinun nodo l  poner  r e q u i r e d ,  uoulcl be 130 brc-.kc horse -  
poner  ,-.t 8720 r12n. H i  qh-f r egucncp  qezrod s~~nc3ro1:ous r o -  
t o r s ,  t o  r z o t  t 5 i s  r o q u i r c n e n t ,  cou ld  c z s i l > ~  be b u i l t  t~ 
Z i t  i i l s i d o  r-, 12- inch nncellt3.  3:- c o r ~ c l a t i o n  r ~ i t h  t30 
f l i g h t  t e s t s ,  t3.e v a l i A i t y  o f  t k o  r i s d - t u c n c l  t e s t s  c o u l d  
5 e  a s t n b l l s h c d .  



T H 3  PBOSPECTS FOR J E T  PROPULSIOB 

T i c  l i n i t ~ ~ t i o n s  which p r a c t i c a l  :3ropcl lors  l3lace u:3on 
-?ir:.l?,:iz sl3eod.s s:lould s t i r u l a t  o  t h e  devclopnont  o l  j c t  
p r o p u l s i o n .  Conlrcntionzl. a i ~ j 3 1 a n e s ,  - .~ i t :2  c n y i n e s  a*?n . i l -  
z b l c  a5 ; > r e s c r t ,  ~.:-q3onr t o  5 c  l i n i t e d  t o  s ~ c c d s  i n  t h c  
j? -e i~ ;5borkoo& of  553 z i l c s  g c r  hour  at 20,090 f e e t ,  due t o  
c o n i 3 r e s s i b i l i t ~ -  e f f e c t s  on ; > o r t i o n c  o t h o r  t h z n  t h o  p ro l3o l l c r .  
If t 5 e  p r a c t i c ~ , l  ~ r o p c i l c r  c h z r a c t c r i s t i c s  d e r i v e d  i n  t h a  
p r o c e d i z q  s e c t i o n  -DC a c c s - ~ t  o ? ,  t h e r e  ronn inx  r e q i o n  sonc 
5 0  r ~ i l c s  :1e2 >our  i n  o x t e a %  cz2ich c o u l d  3nrdl;-  bo cx;2lorcd 
i x n e d i n t c l : ~  n i t h o u t  t h e  ? i d  o f  j e t  ~ r o > u l s i o n .  On t h o  su r -  
f n c e ,  2.t l e a s t ,  t h c  devcl-opnent of t 3 i s  T?cnns does  n o t  ?.I-- 
p e z r  t o  Sc! ; ~ n r t i c u l n r l ~ ~  :el , - , jorzte .  I n  f t s  on'or$onic f o r n ,  
i t  hz-s 5 c c n  udoa f o r  t S e  l z s t  y e a r  o r  t a o  on n n u c b e r  of 
?-iri31?vz?cs i c r c  rind s ' l r aad .  Cons idor7b lc  rcsearc la  13.11 3 0  

r e q u i r e d  b e f o r e  L t  sill 5e  n?.rantnqsous t o  f e n t h e r  t 3 o  
2 r o i 2 e l l e r  and p r o c e e d  o r  j e t  t k r u s t  n l o n e ,  3u t  t i c  r c s u l t s  
o f  d e ~ c l o p z o n t  7:rorB a r o  c o r t n f n  t o  r e c c i v c  c5dcs:3rc~~d ?t- 
t e n t i o n  2nd u n i ~ c r s 3 ~ 1  a ? ; ? l i c a t i o z  5,n hiqh-s;3ocd n i r i ~ l m e s .  

It is' beyond t 3 e  scope  of  t h i s  pa:;er t~ &en1 1:it2 
j e t  ; s r o p u l s i o n ,  except i n  13qssiaq. I t  ::ill s u f f i c e  t,o 
a e n t i o n  %>rut ,  i n .  a t i d i t i o n  t o  b e i ? . ~  r o l a t i v c i p  f r e e  f r o 3  
c o r ; ~ r e s s i b i l i t ~ ~  l i r ? i t n . : i o n s ,  t h e  j c t  3as t h c  added advan- 
t a y e  t3ct i t s  t h r u s t  i s  indcpcnXent  o? s;,ccd, The pro i Ic l -  
I c r ,   hose t h r u s t  ~ a r i o s  n l n o s t  f n v c r s c l g  i ~ i t b  s p e e d ,  nay 
b e  d e s c r i b e 3  n s  nn i n 3 e r e n t l y  low-sp~:ed d e v i c e .  
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Figure 4.- Critical srgeedrr for the ideal p r ~ p e l l e r  a i r f o i l  
at 20,000 feet, Effect of lift coefficient. 

Figure 10,- Variation sf tip @peed with d i m t e r  
and r g m .  V = W  mph. 
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speeds o f  9s thick 
a i r fohls  . 

Pigax@ '4.- The present 
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Figure 8.-  Critical section speeds for propeller with Clerk 
Y seotioms. 

Propeller radius, percen f 

Figure 9.- Gritict%l sectiorm elpceedla for b m t  gracticall propeller. 






