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SUMMARY 

The r e l a t i v e  e f f i c i e n c i e s  of v a r i o u s  engine-prope l le r  
combinations were t he  s u b j e c t  of a s tudy  t h a t  covered t h e  
important  f l i g h t  c o n d i t i o n s ,  p a r t i c u l a r l y  t h e  take-off .  
Design c h a r t s  t h a t  g r a p h i c a l l y  c o r r e l a t e  t h e  v a r i o u s  pro- 
p e l l e r  parameters  were prepared to  f a c i l i t a t e  t h e  s o l u t i o n  
of problems and a l s o  t o  c 1 a r i . f ~  t h e  conception of t h e  r e i  
l a t ionsh i -ps  of . t h e  v a r i o u s  engine-prope l le r  des ign  f a c t o r s . '  

I t  i s  shown t h a t ,  among t h e  many methods f o r  improv- 
i n g  the  take-off  t h r u s t ,  t h e  u se  of h igh-p i tch ,  l a rge-d i -  
ameter c o q t r o l l a b l e  p r o p e l l e r s  tu rn i ,ng  a t  low r o t a t i o n a l  
speeds i s  probably t h e  most g e n e r a l l y  promising. With 
such- a combination t h e  take-off t h r u s t  may be f u r t h e r  in-  
c r eased ,  st the  expense o f  a small 106s i n  c r u i s i n g  a f f i -  
c i enay ,  by cornp~omise dea igns  wherein t h e  p i t c h  s e t t i n g  i s  
s l i g h t l y  reduced and t h e  dlameter  i s  f u r t h e r  fncreased .  
?he degree of compromise necessary  t o  accomplfsh the  maxi- 
mum p o s s i b l e  take-off  improvement depends on such des ign  
f a c t o r s  as  overspeeding and overWoosting a t  take-off  as 
w e l l  a s  depending on t h e  des ign  a l t i t u d e ,  Both oversgeed- 
i n g  and des ign ing  f o r  a l t i t u d e  o p e r a t i o n  have t h e  same ef -  
f e c t  on t h e  take-off t h r u s t  as compromising i n  t h a t  t h e  
p ropu l s ive  e f f i c i e n c y  i s  i nc reased  thereby;  boos t ing  t h e  
engine,  howsver, has t h e  r e v e r s e  e f f e c t  on t h e  p r o p u l s i v e  
o f f  i c i e n c y  , a l though  t h e  brako horsepower i s inc rease&,  

For c a s e s  wherein t he  des ign  b a s i c  p i t c h  s e t t i n g  i s  
n e c e s s a r i l y  low because of t he  i n f l e x i b i l i t y  of t h e  engine 
o r  a i r p l a n e  design r e l a t i v e  t o  p r o p e l l e r  speeds and diam- 
s t o r ,  t h e r e  i s  l i t t l e  t o  be gained i n  performance from t h e  
use of s p e c i a l  dev ices  such as c o n t r o l l a b l e  p r o p e l l e r s ,  
bu t  t h e  advantage i n c r e a s e s  wi th  the  p i t c h  s e t t i f i g  o r  
roughly ,  bu t  no t  n e c e s s a r i l y ,  w i t h  t h e  speed. 

There i s  no wel l -def ined  l i m i t  t o  the  v a l u e s  of speed, 
power, and a l t i t u d e  t o  be a t t a i n e d  i n  f u t u r e  p r o p e l l e r  de- 
s i g n ~ ,  bu t  i n c r e a s i n g  each f a c t o r  imposes i nc reased  design 
d i f f i c u l t i e s ,  A i r  speeds  of ' the  o r d e r  of 400 mJles p e r  
hour must be accompanied by p i t c h  a n g l e s  of a t  l e a s t  45' o r  



50°,  and t h e  d i a m e t e r s  of 3-blade  p r o p e l l e r s  may r e a c h  1 5  
f e e t  f o r  3,000-horsepower eng ines  f o r  s e a - l e v e l  o p a r a t i o n  
and 30 f e e t  f o r  40 ,000  f e e t  a l t i t u d e .  

INTRODUCTIOB 

, ? 

The g e n e r a l  c o n c e p t i o n  of t h e  eng ine  ancl p r o p e l l a r  as 
a n  i n t e g r a l  p r o p u l s i v e  u n i t  i s  af  f a i r Z y  r e c e n t  o r i g i n ,  
Engine b u i l d e r s  r a r e l y  invaded %he p r o p e l l e r  f i e l d  t o  de- 
t e rmino  d o s i g n  f a c t o r s  a f f e c t i n g  t h e i r  p r o d w f ,  and p r a p a l -  
l o r  m a n u f a c t u r e r s  ware u s u a l l y  a o n t e n t  t o  b u i l d  t h e i r  prod- 
u c t s  t o  f i t  t h e  e x i s t i n g  eng ines .  Untl.1 t h e  a r r i v a l  o f  
high-speed a i r p l a n e s  and c o n t r o l l a b l e  p r o p e l l e r s ,  t h e r e  
was l i t t l e  need f o r  c o o p o r a t i o n  as  t h e  b e s t  e n g i n a  d e s i g n  
f e a t u r e s  were  f a s t u n a t e l y  o f t e n  b e s t  f o r  t h e  p r o p e l l e r .  
High-performance a i r p l a n a s ,  however,  have brqught  s p e c i a l  
p r o p u l s i v e  problems t h a t  r e q u i r e  c l o s e  s t u d y  of t h o  u n i t  
as  a whole f o r  tho  b e s t  s o l u t i o n .  4 

This paper  p r e s e n t s  t h e  r e s u l t s  of a s t u d y  of t h e  
r e l a t i v e  e f f i c i e n c i e s  of v a r i o u s  e n g i n e - p r o p e l l e r  combina- r 

t i o n s  c o v e r i n g  t h e  i m p o r t a n t  f l i g h t  c o n d i t i o n s ,  garCPguXar- 
l y  t h e  t a k e - o f f .  Design c h a r t s  a r e  a l s o  g i v e n  -which graph- 
i c a l l y  c o r r e l a t e  t h e  v a r i 6 u s  p r o p e l l e r  pa rametors .  

GEWXRAL DESIGN CHARTS 

The famf l i a r  speed-power caa f f  i c i e n t  Cs , when p l o t -  
t e d  a g a i n s t  V / ~ D  and f o r  a f a m i l y  of p r o p e l l e r s  ( s e e  
f i g .  I ) ,  i s  v e r y  u s e f u l  i n  d e s i g n i n g  o r  s e l e c t i n g  p rope l -  
l e r s  f a r  g i v e n  a i r p l a n e s  and e n g i n e s .  For c o n d i t i o n s  
where in  t h e  b e s t  eng ine  g e a r  r a t i o ;  k k k d @ , w i d t h ,  o r  number 
of b l a d e s  i s  unde te rmined ,  t h e  d e s i g n e r  must make a d d i t f  on- 
a l  computa t ions  b e f o r e  a  p r o p e l l e r  can be  s e l e c t e d  o r  ds-  
s i g n e d ,  These e x t r a  computa t ions  o f t e n  i n v o l v e  t i p  s p e e d s ,  
which d e f i n i t e l y  l i m i t  t h e  p roduc t  of t h e  p r o p e l l e r  r o t s -  
t i o n a l  speed  and d i a m e t e r .  I n  o r d e r  t o  f a c i l i t a t e  such 
computa t ions  and a l s o  t o  c o r r e l a t e  t h e  s e p a r a t e  impor tan t  
p r o p e l l e r  d e s i g n  d imensions  on a s i n g l e  c h a r t  80 t h a t  t h e i r  
r e l a t i v e  v a l u e s  may more r e a d i l y  be v i s u a l i a e d ,  a d e s i 8 n  
c h a r t  ( f i g .  2) has  been worked ou t  baaed on t h e  Cs c h a r t  
g iven  i n  f i g u r e  1. The C c h a r t  was d,~awn from d a t a  
g i v e n  i n  r e f e r e n c e  1 and t i e  cu rves  were c r o s s - f a i r e d  i n  
o r d e r  t o  o b t a i n  a b e t t e r  working c h a r t  f r e e  from minor i r -  
r e g u l a r i t i e s .  



When C s  c h a r t s  a r e  u sed ,  t he  p r o p e l l e r  i s  o r d i n a r i -  
l y  designed to ope ra t e  a t  h igh  o r  c r u i s i n g  speed a t  a 
p o i n t  on t h e  envelope of t h e  e f f i c i e n c y  curves  o r  a t  a 
p o i n t  s l i g h t l y  below t h e  envelope i f  t h e  take-of f  and 
cl imb e f f i c i e n c y  i s  t o  be increased.  The l a t t e r  des ign ,  
involv ing  reduced p i t c h  and inc reased  d iameter ,  i s  gener- 
a l l y  known as a ficornpromisefi des ign  s ince  t h e  high-speed 
e f f i c i e n c y  i s  s l i g h t l y  s a c r i f i c e d  I n  o rde r  t o  i nc rease  t h e  
e f f i c i e n c y  a t  take-of f ,  As t h e  of f  i c i ency  envelope curve  
o r  t ho  corresponding compromise curve a r e  t h e  on ly  C s  ef- 
f i c i e n c y  curves  g e n e r a l l y  u sed ,  des ign  c h a r t s  may be made 
up wi th  t h e s e  two curves  used a s  a p a s i s .  F igure  2  i s  such 
a c h a r t  based on t h e  maximum-efficiency envelope curve 
(high-speed envelope curve) of a  fami ly  of p r o p e l l e r s  f o r  
which t h e  t e s t  r e s u l t s  a r e  given i n  f i g u r e  1, F i g u r ~ s  3 
and 4 a r e  a d d i t i o n a l  s e c t  i ons  A of t he  c h a r t  i n  f i g u r e  2 
based on compromise curves ,  and may be superposed on sec- 
t i o n  A of f i g u r e  2, The c h a r t  of f i g u r e  3  i's f o r  moder- 
a t e  compromise p r o p e l l e r s  of which t h e  high-speed g i t c h  
s e t t i n g  i s  reduced 3'; t h a t  of f i g u r e  4 i s  f o r  a 5 blade- 
ang le  r educ t ion  a t  h igh  speed. I t  has  been found conven- 
i e n t  t o  express  t h e  degree  o f  compromise i n  terms of des ign  
blade-angle r educ t ion  f o r  h igh  speed. 

Development 0-f t h e  c h a r t  ( f i g ,  2>st- The c h a r t  of f i g -  
u r e  2 i s  comx,osed of a number of s e c t i o n s ,  Sec t ion  A i s  
t he  only par i  taken s t r i c t l y  from t e s t  r e s u l t s ,  t he  r e s t  
of t h e  c h a r t  being only dimensional  and t h e r e f o r e  gene ra l  
f o r  a l l  p r o p e l l e r s  of somewhat s i m i l a r  cons t ruc t ion .  Sec- 
t i o n  A may t h e r e f o r e  be made up f o r  d i f f e r e n t  f a m i l i e s  of  
p r o p e l l e r s  a s  f o r  d i f f e r e n t  des ign  cond i t i ons  and may be 
used i n  conjunc t ion  w i t h  t h e  r e s t  of the  c h a r t  f o r  de t e r -  
mining the  va r ious  dimensional  da t a ,  

O . 6 3 8 ~ m ~ .  ~ . x Q ~ / ~  IDrom the  speed-power co e f f i c i e n t  C s  = ------ ----- , 
hp.1/5~r .p .m.2/5  

P 
where 0 = -- , t he  numeiator ( a i r p l a n e  f u n c t i o n )  i s  used 

P o  
a s  t he  a b s c i s s a  and t h e  denominator (engine f u n c t i o n )  i s  
used a s  t h e  o r d i n a t e  f o r  p l o t t i n g  i n  s e c t i o n  A va lues  of 
p r o p u l s i v e  e f f i c i e n c y ,  t i p  speed,  p i t c h  s e t t i n g ,  and 
cp1/5., a l l  of which a r e  determined from t h e  C s  envelbpe 

curve  f o r  maximum e f f i c i e n c y .  The l i n e s  f o r  cons tan t  e f -  
f  i c i e n c y  a r e  s t r a i g h t  except a t  va lues  corresponding t o  
h igh  t i p  speeds  where they curve owing t o  t ip-speed cor- 
r e c t i o n s  ( r e f e r e n c e s  2 and 3 ) .  The l i n e s  f o r  cons tan t  



c ~ ~ / ~  a r c  used  f o r  t h o  d e t e r m i n a t i o n  of the p r o p e l l e r  d i -  

amete r  as  w i l l  l a t e r  be  more f u l l y  exp la ined .  While t h e  
s t r a i g h t  p o r t i o n s  of  t h e  l i n e s  f o r  c o n s t a n t  e f f i c i e n c y  

~ ~ 1 1 . 5 ,  and p i t c h  s e t t i n g  may r e a d i l y  be determfnod by 
s o l v i n g  f o r  one p o i n t  on each l i n e ,  t h e  l i n e s  f o r  c o n s t a n t  
t i p  speed. a r c  more d i f f i c u l t  to  o b t a i n ,  e s p e c i a l l y  i f  t h c  
f  o r n a r d  a i r - s p c c d  conponent i s  c o n s i d e r e d .  

I n  t h e  d e t e r m i n a t i o n  of t h e  l i n e s  f o r  c o n s t a n t  t i p  
speed ,  v a l u e s  of  r.p.m. X D were f i r s t  o b t a i n e d  f o r  d i f -  
f e r e n t  v a l u e s  of a i r  speed a t  s e a  l e v e l ,  and V / ~ D  was 
t h e n  determined.  S ince  t h e r e  i s  a  d e f i n i t e  v a l u e  of  C s  
f o r  each v a l u e  of v / ~ D ,  Cp 115 w a s  d e t e r m i n e d ,  u s i n g  t h e  

r e l a t i o n  c~~~~ = a%'. With t h e  a i r  speed a t  s e a  l e v e l  
C~ E 

g i v e n ,  t h e  v a l u e s  f o r  c o n s t a n t  t i p  speed were p T o t t e d ,  e i -  
t h e r  i n  r e l a t i o n  t o  t h e  cp115 l i n e s ,  o r  a g a i n s t  hp. 1 / 5  

r epam.  2 / 5  
r e p m e  X D X cp115 X 0115 which e q u a l s  -------------------------* 
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The e f f i c i e n c y  c u r v e s  mere c o r r e c t e d  f o r  t i p  speeds  
above approx imate ly  1 ,000 f e e t  p e r  second. ( s e e  r e f e r -  
ences  2 and  3 ) .  

Although s e c t i o n  A of  t h e  c h a r t  a l o n e  ( f i g .  2)  might 
be u s e f u l ,  i t  w a s  b e l i e v e d  t h a t  a complete oxpansion of 
b o t h  t h e  a b s c i s s a  and t h e  o r d i n a t e  s o  t h a t  e a c h  component 
n i g h t  be r e a d  d i r e c t l y  would a p p l y  more wide ly  and would 
g i v e  a  c l e a r e r  p i c t u r e  of t h e  r e l a t i o n s h i p  between t h e  va- 

r i o u s  pa ramete r s .  The a b s c i s s a  mapahe  X 0"' was conse- 
q u e n t l y  broken down i n t o  l i n e s  of c o n s t a n t  a i r  speed f o r  

d i f f e r e n t  a l t i t u d e s  ( s e c t i o n  B ) .  The o r d i n a t e  hp.1/5 X 

rep.m. "I5 Bas a l s o  r e s o l v e d  i n t o  l i n e s  of c o n s t a n t  pro-  
p e l l e r  r o t a t i o n a l  speed f o r  d f f f e r e n t  v a l u e s  of eng ine  
pomer ( s e c t i o n  c ) .  

S i n c e  t h e  t o t a l  b l a d e  w i d t h  o r  t h e  number of b l a d e s  
i s  a l s o  a f u n c t i o n  of  t h e  power,  t h e  power was f u r t h e r  r e -  
s o l v e d  i n t o  l i n e s  of c o n s t a n t  power f o r  d i f f e r e n t  t o t a l  
b l a d e  w i d t h s  ( s e c t i o n  D ) .  I t  w a s  assumed t h a t  t h e  pomer 
a 'bsorbed by t h e  p r o p e l l e r  v a r i e d  w i t h  t h e  . t o t a l  b lade-wid th  
r a t i o  a c c o r d i n g  to  i n f o r m a t i o n  g i v e n  i n  f i g u r e  "v5G of r e f -  
e r e n c e  3. 1na.smucii a s  "the p r o p u l s i v e  e f f i c i e n c y  o r d i n a r i -  
l y  d e c r e a s e s  s l i g h t l y  a s  t h e - t o t a l  b l a d e  width  i s  i n c r e a s e d ,  



a n  a r b i t r a r y  c o r r e c t i o n ,  s e c t i o n  G ,  w a s  i nc luded .  T h i s  
c o r r e c t i o n  mas t a k e n  from f i g u r e  6 6  of r e f e r e n c e  3 but  mas 
s l i g h t l y  modi f i ed  i n  view a& more r e c e n t  t e s t s .  

I n  o r d e r  t o  deve lop  t h e  p r o p e l l e r - d i a m e t e r  c h a r t ,  i t  
n a s  f i r s t  n e c e s s a r y  t o  r e s o l v e  t h e  o r d i n a t e  

c ~ ~ ' ~  x rapam.  x D x G ~ / ~  ----------------------- i n t o  l i n e s  of c o n s t a n t  Cp 1/5 
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X rapam.  f o r  d i f f e r e n t  v a l u e s  of D X 4''' ( s e c t i o n  E), . 
and  then  t o  p l o t  l i n e s  of c o n s t a n t  d iamete r  f o r  d i f f e r e n t  
a l t i t u d e s  i n  s e c t i o n  I?, I t  s h o u l d  be noted  t h a t  t h e  prod- 
u c t  o f  r apam.  and C p l / 5  must be found b e f o r e  proceed- 

i n g  t o  s e c t i o n s  E and F a  

The e f f i c i e n c y  c o r r e c t i o n  f o r  p rope l l e r -body  i n t e r -  
f e r e n c e  i s  g i v e n  i n  s e c t i o n  H a  T h i s  c o r r e c t i o n ,  recom- 
mended i n  r e f e r e n c e  3 ,  r educes  t h e  p r o p u l s i v e  e f f i c i e n c y  1 
p e r c e n t  below t h a t  f o r  t h e  t e s t  r e s u l t s  f o r  an  8-percent  
d e c r e a s e  i n  p rope l l e r -body-d iamete r  r a t i o .  C o r r e c t i o n s  
f o r  i n c r e a s e s  i n  p rope l l e r -body-d iamete r  r a t i o  a r e  no t  
recommended s i n c e  t e s t s  i n d i c a t e  t h a t  l i t t l e  change i n  of- 
f i c i e n c y  r e s u l t s  from d e c r e a s i n g  a  nominal body s i z e  from 
0.4 t h e  p r o p e l l e r  d iamete r  t o  ze ro .  

Tip s ~ e e d s . -  U n f o r t u n a t e l y  i t  w a s  not  p o s s i b l e  t o  i n -  - 
c o r p o r a t e  a  complete s e t  of t i p - s p e e d  l i n e s  f o r  a l l  a f t i -  
t u d e s  i n  t h e  c h a r t .  L i n e s  f o r  1 , 0 0 0  f e e t  pe r  second f o r  
t h e  h i g h - s p e e d - p r o p e l l e r  d e s i g n  a t  s e v e r a l  a l t i t u d e s  y e r e ,  
however, i n c l u d e d ,  Tip speeds  f o r  d i f f e r e n t  a l t i t u d e s  may 
be  r e a d i l y  ob ta ined  f rom t h e  c h a r t  by d e t e r m i n i n g  t h e  sea-  
l e v e l  t i p - s p e e d  v a l u e  a t  t h e  same cp1/5 and a i r  speed a s  
t h o s e  f o r  t h e  a l t i t u d e  under  c o n s i d e r a t i o n .  The t i p  speed 
t h u s  o b t a i n e d  i s  t h e  same a s  t h a t  f o r  t h e  a l t i t u d e  i n v e s t i -  
g a t e d  s i n c e  t h e  t i p  speed  i s  d e t e r m i n e d  by V / ~ D  and a i r  
s p e e d ,  which remain c o n s t a n t  under  t h e  f o r e g o i n g  assumpt ion .  
I n  o r d e r  t o  check any v a l u e  more a c c u r a t e l y ,  t h e  t f p  speed 
may be computed from t h e  r e l a t i o n :  

TT X r .p .m.  X D 
t i p  spee4  = - 

SO cos cpt 

where cos  c p t  i s  a f a c t o r  t h a t  t a k e s  i n t o  a c c o u n t  t h e  
forwarrl v e l o c i t y .  F i g u r e  5 g i v e s  v a l u e s  ,of c'os Vt f o r  
d i f f e r a n t  p i t c h  a n g l e s .  



I t  may b e  n o t e d  t h a t  t h e  e f f i c i e n c y  c u r v e s  have  been  
c o r r e c t e d  o n l y  f o r  t h e  p r o p e l l e r s  o p e r a t i n g  a t  s e a  l e v e l .  
S i n c e  t h e  p r o p u l s i v e  e f f i c i e n c y  s t a r t s  t o  d e c r e a s e  a t  t i p  
s p e e d s  of  a b o u t  0 . 9  t h e  s p e e d  of s o u n d ,  t h e  change  i n  t h e  
speed  of sound w i t h  c h a n g e s  i n  a l t i t u d e  s h o u l d  b e  t a k e n  
i n t o  n,ccount f o r  a l t i t u d e  d e s i g n s ,  F i g u r e  6 i n d i c a t e s  
t h a t  t h e  v e l o c i t y  of  sound  d e c r e a s e s  a t  t h e  r a t e  of 4 .17 
f e e t  p e r  s econd  p e r  1 , 0 0 0  f e e t  a l t i t u a e  up t o  t h e  s t r a t o -  
s p h e r e .  S t r a t o s p h e r e  b a l l o o n i s t s  h a v e  r e p o r t e d  i n c r e a s i n g  
t e m p e r a t u r e s  w i t h  i n c r e a s i n g  a l t i t u d e  above  t h e  t r o p o p a u s e ,  
which  i n d i c a t e s  a r e v e r s a l  i n  t h e  t r e n a  of t h e  speed  of 
sound a t  t h o s e  a l t i t u d e s .  

I t  i s  n o t  l i k e l y ,  however ,  t h a t  t h e  s p e e ?  of sound a t  
a l t i t u d e  w i l l  d e t e r m i n e  t h e  l i m i t i n g  c o n d i t i o n ,  s i n c e  t h e  
c r u i s i n g  p r o p e l l e r  s p e e d  i s  o r d i n a r i l y  c o n s i d e r a b l y  lower  
t h a n  t h a t  f o r  t a k e - o f f .  When c h e c k i n g  t h e  t a k e - o f f  t i p  
s p e e d ,  t h o  f a c t o r  uos cpt may bo n e g l e c t e d  b e c a u s e  t h e  
f o r w a r d  v e l o c i t y  i s  s m a l l .  

I 

gge of  t h e  c h a r t s . -  The f o l l o w i n g  d i r e c t i o n s  f o r  t h e  
u s e  of t h e  c h a r t s  a p p l y  t o  a c o m p o s i t e  c h a r t  composed of 
p a r t s ,  A ,  B ,  C ,  D ,  3, a n d  F combined as shown i n  f i g u r e  2 ( a ) .  2 

E x t r a  c o p i e s  of t h e  t h r e e  s h e e t s  t h a t  c o n s t i t u t e  t h e  main 
c h a r t  may b e  o b t a i n e d  upon r e q u e s t  f rom t h e  N . A . C . A .  i n  
Washington.  A s  t h e  c h a r t s  may b e  u s e d  f o r  a v a r i e t y  of de- 
s i g n  p r o b l e m s ,  o n l y  g e n e r a l  d i r e c t i o n s  need b e  g i v e n .  Read 
f rom s e c t i o n  t o  s e c t i o n  v e r t i c a l l y  o r  h o r i z o n t a l l y  e x c e p t  
a c r o s s  d o u b l e d  d i v i s i o n  l i n e s .  The problem Cp ' I 5  x r .p .m.  
must b e  s o l v e d  b e f o r e  t h e  d i a m e t e r  can  b e  r e a d - f r o m  s e c t i o n  
I?. 

Given! Design h i g h  s p e e d ,  200 m.p,h,  

Engine  power ,  700 hp. a t  1 0 , 0 0 0  f t .  

P r o p e l l e r  s p e e d ,  1 , 4 0 0  r .p.m. f o r  h i g h  
speed  a t  c r i t i c a l  a l t i t u d e ,  

Tip s p e e d ,  1 , 0 0 0  f t  ,/set. o r  l e s s .  

Engine  d i a m e t e r ,  54 i n .  

P r o p e l l e r  d e s i g n e d  t o  o p e r a a t e  a t  p e a k  e f f i -  
c i e n c y  a t  h i g h  s p e e d  a t  c r i t i c a l  a l t i t u d e .  

To f i n d ;  D i a m e t e r ,  p i t c h  s e t t i n g ,  and  e f f i c i e n c y .  



S o l u t i o n :  The v e r t i c a l  l i n e  t h r o u g h  s e c t i o n s  A and  B 
i s  e s t a b l i s h e d  i n  s e c t i o n  B by t h e  i n t e r -  
s e c t i o n  of t b e  l i n e  f o r  200 m i l e s  p e r  hour  
and  t h e  l i n e  f o r  1 0 , 0 0 0  f e e t  a l t i t u d e .  If 
a % - b l a d e  p r o p e l l e r  s i m i l a r  t o  4412 i s  as-  
sumed, t h e  v e r t i c a l  l i n e  t h r o u g h  s e c t i o n s D  
and  C i s  e s t a b l i s h e d  i n  s e c t i o n  D by t h e  
i n t e r s e c t i o n  of t h e  700-horsepower c u r v e  
a n d  t h e  d o t t e d  l i n e  f o r  t h e  4412  2 -b l ade  
p r o p e l l e r ,  Th i s  v e r t i c a l  l i n e  i n t e r s e c t s  
w i t h  t h e  r .p .m.  c u r v e  i n  s e c t i o n  C a t  a 

v a l u e  of hp . lY5  X -r .p.m. 2 / 5  = 67 .5  and  
e s t a b l i s h e s  t h e  h o r i z o n t a l  l i n e  t h r o u g h  
s e c t i o n s  C ,  A ,  and  E .  Reading  t h e  v a l u e s  
of p i t c h  s e t t i n g ,  e f f i c i e n c y ,  t i p  s p e e d ,  

and  Cp 'I5 i n  s e c t i o n  A a t  t h e  i n t e r s e c t i o n  

of t h e  v e r t i c a l  and  h o r i z o n t a , l  l i n e s :  p i t c h  
s e t t i n g  =28 .2O,  r l=  8 5 ,  t i p  s p e e 4  = 925 

f  t , / s e c  . ( a p p r o x i m a t e l y )  , a n d  Cp 'I5 = 0.588 .  
I n  d e t e r m i n i n g  t h e  d i a m e t e r ,  Cp 'I5 x r . p .m .  
= 824.  I n  s e c t i o n  E t h e  i n t e r s e c t i o n  of 

1 / 5  
the h o r i z o n t a l  l i n e  and  t h e  Cp X r . p , m ,  - 824 l i n e  d e t e r m i n e s  a  d i a m e t e r  of 1 2 . 0  
f e e t .  S i n c e  t e  p r o p e l l e r - b o d y  d i a m e t e r  
r a t i o  i s  1 2 . 0  'i 4 .5  o r  2.67 t h e r e  i s  no e f -  
f i c i e n c y  c o r r e c t i o n .  I f  a 4412 3 -b l ade  p r o -  
p e l l e r  i s  a s sumed ,  . t h e  h o r i z o n t a l  l i n e  
t h r o u g h  s e c t i o n s  C, A ,  a n 4  P1 i s  e s t a b l i s h e d .  

a t  a v a l u e  of hp,1/5 X r . p . m , 2 / 5  = 6 3 ,  de- 
t e r m i n i n g :  p i t c h  s e t t i n g  = 29.8' ,  rl = 
8 4 . 2 ,  t i p  speed  = 865 f t  . / s e c .  ( a p p r o x i -  

m a t e l y ) ,  c p l / ~  = 0 . 5 9 5 ,  a n d  d i a m e t e r  = 11.1 
f e e t ,  S i n c e  t h e  p r o p e l l e r - b o d y  r a t i o  i s  
2,47, t h e r e  i s  no e f f i c i e n c y  c o r r e c t i o n .  The 
e f f i c i e n c y  s h o u l d  b e  d e c r e a s e d  a b o u t  2 . 5  
p e r c e n t ,  however ,  b e c a u s e  of t h e  t o t a l  
b l a d e - w i d t h  c o r r e c t i o n ,  r e s u l t i n g  i n  a n e t  
e f f i c i e n c y  of 81 .7 .  

Example 2: 

Given : Design h i g h  s p e e d ,  200 m.p,h. 

Engine power ,  700 a t  1 0 , 0 0 0  f t .  a l t i t u d e .  



T i p  s p ~ e d ,  900 f t . / s e c ,  o r  l e s s .  

To f i n d :  Bes t  p r o p e l l e r  speed ,  b e s t  t o t a l  b l a d e  
w i d t h ,  diamct o r ,  and e f f i c i e n c y .  

S o l u t i o n :  The i n t e r s e c t i o n  of t h e  v e r t i c a l  l i n e  
th rough  s e c t i o n s  A and B w i t h  t h e  l i n e  
f o r  900 f t . / s e c .  t i p  speed d e t e r m i n s s  , 

t h e  h o r i z o n t a l  l i n e  th rough  s e c t i o n s ,  A ,  
C ,  and E at a v a l u e  of hp.1/5 X i 

r.p.m.?" = 65.0. For  a  4412 2-blade 
p r o p e l l e r ,  t h e  r,p.m, = 1 , 2 9 0 ,  d i a m e t e r  
= 12.6 f e e t ,  and t h e  p i t c h  a n g l e  = 28.g0. 

I f  a  lower  t i p  speed i s  chosen,  t h e  engine-  
p r o p e l l e r  combinat ion  w i l l  be c h a r a c t  e r -  
i z e d  by a  lower  p r o p e l l e r  r o t a t i o n a l  
speed ,  a  l a r g e r  d i a m e t e r  p r o p e l l e r ,  a  
h i g h e r  ongino r e a c t i o n  t o r q u e ,  and a 
h i g h e r  p i t c h  p r o p e l l e r .  I f  a  c o a t r o l l a -  
b l e  p r o p e l l e r  i s  u s e d ,  t h e  h i g h e r  p i t c h ,  
l a r g e r  d iamete r  p r o p e l l e r  w i l l  r e s u l t  i n  
improved p r o p u l s i v e  e f f i c i e n c y  a t  take-  
o f f ,  a s  w i l l  l a t o r  be more f u l l y  ex- 
p l a i n e d ,  I n  view of t h e  h i g h e r  e f f f -  
c i e n c y  at  t a k e - o f f ,  a 37' p i t c h  a n g l e  
p r o p e l l e r  might be s e l e c t e d ,  which  mould 
d e f i n e  a  h o r i z o n t a l  l i n e  t h r o u g h  s e c t  i o n s  
A ,  C, and E a t  a  v a l u e  of h p a l / 5  X 

rep.m. 2 / 5  = 47.8. For  a  4412 2-blade  
p r o p e l l e r ,  t h e  r.p.m, = 600 and t h e  d i a a -  
e t e r  = 18.6 f e e t ,  

T h i s  example i l l u s t r a t e s  t h c  u s e  o f  t h e  
c h a r t  i n  r a p i d l y  s e t t i n g  up t h e  bouilda- 
r i e s  of d e s i g n  problems. 

COIJPARI SON OF VARIOUS EXGINE-PROPELLER COMBINAT 1017s 

V a r i o u s  e n g i n e - p r o p e l l e r  combinat ions  have been s tud-  
iod  w i t h  the purpose  of e v a l u a t i n g  t h e i r  r e l a t i v o  t h r u s t -  
p roduc ing  e f f e c t i v e n e s s  f o r  a l l  f l i g h t  c o n d i t i o n s .  The 
p r o p e l l e r  t e s t  d a t a  uscd  a s  a b a s i s  for .  a l l  computa t ions  
a r e  g i v e n  i n  f i g u r e  1. The r e f e r e n c e  t e s t s  were made a t  
v a r i o u s  p i t c h  ' s e t t i n g s  from 17' t o  42' o f  a  f a m i l y  a f  4- 
f o o t  model p r o p e l ~ e r s  t e s t e d  i n  c o n j u n c t i o n  w i t h  a r a d i a l -  
eng ine  n a c e l l e  mounted on a s c c t i o n  of a t h i c k  wing. 



An examinat ion  of t h e  envelope  p r o p u l s i v e  e f f i c i e n c y  
curves  r e v e a l s  t h a t  t h e  peak e f f i c i e n c y  occurs  a t  a  p i t c h  
s e t t i n g  of 270,  which i s  b e l i e v e d  t o  be a  c h a r a c t e r i s t i c  
of t h i s  p a r t i c u l a r  t e s t  se t -up  and n o t  n e c e s s a r i l y  t o  h o l d  
f o r  p r o p e l l e r s  i n  g e n e r a l .  T e s t s  r e p o r t e d  i n  r e f e r e n c e s  4  
and 5 do n o t  i n d i c a t e  a d e c r e a s i n g  e f f i c i e n c y  up t o  p i t c h  
s e t t i n g s  of even 360 o r  400. j 'ur thermore,  f u l l - s c a l e  t e s t s  
( s e e  appendix)  made of s e v e r a l  l a t e  p r o p e l l e r  d e s i g n s  i n d i -  
c a t e  t h a t  t h e  envelope e f f i c i e n c y  c u r v e  remains f a i r l y  f l a t  
up t o  abou t  40° p i t c h  s e t t i n g .  The r e l a t i v e  v a l u e s  a t  t h e  
take-off  and cl imb a r e  n o t  a l t e r e d ,  however, by any  such  
un ique  c h a r a c t e r i s t i c s  of t h e  p r o p e l l e r  d a t a  used  - 

Most of  t h e  computa t ions  to  de te rmine  t h e  r e l a t i v e  
e f f e c t i v e n e s s  of e n g i n e - p r o p e l l e r  combinat ions  were based 
on t e s t s  of  unsupercharged e n g i n e s ;  some of t h e  computa- 
t i o n s ,  however,  were r e p e a t e d  f o r  supercharged engines .  

Although t h e  r e l a t i v e  e f f i c i e n c i e s  of t h e  v a r i o u s  en- 
g i n o - p r o p e l l e r  combinat ions  have been worked ou t  f o r  t h e  
e n t i r e  speed r a n g e ,  emphasis h a s  been p l a c e d  on t h e  f o u r  
most impor tan t  f l i g h t  c o n d i t i o n s :  t ake -o f f  , c l i m b ,  c r u i s -  
i n g ,  and h i g h  speed. A r e p r e s e n t a t i v e  t ake -o f f  speed h a s  
been assumed, equa l  t o  0.3 t h e  h i g h  speed,  which .corre- 
sponds t o  a  speed a t  t h e  l a t t e r  p a r t  of t h e  take-off  run  
f o r  a v e r a g e  a i r p l a n e s .  I t  i s  shown i n  r e f e r e n c e  6 t h a t  i t  
i s  po s s i b l e  t o  compute t h e  take-off  run  f a i r l y  a c c u r a t e l y  
by u s i n g  t h e  e x c e s s  p r o p e l l e r  t h r u s t  a t  0.7 t h e  take-off  
speed ,  which cor responds  t o  0.3 t h e  h i g h  speed f o r  a ir-  
p l a n e s  hav ing  a spced range  of about  2.5 o r  3.0. The 
c l imbing  speed h a s  been assumed t o  be equa l  t o  0.65 t h e  
h i g h  spced.  The c r u i s i n g  c r i t e r i o n  i s  t h e  samo a s  t h a t  
f o r  h i g h  speed  s i n c e  p r o p e l l e r s  g e n e r a l l y  o p e r a t e  a t  abou t  
t h e  samo v a l u e  of  V / ~ D  f o r  b o t h  c o n d i t i o n s .  

Unsuper charged Engines  

The eng ine  t o r q u e  was assumed t o  remain c o n s t a n t  f o r  
s m a l l  changes i n  eng ine  speed a t  f u l l  t h r o t t l e  f o r  unsuper-  
cha rged  eng ines .  

F i x e d - p i t c h  p r o p e l l e r s . -  I n  f i g u r e  7 t h e  r a t i o  of t h e  
t h r u s t  horsepower t o  brake  horsepower a v a i l a b l e  a t  h i g h  
speed ,  t .hp./b.hp.,, i s  g i v e n  f o r  v a r i o u s  p i t c h  s e t t i n g s  

and a f  1 a i r  speeds  up t o  t h e  h i g h  speed.  Inasmuch a s  t h e  
f u l l - t h r o t t l e  eng ine  spced d e c r e a s e s  w i t h  t h e  a i r  s p e e d ,  



r g + n e  t h o  r a t i o  t.hp./b.hp., i s  e q u a l  t o  T l  x - where 
r rp . mern 

t h e  s u b s c r i p t  m d e o o t e s  t h e  c o n d i t i o n  a t  h i g h  speed* I t  
i s  notewor thy t h a t  even though t h e  r a t i o  t.hp./'b.hp., 
v a r i e s  somewhat f o r  t h o  d i f f e r e n t  p i t c h  s e t t i n g s  a t  h i g h  
speed ,  a l l  t h e  v a l u e s  f o r  t h e  l a t t e r  p a r t  of  t h e  take-off  
run  f a l l  w i t h i n  a few p e r c e n t  of each  o t h e r ,  T h i s  agree-  
ment i n d i c a t e s  t h a t ,  as f a r  as p i t c h - a n g l e  s e l e c t i o n  i s  
concerned,  t h e  b e s t  p r o p e l l e r  f o r  h i g h  speed w i l l  p r o b a b l y  
a l s o  be t h e  b e s t  f o r  t a k e - o f f ;  compromise d e s i g n s  a r e ,  of 
c o u r s e ,  n e g l e c t e d .  

A comparison h a s  been made i n  f i g u r e  8 of a  high- 
speed and a compromise des ign .  Tho r e s u l t s  a r e  g i v e n  f o r  a 
wide range  of d e s i g n  C s  v a l u e s  and show t h e  d i f f e r e n c e  
i n  t h r u s t  horsepower a v a i l a b l e  f o r  t h e  f o u r  impor tant  
f l i g h t  c o n d i t i o n s .  It  i s  i n t e r e s t i n g  t o  n o t e  t h a t  reduc-  
i n g  t h e  d e s i g n  b l a d e  s e t t i n g  3' and i n c r e a s i n g  t h c  diame- 
t e r  s l i g h t l y  t o  compensate i n c r e a s e s  t h e  t ake -o f f  and climb- 
i n g  t h r u s t  a smal l  amount and s l i g h t l y  roduces  t h e  high- 
speed t h r u s t .  

Compromising w i t h  f  i x e d - p i t c h  p r o p e l l e r s  i s  not  v e r y  
e f f e c t i v e  because t h e  loas i n  e n g i n e  power r e s u l t i n g  from 
lower  eng ine  speeds  n e a r l y  o f f s e t s  any g a i n  i n  p r o p u l s i v e  
e f f i c i c p c y .  3'igure 9 shows t h e  change i n  f u l l - t h r o t t l e  
eng ine  speed w i t h  change i n  a i r  speed f o r  h igh-speed  and 
compromise d e s i g n  p r o p e l l e r s  of v a r i o u s  b a s i c  p i t c h  s e t -  
t i n g s ;  i t  f u r t h e r  shows t h a t  t h e  p r o p e l l e r  speed a t  lorn 
speeds  d e c r e a s e s n i t h  i n c r e a s i n g  p i t c h  s c t t i n g  up t o  ab0u.t 
2'7' b u t ,  f o r  h i g h e r  p i t c h  s e t t i n g s ,  f u r t h e r  d e c r e a s e s  i n  
p r o p e l l e r  speed a r e  no t  so pronounced. 

F i x e d - s i t c h  and v a r i a b l e  g e a r  r a t i o .  I n  t h i s  analy-  
sis i t  was assumed that t h e  e n g i n e  g e a r  r a t i o  cou ld  be 
changed t h r o u g h  a n  i n f i n i t e  number of s t a g e s  so that t h e  
e n g i n e  speed would remain c o n s t a n t  f o r  a11 a i r  speeds ,  
By such a h y p o t h e t i c a l  arrangement  t h e  f u l l - t h r o t t l e  en- 
g i n e  power mould remain c o n s t a n t  and t h e  p r o p u l s i v e  e f f i -  
c i e n c y  mould d i f f e r  b u t  l i t t l e  from t h e  ungaared  condi- 
t i o n .  I n  f i g u r e  10 t h e  r e s u l t s  of  computa t ions  a r e  g i v e n  
f a r  p r o p e l l e r s  des igned  f o r  maximum e f f i c i e n c y  and a l s o  
f o r  3' b lade-angle  r e d u c t i o n ,  compromise p r o p e l l e r s  w i t h  
v a r i a b l e  g e a r  r a t i o .  The c h i e f  m e r i t  of a  v a r i a b l e  g e a r  
r a t i o  i s  t h e  a b i l i t y  t o  m a i n t a i n  t h e  eng ine  power f o r ,  t h e  
t ake -o f f  s i n c e  l i t t l e  change i n  p r o p u l s i v e  e f f i c i e n c y  can 
be expected .  The compromise p r o p e l l e r  t h e r e f o r e  n e t s  a  



g r e a t e r  g a i n  i n  t ake -o f f  t h r u s t  w i t h  than  wi thou t  a  v a r i -  
a b l e  g e a r  r a t i o  because  t h e  p r o p u l s i v e  e f f i c i e n c y  i s  i n -  
c r e a s e d  and t h e r e  i s  no l o s s  i n  eng ine  power. 

S i n c e  i n f i n i t e  v a r i a b l e  g e a r  r a t i o s  a r e  no t  p r a c t i c a -  
b l e  a t  p r e s e n t ,  any contempla ted  d e s i g n s  must be conf ined  
t o  a  f i n i t e  number of  g e a r  changes.  A c t u a l l y ,  one g e a r  
change would p robab ly  s u f f i c e  s i n c e  t h e  p r o p e l l e r  speed 
need be reduced o n l y  f o r  t h e  t ake -o f f  and cl imb.  

C o n t r o l l a b l e  2 i t c h . -  There a r e  a t  l e a s t  t h r e e  import- ---------- ---- 
a n t  a d v a n t a g e s  of  c o n t r o l l a b l e  p r o p e l l e r s ,  e s p e c i a l l y  of  
t h e  cons tan t - speed  type:  The p i t c h  a n g l e  may be  s e t  t o  
a l l o w  t h e  engine  t o  t u r n  a t  t h e  d e s i r e d  speed,  t h e r e b y  
c r e a t i n g  t h e  most advantageous  engine-opera t  ing  c o n d i t  i o n s ;  
t h e  p r o p u l s i v e  e f f i c i e n c y  f o r  t a k e - o f f  and c l imb i n c r e a s e s  
w i t h  t h e  d e s i g n  b a s i c  p i t c h  s e t t i n g s  over  t h a t  f o r  f i x e d -  
p i t c h  p r o p e l l e r s ;  and compromisg d e s i g n s  r e s u l t  i n  g r e a t e r  
g a i n s  t h a n  f  i x e d - p i t c h  p r o p e l l e r s ,  e s p e c i a l l y  f o r  t h e  h i g h  
b a s i c  p i t c h  s e t t i n g s .  

For b a s i c  p i t c h  a n g l e s  below about  20° ,  t h e  f i r s t  ad- 
v a n t a g e  i s  t h e  on ly  one t h a t  i s  impor tan t .  Above b a s i c  
p i t c h  a n g l e s  of 200,  t h e  l a s t  two advan tages  become more 
and more pronounced. 

F i g u r e  11 i l l u s t r a t e s  t h e  improvement i n  t h r u s t  power 
v i t h  i n c r e a s e d  b a s i c  p i t c h  s c t t i n e  f o r  p r o p e l l e r s  des igned  
f o r  maximum e f f i c i e n c y  a. t  h i g h  s p e e d .  Bhen t h e  4 i f f e r e n c e s  
i n '  high-spee'rf. of f  i c i  ency a r e  n e g l e c t e 4 ,  i t  i s  q u i t e  e v i d e n t  
t h a t  t h e  h i g h e r  t h e  p i t c h  s e t t i n g  t h e  h i g h e r  t h e  t h r u s t  up 
t o  soma f i m i t i n q  p i t c h - s e t t i n g  v a l u e  of about  400.  If a 
f a m i l y  o f  p r o p e l l e r s  h a v i n g  a  f a i r l y  f l a t  envelope  of t h e  
e f f i c i e n c y  c u r v e s ,  s u c h  a s  t h o s e  r e p o r t e d  i n  t h e  appendix 
of t h i s  p a p e r  had been psed  i n  t h i s  a n a l y s i s ,  t h e  h i g h - p i t c h  
p r o p e l l e r s  would have g i v e n  t h e  b e s t  a l l - r o u n d  performance .  
High p i t c h e s  w i l l ,  of c o u r s e ,  r e q u i r e  a  low s p e e d ,  which i n  
t u r n  n e c e s s i t a t e s  a  l a r g e  d iamete r  f o r  any g i v e n  a i r p l a n e .  

In o r d e r  t o  i l l u s t r a t e  t h e  o p e r a t i n g  c h a r a c t e r i s t i c s  
o f  v a r i o u s  compromise d e s i g n s ,  a p l o t  of p r o p u l s i v e  e f f i -  
c i e n c y  a g a i n s t  a i r  speed f o r  a n  a i r p l a n e  used as  a n  ezam- 
p l e  i s  g i v e n  i n  f i g u r e  1 2 .  In t h i s  f i g u r e  t h e  s o l i d  cu rves  
a r e  l i n e s  of c o n s t a n t  p i t c h  a n d ' a r e  inc luded  o n l y  t o  show 
t h e  a c t u a l  p r o p e l l e r  o p e r a t i n g  p i t c h .  s e t t i n g  r e p r e s e n t e d  
by t h e  d o t t e d  l i n e s .  I f  a c o n t r o l l a b l e  p r o p e l l e r  t h a t  



would have  i t s  maximum e f f i c i e n c y  a t  t h e  h i g h  speed (250 
m i l e s  p e r  hour )  were s e l e c t e d ,  i t  would r e p r e s e n t  t h e  no- 
compromise c o n d i t i o n ,  and t h e  e f f i c i e n c y  would f o l l o w  t h e  
do t t  cd c u r v e  f o r  00 b lade-angle  r e d u c t  i o n  a t  d i f f e r e n t  
a i r  speeds.  I f  a p r o p e l l e r  of 3O lower b l a d e  a n g l e ,  and 
c o n s e q u e n t l y  of g r e a t e r  d i a m e t e r ,  were s e l e c t e d ,  t h e  h igh-  
speed e f f i c i e n c y  would. be s l i g h t l y  l e s s ,  b u t  t h e  e f f  i c i e n -  
cy a t  t h e  l a t t e r  p a r t  of  t h e  t ake -o f f  r u n  and a t  t h e  
c l imbing  speed would be c o n s i d e r a b l y  h i g h e r .  S t i l l  g r e a t e r  
improvement i n  t h e  t ake -o f f  e f f i c i e n c y  may be  made by low- 
e r i n g  t h e  p i t c h  s e t t i n g  and e n l a r g i n g  t h e  p r o p e l l e r  diam- 
e t e r  t o  a l i m i t i n g  c o n d i t i o n  where in  t h e  o p e r a t i n g  c u r v e  
t o u c h e s  t h e  envelope  of t h e  e f f i c i e n c y  c u r v e s  a t  t h e  t ake -  
o f f  speed.  The high-speed e f f i c i e n c y ,  of c o u r s e ,  p r o g r e s -  
s i v e l y  d e c r e a s e s  w i t h  each improvement i n  t ake -o f f  e f f i -  
c i e n c y  but  i n  much s m a l l e r  p r o p o r t i o n .  

The e f f e c t s  of d i f f e r e n t  amounts of b lade-ang le  re-  
d u c t i o n  a r e  g i v e n  f o r  v a r i o u s  p i t c h  s e t t i n g s  and d e s i g n  
v a l u e s  of C s  i n  f i g u r e  13. I t  i s  a p p a r e n t  t h a t  f o r  b a s i c  
p i t c h  s e t t i n g s  below abou t  17O t h e r e  i s  no o b j e c t  i n  a t -  
t empt ing  t o  compromise b u t ,  as t h e  p i t c h  s e t t i n g  i n c r e a s e s ,  
so does  t h e  p o s s i b i l i t y  of improvement i n  t ake -o f f  t h r u s t .  
For h i g h  b a s i c - p i t c h  p r o p e l l e r s  t h e  t ake -o f f  t h r u s t  may be  
i n c r e a s e d  by a s  much a s  40 p e r c e n t  by s t h i s  b lade-angle  re- 
d u c t i o n  compromise f e a t u r e  a l o n e .  The g a i n  i n  c l imbing  
t h r u s t  power i n c r e a s e s  n o t i c e a b l y  f o r  t h e  30 b lade-ang le  
r e d u c t i o n ,  but  l i t t l e  f u r t h e r  g a i n  i s  p o s s i b l e .  The h igh-  
speed o r  c r u i s i n g  e f f i c i e n c y  d rops  s l i g h t l y  f o r  each de- 
g r e e  of b lade-ang le  r e d u c t i o n  and a t  a n  i n c r e a s i n g  r a t e .  

Under t h e  s e c t i o n  d e a l i n g  w i t h  supercharged e n g i n e s ,  
i t  w i l l  be shown t h a t  c e r t a i n  eng ine  c h a r a c t e r i s t i c s  in -  
f l u e n c e  t h e  d e g r e e  of compromise n e c e s s a r y  o r  a d v i s a b l e ,  

F i g u r e  3 4  shows t h e  i n c r e a s e  i n  d i a m e t e r  n e c e s s a r y  t o  
compensate f o r  v a r i o u s  d e g r e e s  of b lade-ang le  r e d u c t i o n  
f o r  compromise d e s i g n s .  

Among t h e  v a r i o u s  o b j e c t i o n s  t o  t h e  l a r g e - 4 i a m e t e r  
p r o p e l l e r s  t h a t  may r e s u l t  f rom i n c r e a s i n g  t h e  d e s i g n  
p i t c h  s e t t i n g  and compromising, weight  i s  p e r h a p s  t h e  on ly  
one a f f e c t i n g  t h e  take-off  and c l i m b  c h a r a c t e r i s t i c s  a s i d e ,  
of c o u r s e ,  f rom t h e  t h r u s t .  I f  o t h e r  f a c t o r s  a r e  n e g l e c t -  
ed ,  i t  i s  advantageous  t o  i n c r e a s e  t h e  p i t c h  s e t t i n g  and  
d i a m e t e r  o n l y  t o  t h e  p o i n t  of b e s t  performance.  



Prom t h e  r e l a t i o n s h i p  d e r i v e d  f o r  a g i v e n  a i , r p l a n e :  

where S i s  t h e  t a k e - o f f  d i s t a n c e ,  

W ,  t h e  g r o s s  weight. ,  

Te,  t h e  e x c e s s  t h r u s t  a t  0.7 t h e  t ake -o f f  speed,  

and t h e  s u b s c r i p t s  a and b  ' deno te  t h e  two c o n d i t i o n s .  

I t  
one 
c e s  

i s  e v i d e n t  t h a t  t h e  b e s t  p r o p e l l e r  f o r  t ake -o f f  i s  t h e  
g i v i n g  t h e  s h o r t e s t  d i s t a n c e  S o r  t h e  g r e a t e s t  ex- 

s t h r u s t  p e r  u n i t  g r o s s  weight .  S i n c e  t h e  e x c e s s  t h r u s t  
changes  r a p i d l y  w i t h  t o t a l  t h r u s t  and t h e  g r o s s  weight  
changes  s lowly  w i t h  p r o p e l l e r  w e i g h t ,  t h e  t h r u g t  i s  f a r  
t h e  more impor tan t  f a c t o r .  

I n  o r d e r  t o  i l l u s t r a t e  t h e  e f f e c t  of i n c r e a s i n g  t h e  
d e s i g n  p i t c h  on t h e  t ake -o f f  d i s t a n c e ,  a n  example condi- 
t i o n  ( f i g .  15)  i s  i n c l u d e d .  I n  t h i s  i l l u s t r a t i o n  t h e  take-  
o f f  d i s t a n c e  i s  g i v e n  f o r  a t y p i c a l  tmin-engine t r a n s p o r t  
h a v i n g  c o n t r o l l a b l e  p r o p e l l e r s  of v a r i o u s  d e s i g n  p i t c h  
s e t t i n g s  and d i a m e t e r s .  The p r o p e l l e r  we igh t s  were assumed 
t o  be p r o p o r t i o n a l  t o  t h e  cube of t h e  d iamete r .  

I t  may be no ted  t h a t  i n c r e a s i n g  t h e  d e s i g n  p i t c h  s e t -  
. ,, t i n g  f rom 250 t o  400 d e c r e a s e 6  the  t zke -of f  d i s  trance about  

29 p e r c e n t .  T h i s  p e r c e n t a g e  i s  n o t  m a t e r i a l l y  a l t e r o d  
even though t h e  p r o p e l l e r  w e i g h t ,  which w a s  g r e a t l y  in-  
c r e a s e d ,  i s  n e g l e c t e d .  

S i m i l a r l y ,  r e l a t i v e  r a t e s  of c l imb  may be found u s i n g  
t h e  r e l a t i o n s h i p :  

" where C i s  t h e  maximum r a t e  of c l imb ,  

and  To, t h e  e x c e s s '  t h r u s t  a t  t h e  c l i m b i n g  speed.  

C d n t r a l l a b l e  p i t c h  and  d i a m e t e r -  U p  t o  the p r e s e n t  
-we-------- 

t i m e ' n o  s a t i s f a c t o r y  method h a s  been d s v i s e d  t o  change t h e  



p r o p e l l e r  p i t c h  s e t t i n g  and d i a m e t e r  w h i l e  i n  f l i g h t ,  n o r  
does  i t  seem l i k e l y  t h a t  ' t h e r e  soon w i l l  be. As such a 
d e v i c e  would r e p r e s e n t  t h e  upper  l i m i t  i n  p r o p e l l e r  e f f i -  
c i e n c y ,  however,  i t  w i l l  be b r i e f l y  d i s c u s s e d .  

I n  t h e  p r e v i o u s  s e c t i o n  on c o n t r o l l a b l e  p r o p e l l e r s  i t  
was shown t h a t ,  when t h e  d e s i g n  p i t c h  s e t t i n g  was reduced 
and t h e  d i a m e t e r  i n c r e a s e d ,  t h e  e f f i c i e n c y  a t  low speeds  
mas improved bu t  t h e  h igh-speed e f f i c i e n c y  s u f f e r e d .  Ob- 
v i o u s l y ,  i f  t h e  p i t c h  s e t t i n g  and d i a m e t e r  cou ld  be simul- 
t a n e o u s l y  changed t h e  o p e r a t i n g  c u r v e  would c o i n c i d e  w i t h  
t h e  enve lope  of  t h e  e f f i c i e n c y  curves .  , 

I n  f i g u r e  1 6  t h e  o p e r a t i n g  c u r v e s  a r e  g iven  f o r  sev- 
e r a l  d e s i g n  b a s i c  p i t c h  s e t t i n g s .  S i m i l a r  t o  bu t  more 
pronounced than  c o n t r o l l a b l e  p r o p e l l e r s ,  t h e  t h r u s t  a t  
t ake -o f f  and c l imb  i n c r e a s e s  w i t h  p i t c h  s e t t i n g .  

As a  m a t t e r  of academic i n t e r e s t  t h e  change i n  diam- 
e t e r  w i t h  change i n  a i r  speed i s  g i v e n  i n  f i g u r e  17  f o r  
c o n t r o l l a b l e  p i t c h  and diarqetor  p r o p e l l e r s .  A p r o p e l l e r  
c a p a b l e  of hav ing  i t s  d iamete r  changed t h e  r e q u i r e d  amount 
i s  e n t i r e l y  p o s s i b l e  b u t ,  s i n c e  t h e  performance  of com- 
promise  c o n t r o l l a b l e  p r o p e l l e r s  n e a r l y  e q u a l s  t h a t  of con- 
t r o l l a b l e  p i t c h  and d i a m e t e r  p r o p e l l e r s ,  t h e i r  a d v a n t a g e s  
do n o t  m e r i t  t h e  added c o n p l i c a t i o n s  f o r  t h e  o r d i n a r y  c a s e .  

C o n t r o l l a b l e _ ~ i t c h  w i t h  one o r  two-gear changes.- ------------ - ------------- ----.---- ------ 
S i n c e  compromise c o n t r o l l a b l e  p r o p e l l e r s  a r e  s l i g h t l y  hand- 
icapped a t  h i g h  speed ,  a  combina t ion  c o n t r o l l a b l e  p i t c h  
and g e a r  change might be  p r e f e r a b l e  f o r  some i n s t a l l a t i o n s .  
I f  t h e  high-speed o r  c r u i s i n g  p r o p e l l e r  were des igned  t o  
o p e r a t e  on t h e  low-speed g e a r ,  t h e  maximum e f f i c i e n c y  e o u l d  
be o b t a i n e d  f o r  t h o s e  f l i g h t  c o n d i t i o n s .  I f  t h e  g e a r  r a t i o  
were changed t o  overspeed  t h e  p r o p e l l e r  a t  t ake -o f f  and t h e  
p i t c h  reduced t o  compensate,  t h e  e f f i c i e n c y  f o r  take-off  
c o u l d  be r a i s e d  t o  t h a t  o b t a i n e d  by t h e  compromise d e s i g n  
o r  even by t h e  c o n t r o l l a b l e  p i t c h  and  d i a m e t e r  i f  s u f f i -  
c i e n t  g e a r  speed i n c r e a s e  were p rov ided .  T h i s  method makes 
i t  p o s s i b l e  t o  o b t a i n  h i g h  e f f i c i e n c y  f o r  b o t h  t ake -o f f  and 
h i g h  speed but imposes t h e  c o m p l i c a t i o n  of t h e  g e a r  change. 
Thrust-power c u r v e s  a r e  g i v e n  i n  f i g u r e  18 f o r  two d i f f e r -  
e n t  g e a r  changes.  I t  shou ld  be  n o t e d  t h a t  overspeed ing  t h e  
p r o p e l l e r  i n c r e a s e s  t h e  t i p  speed a s  does  i n c r e a s i n g  t h e  
d i a m e t e r  f o r  compromise p r o p e l l e r s .  I n  e i t h e r  sys tem t h e  4 

t i p  speed shou ld  n o t  exceed 1 ,000  f e e t  p e r  second,  e l s e  
t h e ' o f f i c i e n c y  w i l l  d rop  and n o i s e  and v i b r a t i o n  w i l l  in-  
c r e a s e .  ( s e e  r e f e r e n c e  2 . )  



Co ~a~~son-between-~:-a_n_&a_3_~kLa&~~rogog~1Le_r~ - I t 
might-be reasoned  t h a t ,  s i n c e  a n  i n c r e a s e  i n  t o t a l  b lade-  
w i d t h  r a t i o  would induce  a  g r e a t e r  in f low v e l o c i t y  a t  t h e  
t a k e - o f f ,  t h e  b l a d e s  would be o p e r a t i n g  a t  a  s m a l l e r  an- 
g l e  of a t t a c k  and t h e  s t a l l  would o c c u r  a t  a  lower  a i r  
speed.  T h i s  r e a s o n i n g  l e a d s  t o  t h e  c o n c l u s i o n  t h a t  wide 
o r  3-blade p r o p e l l e r s  might be b e t t e r  f o r  t a k e - o f f  t h a n  
narrow o r  2-blade  o n e s ,  but  n e g l e c t s  t h e  c o n c e p t i o n  of t h e  
i d e a l  e f f i c i e n c y  which i n d i c a t e s  t h a t  t h e  g r e a t e r  t h e  s l i p -  
s t r e a m  v e l o c i t y  t h e  lower t h e  e f f i c i e n c y .  A l s o ,  i f  t h e  
d i a m e t e r  i s  reduced f o r  t h e  p r o p e l l e r  of g r e a t e r  t o t a l  
b l a d e  w i d t h ,  t h e  i d e a l  e f f i c i e n c y  i s  reduced.  

Tes t  r e s u l t s  c o n c l u s i v e l y  p r o v i n g  o r  d i s p r o v i n g  t h e  
hypo theses  a r e  not  a t  p r e s e n t  a v a i l a b l e ,  but  some high- 
speed s m a l l - s c a l e  t e s t s  ( r e f e r e n c e  4)  i n d i c a t e  t h a t  2-blade 
p r o p e l l e r s  a r e  s u p e r i o r  t o  3-blade ones  f o r  n e a r l y  a l l  con- 
d i t i o n s  ( f i g .  1 9 ) .  A check comparison h a s  been made of 
some r e c e n t l y  t e s t e d  f u l l - s c a l e  2- and 3-blade  p r o p e l l e r s ,  
which conf i rms  t h e  c o n c l u s i o n s  drawn from f i g u r e  19.  ('See 
f i g .  37 of t h e  Appendix.) I f  i n c r e a s i n g  t h e  b l a d e  w i d t h  
i s  c o n s t r u e d  a s  hav ing  t h e  same e f f e c t  a s  i n c r e a s i n g  t h e  
number of b l a d e s ,  as i s  i n d i c a t e d  i n  r e f e r e n c e  3 ,  t h e  same 
c o n c l u s i o n s  a p p l y  t o  chang'es i n  b l a d e  width .  

Co_m-~a_rison_~-b_e_tw_e_en~v_a_r_4o_u_s~~%s_uxe_~c_h.a_rgc_&n_gIn_e_- 
p r o p g L l e r  combiria_t_~oE,n_g.- I n  t h e  p r e c e d i n g  s e c t  ions '  v a r i o u s  
e n g i n e - p r o p e l l e r  combinat i o n s  were d i  scus  sed  i n d i v i d u a l l y  
but  few compar isons  were made. I n  o r d e r  t o  o b t a i n  a  p e t -  
t e r  u n d e r s t a n d i n g  of t h e  r e l a t i v e  v a l u e s  of t h e  v a r i o u s  
methods d e s c r i b e d ,  compara t ive  c u r v e s  have been p r e p a r e d .  
I n  f i g u r e  2 0 ( a )  t h r u s t  horsepower c u r v e s  a r e  g i v e n  f o r  t h e  
modera te ly  low b a s i c  p i t c h  s e t t i n g ,  22O, w h i l e  f i g u r e s  
20(b)  and 2 0 ( c )  a r c  f o r  32' and 42' p i t c h  s e t t i n g s  respec-  
t i v e l y ;  p e r t i u e n t  d a t a  a r e  a l s o  g i v e n  i n  t a b l e  I ,  

S e v e r a l  p o i n t s  of i n t e r e s t  may be noted  from f i g u r e  
2 0 ( a ) .  A t  a  speed of 0 .3  V, ( t h e  t ake -o f f  ' c r i t e r i o n ) ,  the  
p r o p e l l e r  w i t h  c o n t r o l l a b l e  p i t c h  and d i a m e t e r  p r o v i d e s  
t h e  g r e a t e s t  p o s s i b l e  g a i n  i n  t h r u s t ,  about  33 p e r c e n t ,  
o v e r  t h e  f i x e d - p i t c h  p r o p e l l e r .  Of t h i s  p o s s i b l e  33 por-  
c e n t  i n c r e a s e  t h e  i n f i n i t e  v a r i a b l e  g e a r  r a t i o  p r o d u c e s  
o n l y  abou t  o n e - t h i r d ,  t h e  c o n t r o l l a b l e  p i t c h  des igned  f o r  
maximum speed about  h a l f ,  and t h e  3O compromise c o n t r o l -  
l a b l e  p r o p e l l e r  abou t  29 p e r c e n t .  Si.nce t h e  compromise 
c o n t r o l l a b l e  p r o p e l l e r  so c l o s e l y  approaches  t h e  u p p e r '  
l i m i t ,  t h e r e  i s  l i t t l e  need t o  seek  new lnethods t o  improve 
t h e  t b r u s t  f o r  t h i s  r e l a t i v e l y  low-p i t ch  p r o p e l l e r .  



I f  i t  were n e c e s s a r y  t o  i n c r e a s e  t h e  t ake -o f f  t h r u s t  
above t h e  p o s s i b l e  l i m i t  f o r  t h e  22O p i t c h - s e t t i n g  p r o p e l -  
l e r ,  i t  would be n e c e s s a r y  t o  i n c r e a s e  t h e  b a s i c  p i t c h  be- 
c a u s e  t h e  upper  l i m i t  a t  t a k e - o f f  i n c r e a s e s  a s  t h e  b a s i c  
p i t c h  i n c r e a s e s .  T h i s  f a c t  i s  brought  o u t  by comparing 
t h e  c u r v e s  of f i g u r e s  2 0 ,  ( a ) ,  ( b ) ,  and ( c ) .  Thereas  o n l y  
45 p e r c e n t  of t h e  p o s s i b l e  b r a k e  horsepower i s  a v a i l a b l e  
a t  t ake -o f f  f o r  t h e  220 b a s i c  p i t c h  s e t t i n g ,  61 p e r c e n t  i s  
a v a i l a b l e  f o r  320,  and 71 p e r c e n t  f o r  42O. The r e a s o n  f o r  
t h i s  l a r g e  p o s s i b l e  i n c r e a s e  i s  t h a t  w i t h  h i g h e r  p i t c h e s  
t h e  p r o p e l l e r  speed must be d e c r e a s e d ;  w i t h  t h e  lower  p r o - ,  
p e l l e r  speed t h e  d i a m e t e r  must be increased- ;  and w i t h  t h e  
l a r g e r  d iamete r  t h e  i d e a l  e f f i c i e n c y  i s  i n c r e a s e d .  Even 
though t h e  p r o p e l l e r  may be s t a l l e d  a t  t h e  t a k e - o f f ,  t h e  
h i g h e r  e f f i c i e n c y  r e s u l t i n g  from t h e  l a r g e r  p r o p e l l e r  more 
s lowly  moving the  g r e a t e r  mass of a i r  more t h a n  compen- 
s a t e s  f o r  t h e  h i g h e r  p r o f i l e  d r a g  of  th'e b lade  s e c t i o n s .  

Inc reased-d iamete r  p r o p e l l e r s  r e s u l t i n g  from i n c r e a s e d  
p i t c h  s e t t i n g s  and d e c r e a s e d  p r o ' p e l l e r  speed should  not  be 
confused w i t h  increased-diamet  e r  p r o p e l l e r s  r e s u l t i n g  from 
reduced p i t c h  s e t t i n g s  and c o n s t a n t  p r o p e l l e r  speed,  a s  i s  
t h e  c a s e  f o r  compromise des igns .  I n  t h e  former c a s e  t h e  
h igh-speed e f f i c i e n c y  i s  t a k e n  a t  a  h i g h e r  v a l u e  of C s  

f rom t h e  enve lope  of t h e  c u r v e s  and t h e  t i p  speed i s  de- 
c r e a s e d ;  whereas i n  t h e  L a t t e r  c a s e  t h e  C s  remains abou t  
c o n s t a n t ,  t h e  h igh-speed e f f i c i e n c y  i s  reduced below t h e  
e n v e l o p e ,  and t h e  t i p  ' s3eed i s  i n c r e a s e d .  The e f f e c t  on 
t h e  t a k e - o f f  e f f i c i e n c y - i s  q u a l i t a t i v e l y  t h e  same i n  e i t h e r  
c a s e  and t h e  e f f e c t s  may be q u a n t i t a t i v e l y  added. The n e t  
r e s u l t  of b o t h  of t h e s e  e f f e c t s  a c c o u n t s  f o r  t h e  l a r g e  
d i f f e r e n c e s  i n  t a k e - o f f  t h r u s t  a v a i l a b l e  w i t h  compromise 
p r o p e l l e r s  of d i f f e r e n t  p i t c h e s .  ( s e e  f i g .  20.) 

I t  may be no ted  from f i g u r e  20(b)  o r  ( c )  t h a t  a  con- 
t r o l l a b l e  p r o p e l l e r  w i t h  a n  overspeed  d r i v e  w i t h  a  r a t i o  
of  1.25 i s  n e a r l y  e q u i v a l e n t  t o  t h e  5' corcpromise c o n t r o l -  
l a b l e  p r o p e l l e r .  The e s s e n t i a l  d i f  f e r e n k e  between t h e s e  
t w o  sys tems i s  t h a t  t h e  p r o p e l l s r  speed i s  i n c r e a s e d  i n  
one c a s e  and  t h e  d i a m e t e r  i n  t h e  o t h e r .  Both systems a r e  
c h a r a c t e r i z e d  by a  s l i g h t  e f f i c i e n c y  drop a t  h i g h  speed 
and by i n c r e a s e d  t i p  speeds.  S l n c e  t h e  overspeed  d r i v e  
would a l s o  i n c o r p o r a t e  a  s i n g l e  g e a r  change,  t h e  g e a r s  
would be s h i f t e d  t o  a lower r a t i o  f o r  h i g h  speed and c r u i s -  
ing. Although a  g e a r  change would avo i d  t h e  l o s s  i n  e f f  i- 
c i e n c y  a t  h i g h  speed ,  t h e  n lechanica l  d i f f i c u l t i e s  and t h e  
weight  would be i n c r e a s e d .  



A s i n g l e  g e a r  change w i t h  .a f ixed-pi  t c h  p r o p e l l e r  
might be p r e f e r a b l e  t o  some of  t h e  o t h e r  combinat ions  f o r  
l i g h t  a i r p l a n e s  because  of economic r a t h e r  t h a n  aerodynam- 
i c  r e a s o n s  i f  i t  were n e c e s s a r y  t o  improve t h e  t ake -o f f  
t h r u s t .  A s i n g l e  g e a r  change and a wooden p r o p e l l e r  would 
p r o b a b l y  be l i g h t e r  and d e f i n i t e l y  cheaper  t h a n  a meta l  
c o n t r o l l a b l e  p r o p e l l e r  and t h e  performance  of low-speed 
a i r p l a n e s  would be o n l y  s l i g h t l y  i n f e r i o r  i f  t h e  f ixed-  
p i t c h  p r o p e l l e r  were o f  t h e  compromise type.  Not on ly  
c o u l d  t h e  eng ine  speed  be i n c r e a s e d  t o  normal f o r  t ake -o f f  

, but  i t  c o u l d  be overspeeded ,  t h e r e b y  g a i n i n g  a d d i t i o n a l  
e f f  l c i e n c y  and e n g i n e  power. A l s o ,  i f  r e d u c t i o n  g e a r i n g  
were u s e d ,  t h e  p r o p e l l e r - e n g i n e  combinat i o n  cou ld  be de- 
s i g n e d  f o r  a  l a r g e ,  h i g h - p i t c h  p r o p e l l e r  g i v i n g  peek e f f i -  
c i e n c y  a t  h i g h  speed. 

Supercharged Eng ines  , . , 

I n  t h e  s e c t i o n  d e a l i n g  w i t h  unsupercharged e n g i n e s  it 
was assumed t h a t  t h e  e n g i n e  t o r q u e  remained c o n s t a n t  f o r  a  
a l l  f u l l - t h r o t t l e  f l i g h t  c o n d i t i o n s  and a l s o  t h a t  t h e  en- 
g i n e  speed never  exceeded a  c o r t a i n  v a l u e  even a t  t h e  t a k e -  
o f f .  Supercharged e n g i n e s ,  however,  a r e  c h a r a c t e r i z e d  by 
hav ing  a r a n g e  of t o r q u e  v a l u e s  corresp.onding t o  d i f f e r e n t  
man i fo ld  p r e s s u r - e s ,  d i f f e r e n t  engine-speed r a t i n g s  f o r  d i f -  
f e r e n t  f l i g h t  c o n d i t i o n s ,  and t h e  a b i l i t y  t o  m a i n t a i n  t h e  
normal o p e r a t i n g  mani fo ld  p r e s s u r e  up t o  a g i v e n  a l t i % u d e ,  
Each of  t h e s e  f a c t o r s  a f f e c t s  t h e  p r o p e l l e c  d e s i g n  and a l s o  
t h e  r e l a t i v e  m e r i t s  of t h e  v a r i o u s  e n g i n e - p r o p e l l e r  combin- 
a t i o n s .  Boos t ing  t h e  eng ine  f o r  take-off  iinproves t h e  
take-of  f  t h r u s t  of f i x e d - p i t c h  p r o p e l l e r s  by v i r t u e  of b o t h  
t h e  i n c r e a s e d  engine  speed and t h e  t o r q u e ,  whiZe b o o s t i n g  . 
i s  l e s s  e f f e c t i v e  w i t h  c o n t r o l l a 3 l e  p r o p e l l e r s  because  some 
p r o p u l s i v e  e f f i c i e n c y  i s  l o s t  owing t o  t h e  h i g h e r  p i t c h  re-  
q u i r e d  t o  a b s o r b  t h e  a d d i t i o n a l  to rque .  The p r a c t i c e  of 
o v e r s p e e d i n g  supercharged  e n g i n e s  f i t t e d  w i t h  c o n t r o l l a b l e  
p r o p e l l e r s  i s  e f f e c t i v e  i n  i n c r e a s i n g  t h e  t a k e - o f f  t h r u s t  
because  b o t h  t h e  p r o p u l s i v e  e f f i c i e n c y  and t h e  eng ine  power 
are i n c r e a s e d ,  

S i n c e  f i x e d - p i t c h  p r o p e l l e r s  f o r  supercharged  e n g i n e s  
a r e  u s u a l l y  d e s i g n e d  t o  a b s o r b  t h e  normal f u l l - t h r o t t l e  
power a t  t h e  c r i t i c a l  a l t i t u d e ,  t h e r e  w i l l .  be a pronounced 
d r o p  i n  e n g i n e  speed a t  s e a  l e v e l  f o r '  t h e  same eng ine  
to rque .  ( ~ a e  f i g ,  21 , )  T h i s  d e c r e a s e ' i s  due f o  t h e  l a r g e r  
d i a m e t e r  necessa ry  f o r  t h e  a l t i t u d e  o p e r a t i o n .  Overboost- 
i n g  a t  t ake -o f f  d e c r e a s e s  t h e  engine-speed d rop ,  but  a 
g r e a t  d e a l  more b o o s t i n g  t h a n  i s  a l lowed  by e n g i n e  manufac- 



t u r e r s  a t  t h e  p r e s e n t  t ime i s  r e q u i r e d  t o  r a i s e  t h e  eng ine  
speed up t o  i t s  w r m a l  r a t e d  v a l u e ,  F i g u r e  2 1  i n d i c a t e s  
t h a t  f u l l - t h r o t t l e  o p e r a t i o n  a t  s e a  l e v e l  of  t h e  eng ine  
assumed ( 4 6  i n c h e s  of mercury mani fo ld  p r e s s u r e )  w i l l  o n l y  
r a i s e  t h e  eng ine  s p ~ e d  up t o  v a l u e s  e q u a l i n g  t h a t  f o r  a n  
unsupercharged  engine .  I f  i t  wore p o s s i b l e  t o  boos t  t h e  
eng ine  t o  t h e  p o i n t  where the eng ine  speed a t  t ake -o f f  
would e q u a l  t h e  d e s i r e d  v a l u e ,  t h e r e  would be no advan tage  
i n  u s i n g  a c o n t r o l l a b l e  p r o p e l l e r ,  a t  l e a s t ,  f o r  t ake -o f f  
because  t h e  p i t c h  s e t t i n g  would be t h e  same as  t h a t f o r  
h i g h  speed. A s  o n l y  a  s m a l l  o v e r b o o s t  i s  a l lowed  a t  p r e s -  
e n t  f o r  t a k e - o f f ,  i t  i s  q u i t e  e v i d e n t  t h a t  c o n t r o l l a b l e  
p r o p e l l e r s  a r e  more u s e f u l  w i t h  supercharged  e n g i n e s  t h a n  
w i t h  unsupercharged  e n g i n e s  because  of t h e  g r e a t e r  in- 
c r e a s e  i n  t ake -o f f  e n g i n e  power of  t h e  former.  

Com-parisons between v a r i o u s  suxercharged engine-pro- -- --------------------__I ----- 
p e l l e r  combinations,- The r e l a t i v e  m e r i t s  of v a r i o u s  en- 
g i n e - p r o p e l l e r  combinat i o n s  a r e  brought  o u t  i n  f i g u r e  22 ,  
and i n  t a b l e  I f o r  a  supercharged  e n g i n e  hav ing  a c r i t i c a l  
a l t i t u d e  of 7 ,000 f e e t .  The r e s u l t s  a r o  g i v e n  i n  t h e  form 
of  a ra,t io of t h r u s t  horsepower a v a i l a b l e  t o  t h e  maximum 
brake  horsepower a t  t h e  c r i t i c a l  a l t i t u d e  t .hp./b.hp.Bc 
f o r  d i f f e r e n t  r a t i o s  of t h e  a i r  speed a t  s e a  l e v e l  t o  t h e  
h i g h  speed a t  t h e  c r i t i c a l  a l t i t u d e  v/'Vmc. P l o t s  have  
been made f o r  t h r o e  e n g i n e  r a t i n g s :  high-speed and  c l i m b ,  
t a k e - o f f ,  and f u l l - t h r o t t l e .  A l l  t h e s e  c o n d i t i o n s  a r e  f o r  
s e a - l e v e l  o p e r a t i o n  s i n c e  t h e  t ake -o f f  and c l imbing condi-  
t i o n s  b r i n g  o u t  t h e  impor tan t  d i f f e r e n c e s  of t h e  v a r i o u s  
combinat ions .  The f u l l - t h r o  t t l e  c o n d i t i o n  i s  somewhat be- 
yond p resen t -day  p r a c t i c e  but  i s  i n c l u d e d  t o  show the  e f -  
f  e c t  of  b o o s t i n g  t o  ex t remely  h i g h  p r e s s u r e s .  Advances 
a r e  c o n t i n u a l l y  be ing made i n  e n g i n e  d e s i g n  and f u e l s ,  
however,  and i t  i s  no t  u n l i k e l y  t h a t  b e f o r e  long  f u l l -  
t h r o t t l e  o p e r a t i o n  a t  s e a  l e v e l  may be p o s s i b l e  f o r s h o r t  
p e r i o d s .  The eng ine  u s e d  f o r  t h e s e  computa t ions  i s  a  
t y p i c a l  r a d i a l  a i r - c o o l e d  eng ine  modera te ly  supercharged 
(7 ,000  f e e t ) .  The r e s u l t s ,  t h e r e f o r e ,  w i l l  d i f f e r  quan- 
t i t a t i v e l y  f o r  e n g i n e s  of d i f f e r e n t  d e g r e e s  of supercharg-  
i n g  b u t  w i l l  show t h e  same g e n e r a l  e f f e c t .  

F i g u r e  2 2 ( a )  shows t h e  r e s u l t s  f o r  r e l a t i v e l y  lom- 
p i t c h  p r o p e l l e r s  (22O b a s i c  p i t c h  s e t t i n g  at; h i g h  speed a t  
t h e  c r i t i c a l  a l t i t u d e ) .  The poor  performance  shown by t h e  
f i x e d - p i t c h  p r o p e l l e r  i s  q u i t e  n o t i c e a b l e  f o r  t h e  t ake -o f f  
and c l imb  r a t i n g s  but l e s s  so f o r  t h e  f u l l - t h r o t t l e  condi-  
t ion .  



The v a r i a b l e  g e a r  r a t i o  combinat ion  a p p e a r s  t o  be bet-  
t e r  t h a n  i t  d i d  f o r  t h e  unsupercharged-engine  combinat ion  
be-cause t h e  decided engine-speed d rop  a t  low speedsand a l -  
t i t u d e r  which i s  r e s p o n s i b l e  f o r  t h e  lower  f i x e d - p i t c h  per-  
formance,  i s  e l i m i n a t e d  by t h e  v a r i a b l e  g e a r  r a t i o  f e a t u r e .  

' I t  i s  impor tan t  t o  n o t e  t h a t  t h e  c o n t r o l l a b l e - p r o p e l  
l e r  c u r v e  n e a r l y  c o i n c i d e s  w i t h  t h e  c o n t r o l l a b l e  p i t c h  and 
d i a m e t e r  curve-  f o r  t h e  t ake -o f f  and c l i m b  rat i rigs, F i g u r e  
20.(a) shows t h a t  t h e  c o n t r o l l a b l e  p r o p e l l e r  des igned  f o r  
maximum e f f i c i e n c y  at h i g h  speed does n o t  show such r e l a -  
t i v e l y  h i g h  v a l u e s  f o r  t h e  unsupercharged eng ine  but  t ha t  
t h e  3 O  compromise d e s i g n  does.  T h i s  f a c t  i n d i c a t e s  t h a t  
p r o p e l l e r s  des igned  f o r  supercharged  e n g i n e s  r e q u i r e  l e s s  
compromise t o  accompl i sh  t h e  same r e l a t i v e  t ake -o f f  e f f  i- 
c i e n c y  t h a n  do p r o p e l l e r s  d e s i g n e d  f o r  unsupercharged en- 
g i n e s .  

The e f f e c t  of o v e r s p e e d i n g  and o v e r b o o s t i n g  on the 
t ake -o f f  t h r u s t  power i s  q u i t e  marked, I n c r e a s i n g  t h e  
mani fo ld  p r e s s u r e  from 35 t o  37.5 i n c h e s  Hg and t h e  en- 
g i n e  speed f rom 1 ,950  t o  2,050 r,p.m. i n c r e a s e s  t h e  t ake -  
o f f  t h r u s t  abou t  10 p e r c e n t ,  w h i l e  opening up t h e  t h r o t t l e  
i n c r e a s e s  t h e  t h r u s t  37 p e r c e n t  ( v a l u e s  t a k e n  f r o m  t h e  
c o n t r o l l a b l e - p i t c h  and d iamete r  c u r v e s ) .  

The e f f e c t s  enumerated f o r  t h e  22' b lade-ang le  pro-  
p e l l e r s  a r e ,  i n  g e n e r a l ,  t h e  same b u t  more pronounced fo,r  
t h e  320 and 42O p r o p e l l e r s  ( f i g s ,  22(b)  and ( c ) .  I t  s h o u l d  
be n o t e d  t h a t  t h e  h i g h e r  t h e  b a s i c  p i t c h  s e t t i n g ,  t h e  
g r e a t e r  becomes t h e  p o s s i b i l i t y  of  improving t h a  t a k e - o f f  
by means of  t h e  u s e  of c o n t r o l l a b l e  p r o p e l l e r s ,  Whereas 
t h e  t a k e - o f f  t h r u s t  i n c r e a s e s  4 7  p e r c e n t  w i t h  a  c o n t r o l -  
l a b l e  p r o p e l l e r  of 220 p i t c 4  s e t t i n g  f o r  t h e  take-off  en- 
g i n e  r a t i n g ,  i t  m i l l  i n c r e a s e  abou t  109 p e r c e n t  wi th  a  3O 
compromise p r o p e l l e r  of 420 b a s i c  p i t c h  s e t t i n g .  The fn- 
c r e a s e  i s  a b a u t  i n  t h e  same p r o p o r t i o n  a s  i t  was f o r  un- 
supercharged  eng ines .  

I t  may be seen  t h a t ,  w h i l e  t h e  3O compromise d e s i g n  
c u r v e  approaches  t h o  c o n t r o l l a b l e  p i t c h . a n d  d iamete r  cu rve  
f a i r l y  c l o s e l y  f o r  t h e  t ake -o f f  r a t i n g ,  i t  approaches  t h e  
l i m i t i n g  c u r v e  l e s s  c l o s e l y  f o r  t h e  f u l l - t h r o t t l e  corrdi- 
t i o n .  T h i s  f a c t  i n d i c a t e s  t h a t  o v e r b o o s t i n g  r e q u i r e s  a 
g r e a t e r  d e g r e e  of compromise t o  g i v e  t h e  same r e l a t i v e  
e f f i c i e n c y  t h a n  when no b o o s t i n g  i s  used.  



p r e v i o u s l y  been brought  o u t  t h a t  t h e  d e g r e e  of compromise 
n e c e s s a r y  w i t h  c o n t r o l l a b l e  p r o p e l l e r s  t o  o b t a i n  t h e  h igh-  
e s t  p o s s i b l e  t a k e - o f f  t h r u s t  depends upon: t h e  p r o p e l l e r  
b a s i c  p i t c h ,  t h e  d e s i g n  a l t i t u d e ,  t h e  amount of eng ine  
o v e r s p e e d i n g  a t  t h e  t a k e - o f f ,  and t h e  amount of overboos t -  
ing. P i g u r e  13 shows t h a t  t h e  h i g h e r  t h e  b a s i c  p i t c h ,  t h e  
g r e a t e r  i s  t h e  p o s s i b l e  t ake -o f f  improvement and t h e  h igh-  
e r  t h e  d e g r e e  of  compromise n e c e s s a r y  t o  o b t a i n  t h e  in- 
c r e a s e d  t h r u s t .  T h i s  g e n e r a l i s m  a p p l i e s  t o  a l l  t y p e s  of 
eng ines ;  bu t  t h e  s p e c i a l  supercharged-engine  c h a r a c t e r i s -  
t i c s  change t h a  magnitude o f  tho  d e s i r e d  compromise accord-  
i n g  t o  t h e  d e s i g n  a l t i t u d e ,  t h e  amount of overspeed ing ,  
and t h e  amount of o v e r b o o s t i n g .  

I t  i s  r e a d i l y  seen  t h a t  t h e  p i t c h  must be reduced 
when go ing  f rom a  r e g i o n  of r a r e f i e d  atmosphere a t  a l t i -  
t u d e  i n t o  t h e  dense r  a tmosphere  a t  s e a  l e v e l  i n  o r d e r  t h a t  
t h e  p r o p e l l e r  a b s o r b  t h e  same power, o t h e r  f a c t o r s  remain- 
i n g  c o n s t a n t .  T h i s  p i t c h  r e d u c t i o n  h a s  t h e  same e f f e c t  on 
t h e  t ake -o f f  e f f i c i e n c y  a s  t h e  same r e d u c t i o n  made a s  a  
compromise b u t ,  of c o u r s e ,  does  no t  reduce  t h e  high-speed 
e f f i c i e n c y .  The p i t c h  must be f u r t h e r  reduced f o r  any 
overspeed ing  of t h e  eng ine  a t  t a k e - o f f .  Boos t ing  t h e  en- 
g i n e  f o r  t a k e - o f f ,  however, h a s  t h e  o p p o s i t e  e f f e c t  be- 
c a u s e  t h e  p i t c h  must be i n c r e a s e d  t o  a b s o r b  t h e  e x t r a  pow- 
er .  The o f f e c t  of each of t h e s e  t h r e e  f a c t o r s  on t h e  
e q u i v a l e n t  compromise p i t c h  r e d u c t  i o n  i s  shown i n  f i g u r e  
23. The c h a r t  i s  r e a d  up from e a c h  s i d e  and a c r o s s  from 
s i d e  t o  s i d e .  

The c h a r t  shows t h a t ,  i f  t h e r e  i s  no change i n  power 
o r  eng ine  speed,  t h e  a l t i t u d e  d e s i g n s  have t h e  same e f f e c t  
on  t a k e - o f f  a s  do compromise p r o p e l l e r s ,  For example, i t  
may be n o t e d  t h a t ,  f o r  a n  a i r p l a n e  hav ing  a  c r i t i c a l  a l t i -  
t u d e  s f  10,000 f e e t  ( c o n d i t i o n  A ) ,  t h e  b l a d e  a n g l e  must be 
reduced  3-1/20 f o r  t h e  same a i r  speed  a t  s e a  l e v e l ,  r e s u l t -  
i n g  i n  a n  i n c r e a s e  of  a p p r o x i m a t e l y  20 p e r c e n t  i n  take-off  
t h r u s t  f o r  t h e  h igh-speed a i r p l a n e s ,  ( s e e  f i g .  13.) A l s o ,  
i f  t h e  power a t  c o n s t a n t  eng ine  speed  i s  i n c r e a s e d  by 1 0  
p e r c e n t  ( c o n d i t i o n  B ) ,  t h e  b l a d e  a n g l e  must be i n c r e a s e d  
lo ( f rom A t o  13) w i t h  t h o  r e s u l t  t h a t  t h e  improvement i n  
take-off  e f f i c i e n c y  m i l l  be reduced t o  approx imate ly  1 4  
p e r c e n t .  S i n c e  t h e  e n g i n e  power i s  i n c r e a s e d  10 p e r c e n t ,  
t h e  n e t  i n c r e a s e  w i l l  b e  abou t  25  p e r c e n t  as compared w i t h  
32 p e r c e n t  had t h e r e  been no l o s s  i n  p r o p u l s i v e  e f f i c i e n c y  
due t o  t h e  added eng ine  to rque .  On t h e  o t h e r  hand,  i f  t h e  
e n g i n e  i s  overspeeded by 5 p e r c e n t  ( c o n d i t i o n  C), t h e  
b l a d e  a n g l e  must be reduced about  1-1/20 ( f r o m  A t o  C )  o r  



a t o t a l  r e d u c t i o n  o f  about  5O f o r  t h e  same speed ,  r e s u l t -  
i n g  i n  a more t h a n  30-percent  i n c r e a s e  i n  t a k e - o f f  t h r u s t  
power '  f o r  h igh-  speed a i r p l a n e s  as compared w i t h  20-percent  
i n c r e a s e  f o r  c o n d i f i o n  A. 

a .  

I t  i s  q u i t e  ev iden t ' ; , ' t he re fo r ; ,  t h a t  i f  e n g i n e  tem- 
p e r a t u r e ,  o r  power f o r  a s h o r t  t i m e ,  i s  t h e  l i m i t i n g  f a c -  
t o r  i n  r a t i n g  eng ine  f o x  t a k e - o f f ,  i t  i s  b e t t e r  t o  o b t a i n  
t h a t  power at t h e  h i g h e s t  p o s s i b l e  eng ine  speed r a t h e r  
t h a n  a t  a h i g h  mani fo ld  p r e s s u r e  and a low eng ine  speed. 

I t  may be no ted  f rom t h e  c h a r t  t h a t  p r o p e l l e r s  de- 
s i g n e d  f o r  h i g h - a l t i t u d e  f l i g h t  w i l l  have ve ry  good take-  
o f f  c h a r a c t e r i s t i c s  s i n c e  t h e  p i t c h  must be  reduced con- 
s i d e r a b l y  f o r  s e a - l e v e l  o p e r a t  ion .  

The s u g g e s t e d  p r o c e d u r e  f o r  s e l e c t i n g  p r o p e l l e r s  f o r  
supercharged  e n g i n e s  i s :  ( a )  From f i g u r e  2 3  de te rmine  t h e  
b l a d e - a n g l e  r e d u c t i o n  n e c e s s a r y  f o r  s e a - l e v e l  o p e r a t i o n  a t  
t h e  t a k e - o f f  eng ine  r a t i n g ;  ( b )  from f i g u r e  1 3  de te rmine  
any  a d d i t i o n a l  compromise b lade-ang le  r e d u c t i o n ;  ( c )  from 
f i g u r e s  2 ,  3 ,  4, and  5 de te rmine  t h e  p r o p e l l e r  c h a r a c t e r -  
i s t i c s .  

Given: Engine 800 horsepower a t  10 ,000-foot  a l t i -  
t u d e  'and 900 horsepower f o r  t ake -o f f .  

P r o p e l l e r  speed,  2,200 r.p.m. (normal ) .  

P r o p e l l e r  . s p e e d ,  1 ,260  r.p.m. ( t a k e - o f f )  . 
A i r p l a n e  speed ,  250 m i l e s  p e r  hour a t  

10 ,000 f e e t .  

S o l u t i o n :  

( 1 )  From f i g u r e  2 3  a n  i n c r e a s e d  power r a t i o  of 
1.125 an?. a n  increased p r o p e l l e r - s p e e d  
r a t i o  of 1.05 r e s u l t s  i n  a b lade-ang le  
r e d u c t i o n  of 3.30 i n  s e a - l e v e l  f l i g h t  a t  
t h e  same speed .  

0.638 X m a . h  X G 11 & 0, = --------- ---------- 
2 /  5 

( f o r  3-blade 
1/ 5 

(0 .7  hp.) X r.p.m. p r o p e l l e r s )  



(3) From f i g u r e  1 3  i t  may be no ted  t h a t  l i t t l e  
i s  t o  be g a i n e d  by r e d u c i n g  t h e  b l a d e  
a n g l e  beyond 70 f o r  a C s  v a l u e  of  2.48, 
I f  a t o t a l  b lade-ang le  r e d u c t e o n  of  6.3O 
i s  assumed, t h e  b l a d e  a n g l e  need be re-  
duced o n l y  30 below t h e  b a s i c  d e s i g n  
s i n c e  3.3O i s  c a r e d  f o r  by t h e  eng ine  
c h a r a c t e r i s t i c s .  

(4 )  From f i g u r e s  2 and 3  t h e  p i t c h  s e t t i n g  i s  
33.g0, and t h e  d iamete r  i s  12.5 f e e t  f o r  
a  3-blade p r o p e l l e r .  From f i g u r e  5  t h e  
t i p  speed i s  870 f e e t  p e r  second f o r  
h i g h  speed a t  a l t i t u d e  o r  830 f e e t  p e r  
second f o r  t ake -o f f .  The high-speed ef-  
f i c i e n c y  i s  0.775 when c o r r e c t e d  f o r  
s o l i d i t y .  The t.hp./b.hp.mc a t  0.3 h i g h  
speed o r  a t  t h e  l a t t e r  p a r t  of t h e  t ake -  
o f f  r u n  may be computed f rom f i g u r e  1 3  
reagonab ly  w e l l ,  o r  more a c c u r a t e l y  from 
f i g u r e  1. A t  a  v a l u e  of C ,  of 2.48 
t h e  t.hp./b.hp.mc i s  0.625 f o r  t h e  6.3' 
compromise p r o p e l l e r .  S i n c e  t h e  t ake -o f f  
power i s  i n c r e a s e d  from 800 t o  900 horse -  
power,  t h e  t .hP/b.hpon, i s  - 
0.625 X 9 o r  0.704. T h i s  v a l u e  shou ld  

800 
a l s o  be c o r r e c t e d  f o r  s o l i d i t y  l e a v i n g  
0.68 f o r  t h e  f i n a l  t.fip./b.hp.m , 

C 

I t  shou ld  be remembered t h a t  a l l  t h e  c h a r t s  i n  t h i s  
p a p e r  a r e  based on p r o p e l l e r  d a t a  t a k e n  from r e f e r e n c e  1 
and  shou ld  be used  w i t h  d i s c r e t i o n  f o r  problems i n v o l v i n g  
o t h e r  p r o p e l l e r  shapes .  

RELATIOMSHIP EETWIEW PROPELLER SPEED, DZAMETER, AND PITCH 

FOR DIFFERENT SERVICE CONDITfONS 

I n  o r d e r  t o  o b t a i n  t h e  b e s t  a l l - r o u n d  e f f i c i e n c y  from 
t h e  e n g i n e - p r o p e l l e r  u n i t ,  i t  i s  obv ious ly  n e c e s s a r y  t o  
d e t e r m i n e  t h e  b e s t  p r o p e l l e r  speed,  d i a m e t e r ,  p i t c h  s e t t i n g ,  
and number of b lades .  S i n c e  t h e r e  a r e  so many t h e o r e t i c a l  
and p r a c t i c a l  c o n s i d e r a t  i o n s ,  i t  i s  imposs ib le  t o  d e t e r m i n e  



t h e s e  d imensions  f o r  t h e  f i e l d  of a i r p l a n e s  a s  a whole ex- 
c e p t  i n  a  ve ry  g e n e r a l  way. C e r t a i n  e lements  of perform- 
a n c e  of one t y p e  of a i r p l a n e  may n o t  be c o n s i d e r e d  import-  
a n t  f o r  a n o t h e r .  I n  some d e s i g n s  t h e  geometry o r  dimen- 
s i o n s  of a n  a i r p l a n e  might de te rmine  t h e  p r o p e l l e r  s i z e .  
Engine speeds  a n d  p r o p e l l e r  d i a m e t e r s  a l s o  a r e  more o r  l e s s  
f i x e d  by t h e  makers because  i t  i s  i m p o s s i b l e  t o  f u r n i s h  
i n f i n i t e  v a r i a t i o n s  of t h e s e  q u a n t i t i e s .  

E n t i r e l y  s a t i s f a c t o r y  methods f o r ' e v a l u a t i n g  t h e  
prope<r  e n g i n e - p r o p e l l e r  p a r a m e t e r s  f o r  t h e  f  i e 3 d  a s  a 
whole a p p e a r  i m p o s s i b l e  t o  de termine;  however,  t h e r e  i s  
i n c l u d e d  h e r e i n  an  a t t e m p t  t o  show t h e  r e l a t i o n s h i p s  be- 
tween c e r t a i n  d e s i g n  d imensions  based on v a r i o u s  assurnp- 
t i o n s ,  

P r o ~ e 1 , l e r  speed - d i a m e t e r  c h a r t s .  F i g u r e  24  i s  a  
c h a r t  f o r  o b t a i n i n g  t h e  b e s t  p r o p e l l e r  speed ,  and d iamete r  
f o r  t h e  maximum high-speed e f f i c i e n c y  f o r  s e a - l e v e l  de- 
s i g n s .  The assumpt ions  u s e d  a s  t h e  b a s i s  of t h e  c h a r t  a r e :  
( a )  The p r o p e l l e r  i s  t o  o p e r a t e  a t  maximum e f f i c i e n c y  a t  
h i g h  speed ,  and ( b )  t h e  t a k e - o f f  e f f i c i e n c y  i s  o f  secondary 
impor tance .  I t  i s  no t  p o s s i b l e  t o  i n c l u d e  t h e  a l t i t u d e  
f u n c t i o n  i n  t h e  c h a r t  because  of t h e  d i f f e r e n c e s  i n  diam- 
e t e r  and t i p  speed w i t h  changing h e i g h t .  The c h a r t  i s  of 
l i m i t e d  a p p l i c a t i o n  because t h e  t a k e - o f f  i s  o r d i n a r i l y  of 
major importance.  I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  pro-  
p e l l e r  speeds  a r e ,  i n  g e n e r a l ,  f a i r l y  c l o s e  t o  t h o s e  u s e d  
i n  p r e s e n t - d a y  p r a c t i c e ,  e s p e c i a l l y  i f  i t  i s  c o n s i d e r e d  
t h a t  t h e  v a l u e s  may be c o n s i d e r a b l y  i n c r e a s e d  o r  d e c r e a s e d  
wi tbou t  a p p r e c i a b l y  a f f e c t i n g  t h e  e f f i c i e n c y .  The p r o p e l -  
l e r  speed i n c r e a s e s  w i t h  a i r  speed and d e c r e a s e s  w i t h  pow- 
e r ,  w h i l e  t h e  r e v e r s e  i s  t r u e  f o r  t h e  d iamete r .  

For  c o n d i t i o n s  i n  wLich t h e  p r o p e l l e r  d i a m e t e r  i s  l i m -  
i t e d  by such f a c t o r s  a s  w e i g h t ,  ground c l e a r a n c e ,  f u s e l a g e  
c l e a r a n c e ,  e n g i n e - r e a c t i o n  t o r q u e ,  o r  p r o p e l l e r  c o s t  a 
c h a r t  h a s  been p r e p a r e d  based on a r b i t r a r y  d i a m e t e r s  e q u a l  
t o  2 .5  t i m e s  t h e  a v e r a g e  e n g i n e  d iamete r  ( f i g .  25) .  Such 
a scheme i s  p r a c t i c a b l e  s i n c e  t h e  p r o p e l l e r  s t o c k  s i z e s  
and t h e  e n g i n e  g e a r  r a t i o s  a r e  few, Of c o u r s e  n e i t h e r  t h e  
h igh-speed  n o r  t h e  t ake -o f f  e f f i c i e n c y  i s  n e c e s s a r i l y  t h e  
h i g h e s t  p o s s i b l e .  With t h i s  d e s i g n  scheme t h e  p r o p e l l e r  
speed d e c r e a s e s  as t h e  a i r  speed i n c r e a s e s ,  which i s  con- 
t r a r y  t o  t h e  r e s u l t s  of f i g u r e  2 4 ,  

The ing ine-d iameter -hors~:powes  r e l a t i o n s h i p  was d e t e r -  
mined from f i g u r e  2 6 ,  which i s  a  p l o t  of a  number of p r e s -  



ent-day r a d i a l  e n g i n e s ,  The curve  r e p r e s e n t e d  by t h e  ex- 

d iameter ,  --------- - P r e s s i o n ,  diameterz - (hr2b)1'5, w a s  used  s t n c e  t h e  hp*2 
c h a r t  could  be s i m p l i f i e d  t h e r e b y ,  

I t  was p r e v i o u s l y  p o i n t e d  ou t  t h a t  f o r  a l l - r o u n d  e f f i -  
c i e n c y ,  i t  i s  d e s i r a b l e  t o  u s e  h i g h  p i t c h e s  and l a r g e  d i -  
a m e t e r s  f o r  c o n t r o l l a b l e  p r o p e l l e r s ,  I t  i s  f a i r l y  s a f e  t o  
assume t h a t  a n  a r b i t r a r y  s e l e c t i o n  of a p i t c h  s e t t i p g  of  
37' w i l l  o r d i n a r i l y  g i v e  abou t  t h e  maximum e f f i c i e n c y  a t  
h i g h  speed.   h he assumpt ion  i s  based on d a t a  g i v e n  i n  t h e  
Appendix. ) 

T h i s  a n a l y s i s  shows t h a t  c o n t r o l l a b l e  p r o p e l l e r s  ( e s -  
p e c i a l l y  compromise d e s i g n s )  of p i t c h  s e t t i n g s  of t h e  or -  
d e r  of 37' w i l l  a l s o  g i v e  about  t h e  b e s t  t a k e - o f f  t h r u s t .  
I t  seems q u i t e  c l e a r ,  t h e n ,  t h a t  i f  t h e  p r o p e l l e r  speed 
and d i a m e t e r  were de termined f o r  a p r o p e l l e r  o f ,  f o r  in-  
s t a n c e ,  37O p i t c h  s e t t i n g ,  t h e  o v e r - a l l  e f f i c i e n c y  would be 
abou t  t h e  makimum. F i g u r e  27 shows a c h a r t  f o r  t h e  d e t e r -  
m i n a t i o n  of t h e  speed  and d i a m e t e r  of a p r o p e l l e r  hav ing  a 
b a s i c  p i t c h  s e t t i n g  of 37'. I n  t h i s  c h a r t  t h e  a l t i t u d e  
f u n c t i o n  i s  i n c l u d e d ,  but  t h e  d i a m e t e r  f o r  a l t i t u d e  de- 
s i g n s  must be computed from t h e  r e l a t i o n ,  d i a m e t e r  = 
55-%-~'&.k, . The c h a r t  i s  a p p l i c a b l e  f o r  a l t i t u d e s  up t o  r .p .n,  
40,000 f e e t  and s p e e d s  up t o  300 m i l e s  p e r  hour .  For  
h i g h e r  speeds  h i g h e r  p i t c h e s  must. be used  i n  o r d e r  t o  keep 
t h e  t i p  speeds  w i t h i n  t h e  l i m i t i n g  v a l u c  of  0 .9 ,  t h e  speed 
of sound. 

I n  g e n e r a l ,  t h e  c h a r t  r e sembles  t h e  one g i v e n  i n  f i g -  
u r s  24  excep t  t h a t  t h e  p r o p e l l e r  speed i s  lower and t h e  d i -  
amete r  h i g h e r  f o r  any g i v e n  c o n d i t i o n .  With such  low pro-  
p e l l e r  speeds  t h e  e n g i n e - r e a c t i o n  t o r q u e  w i l l  be h i g h ,  and 
s i n g l e - e n g i n e  a i r p l a n e s  may be r e n d e r e d  u n c o n t r o l l a b l e  f o r  
c e r t a i n  c o n d i t i o n s .  T h i s  o b j e c t i o n  i s  no t  so s e r i o u s  f o r  
l a r g e  n u l t i e n g i n e  a i r p l a n e s ,  however,  e s p e c i a l l y  i f  t h e  
n e t  t o r q u e  i s  reduced t o  ze ro  by t u r n i n g  h a l f  t h e  p r o p e l -  
l e r s  i n  one d i r e c t i o n  and h a l f  i n  t h e  o t h e r .  Large  diame- 
t e r s  a r e  o b j e c t  i o n a b l e  f o r  smal l  c r a f t  from c o n s i d e r a t i o n s  
of c l e a r a n c e  and w e i g h t ,  but  f o r  l a r g e  c r a f t  t h i s  objec-  
t i o n  i s  minimized,  Large  p r o p e l l e r s  may e v e n  be a d e f i -  
n i t e  a s s e t  f o r  i n s t a l l a t i o n s  i n  which n l a r g e  wing o r  fu -  
s e l a g e  i s  p l a c e d  i n  t h e  s l i p s t r e a m .  - 



Large d iamete r  p r o p e l l e r s  used  on m u l t i e n g i n e  a i r -  
p l a n e s ,  of c o u r s e ,  n e c e s s i t a t e  i n c r e a s i n g  t h e  d i s t a n c e  be- 
tween t h e  e n g i n e s  o r  between t h e  eng ine  and t h e  f u s e l a g e ,  
t h e r e b y  i n c r e a s i n g  t h e  d i f f i c u l t y  of overcoming t h e  un- 
ba lanced  t h r u s t  coup'le when one eng ine  f a i l s  i n  f l i g h t .  

I t  may be mentioned t h a t  p r o p e l l e r s  s e l e a t e d  by means 
of  f i g u r e  27  w i l l  o p e r a t e  a t  t h e  sgme t i p  speed f o r  any 
g i v e n  e n g i n e  power r e g a r d l e s s  of t h o  number of  b l a d e s  o r  
d i a m e t o r .  I n  t h i s  c h a r t  t h e  p r o d u c t  of t h e  p r o p e l l e r  
speed and d i a m e t e r  i s  c o n s t a n t  f o r  c o n s t a n t  power. I t  i s  
q u i t e  e v i d e n t ,  t h e r e f o r e ,  t h a t  t h e r e  would b e  no o b j e c t  
i n  u s i n g  t h r e e  b l a d e s  i n s t e a d  of two if i t  were n e c e s s a r y  
t o  r educe  t h e  t i p  speed.  There  might b e  some o t h e r  ad- 
v a n t a g e  i n  u s i n g  t h r e e  b l a d e s ,  howeverr such a s  l e s s  v i -  
b r a t i o n ,  l e s s  n o i s e ,  o r  s m a l l e r  d iamete r .  S i n c e  t h e  d i -  
amete r  f o r  t h e  3-blade  p r o p e l l e r s  i s  0.845 t i m e s  t h e  d i -  
amete r  f o r  2-blade  o n e s ,  t h e  weight  of t h e  3-blade  pro- 
p e l l e r s  w i l l  be abou t  1 . 5  X ( 0 . 8 4 5 ) ~  o r  a b o u t  0.91 t i m e s  
t h e  weight  of 2- b l a d e  p r o p e l l e r s ,  assuming t h a t  t h e  b lades ,  
s h a n k s ,  and hubs a r e  g e o m e t r i c a l l y  s i m i l a r .  

I t  shou ld  be n o t e d  t h a t  t h e .  c h a r t s  g i v e n  i n  f i g u ~ e s  
24 ,  2 5 ,  and 27 g i v e  o n l y  t h e  b a s i c  p r o p e l l e r  d imens ions ,  
n o t  n e c e s s a r i l y  t h e  f i n a l  dimensions.  For c o n d i t i o n s  i n  
which compromise d e s i g n s  are  d e s i r a b l e ,  t h e  p i t c h  must be 
reduced  and t h e  d i a m e t e r  i n c r e a s s d .  The p r o c e d u r e  recom- 
mended f o r  u s i n g  c h a r t s  such as t h e s e  is: 

( 1 )  Determine t h e  b e s t  eng ine  speed from one of t h e  
c h a r t s  ( f i g s .  2 4 ,  25 ,  and 2 7 ) .  The d iamete r  
may be t e n t a t i v e l y  de te rmined  t o  f  crm a  g u i d e ,  
b u t  t h e  f i n a l  d i a m e t e r  may be s l i g h t l y  d i f f e r -  
en$. 

( 2 )  Determine t h e  b lade-ang le  r e d u c t i o n  n e c e s s a r y  f o r  
s e a - l e v e l  o p e r a t i o n  from f i g u r e  23 i f  a  super-  
charged eng ine  i s  used .  

( 3 )  Determine t h e  a d d i t i o n a l  compromise b lade-ang le  
r e d u c t i o n ,  i f  a n y ,  from f i g u r e  13. 

( 4 )  Determine t h e  p r o p e l l e r  d imensions  and t i p  speed 
from f i g u r e s  3 ,  4 ,  a n d  5. 

E_xawLe-k 
Given: 1 ,000  horsepower a t  10.000 f e e t  . 



1 , 2 0 0  horsepower f o r  t a k e - o f f  w i t h  10 p e r -  
c e n t  overspeed.  

250 m i l e s  p e r  hour  h i g h  speed.  

To f i n d :  B e s t  p r o p e l l e r  speed.  

B e s t  d i a m e t e r .  

F i n a l  p i t c h  s e t t i n g ,  e t c .  

S o l u t i o n :  

( 1 )  From f i g u r e  27 t h e  p r o p e l l e r  speed i s  ap- 
p r o x i m a t e l y  900,  and t h e  d i a m e t e r  i s  
15.5 f e e t  f o r  2  b l a d e s ;  t h e  p r o p e l l e r  
speed i s  1 ,050  and t h e  d iamete r  i s  13.3 
f e e t  f o r  3  b l a d e s .  

(2) From f i g u r e  23  t h e  b lade-ang le  r e d u c t i o n  
f o r  s e a - l e v e l  o p e r a t  i o n  under  take-of  f  
eng ine  c o n d i t i o n s  i s  found t o  be 3.6O. 
( A  speed of 250 m i l e s  p e r  hour i s ,  of 
c o u r s e ,  assumed.) 

( 3 )  C s  = 2.50 ( 2  b l a d e s ) .  

The C s  shou ld  be t h e  same f o r  a 3-blade 
p r o p e l l e r  s i n c e  t h e  p i t c h  s e t t i n g  is 37O .. 
f o r  both.  From f i g u r e  1 3  i t  may be  not-  
ed t h a t  30 a d d i t i o n a l  b lade-ang le  reduc-  
t i o n ,  a s  a  compromise measure,  m i l l  in-  
c r e a s e  t h e  t a k e - o f f  t h r u s t  t o  a b o u t  t h e  
maximum amount o b t a i n a b l e  w i t h  o n l y  a 
s l i g h t  d e c r e a s e  i n  high-  speed e f f i c i e n c y .  

(4) From f i g u r e s  2 ,  3 ,  and 5: 

For a  2-blade p r o p e l l e r ,  t h e  e f f i c i e n c y  
i s  80 ,  t h e  d i a m e t e r  i s  16.7 f e e t ,  t h e  
p i t c h  s e t t i n g  i s  34O, and t h e  t i p  speed 
i s  875 f e e t  p e r  second f o r  h i g h  speed 
o r  867 f e e t  p e r  second f o r  t a k e - o f f ,  
( ~ o t e  t h e  t ip-speed d e c r e a s e  even 
though t h e  eng ine  i s  overspeeded f o r  
t ake -o f f  .) 



For  a  3-blade p r o p e l l e r ,  t h e  e f f i c i e n c y  
i s  77.5, t h e  d i a m e t e r  i s  14.2 f e e t ,  
and t h e  p i t c h  s e t t i n g  and t i p  speed 
must be t h e  same a s  f o r  t h e  2-blade 
p r o p e l l e r ,  n e g l e c t i n g  e r r o r s .  

F u t u r e  d e s i g n  l i m i t a t i o n s . -  There h a s  been some con- 
c e r n  shown by d e s i g n e r s  a b o u t  t h e  p o s s i b i l i t y  t h a t  t h e  ad- 
vance of a i r p l a n e  d e s i g n  may be l i m i t e d  by t h e  p r o p e l l e r .  
Higher  speeds  n e c e s s i t a t e  h fghor  p i t c h  s e t t i n g s ;  h i g h e r  
powers n e c e s s i t a t e  g r e a t e r  b l a d e  a r e a s ,  e i t h e r  l a r g e r  d i -  
amete r  o'r . g r e a t e r  t o t a l  b l a d e  wid th ;  and h i g h e r  a l t i t u d e s  
n e c e s s i t a t e  g r e a t e r  d i a m e t e r s .  

The p i t c h  i s  p r o b a b l y  l i m i t e d  by v i r t u e  of t h e  dimin- 
i s h i n g  e f f i c i e n c y  f o r .  t h e  h i g h e r  p i t c h e s .  S i n c e  t h e  thg-  
o r e t i c a l  maximum e f f i c i e n c y  o c c u r s  a t  a  p i t c h  a n g l e  a  few 
d e g r e e s  below 450, i t  i s  n o t  u n l i k e l y  t h a t  p i t c h  a n g l e s  up 
t o  500 c o u l d  be used  w i t h o u t  s a c r i f i c i n g  a  g r e a t  d e a l  of 
maximum e f f i c i e n c y .  f t  h a s  been shown i n  t h i s  p a p e r  that  
w i t h  c o n t r o l l a b l e  p r o p e l l e r s  t h e  e f f i c i e n c y  a t  a g i v e n  
p e r c e n t a g e  of t h e  h i g h  speed,  such as 0 .3  Vma,, i n c r e a s e s  
as  t h e  p i t c h  a n g l e  i n c r e a s e s  a t  l e a s t  up t o  420, t h e  l i m i t  
of t h e  p i t c h  a n g l e s  i n v e s t i g a t e d .  Thus, t h e  p r o p e l l e r  op- 
o r a t i n g  c o n d i t i o n s  f o r  t ake -o f f  and c l imb  a r e  more favor -  
a b l e  f o r  high-speed t h a n  f o r  low-speed a i r g l a n e s .  A t  t h e  
h i g h  and c r u i s i n g  s p e e d s ,  300-mile-per-hour a i r p l a n e s  a r e  
s t i l l  i n  t h e  h i g h - e f f i c i e n c y  r a n g e ,  as may be seen  from 
f i g u r c  2 ,  w h i l e  400-mile-per-hour a i r p l a n e s  o p e r a t e  beyond 
t h e  peak  of  t h e  t h e o r e t i c a l  c u r v e ;  how much below t h e  peak  
of t h e  a c t u a l  c u r v e  t h e i r  o p e r a t i o n  i s  cannot  a t  p r e s e n t  
be de termined.  

The power may b e  i n c r e a s e d  w i t h o u t  a f f e c t i n g  t h e  t i p  
speed KnD e i t h e r  by i n c r e a s i n g  t h e  t o t a l  b l a d e  width  o r  
by i n c r e a s i n g  t h e  d i a m e t e r  a n d  d e c r e a s i n g  t h e  r o t a t i o n a l  
speed. If t h e  former  method i s  u s e d ,  t h e  p r o p u l s i v e  e f f i -  
c i e n c y  s u f f e r s  s l i g h t l y ;  artd i f  t h e  l a t t e r  method i s  u s e d ,  
t h e  l a r g e r  d i a m e t e r  p r o p e l l e r  may be  o b j e c t i o n a b l e  from 
c o n s i d e r a t i o n s  of weight  o r  a c t u a l  s i z e .  The lower pro-  
p e l l e r  speed a l s o  r e s u l t s  i n  a  h i g h e r  e n g i n e - r e a c t i o n  
t o r q u e  unle '8s  two p r o p e l l e r s  a r e  o p e r a t e d  i n  o p p o s i t e '  d i -  
r e c t i o n s .  The l i m i t  t o  which t h e  s o l i d i t y  may be i n c r e a s e d  
i s  obv ious fy  imposed by t h e  d i m i n i s h i n g  e f f i c i e n c y .  The 
l i m i t i n g  d i a n e t e r  i s  de te rmined  by t h e  weight o r  s i z e  t h a t  
can  be  t o l e r a t e d  on any g i v e n  a i r p l a n e ,  t h e  l a r g e r  t h e  air-  
p l a n e  t h e  l a r g e r  t h e  p r o p e l a e r  t h a t  may, be p e r m i t t e d .  



S i n c e  t h e  t r e n d  i n  a i r p l a n e  speeds  p a r a l l e l s ,  i n  gen- 
e r a l ,  t h e  t r e n d  i n  eng ine  power, t h e  i n c r e a s e d  power i s  
absorbed  t o  some e x t e n t  by v i r t u e  of  t h e  h i g h e r  p i t c h e s .  
I n  such  c a s e s  t h e  d iamete r  may n o t  change a  g r e a t  d e a l  even 
though t h e  power i s  i n c r e a s e d .  I t  a p p e a r s ,  t h e r e f o r e ,  that  
f o r  c a s e s  i n  which t h e  i n c r e a s e d  power cor responds  t o  t h e  
i n c r e a s e d  a i r p l a n e  s i z e  and speed t h e  upper  l i m i t  of t h e  
engine  power t h a t  can  be e f f i c i e n t l y  absorbed i s  v e r y  vague,  
bu t  i s  c e r t a i n l y  n o t  under  2 ,000 o r  3,000 horsepower. 

The most n o t i c e a b l e  r e s u l t  of  t h e  h i g h - a l t i t u d e  fac-  
t o r  on p r o p e l l e r  d e s i g n  i s  t h e  l a r g e  d i a m e t e r  necessa ry .  
For  example, i f  i t  i s  assumed t h a t  t h e  h i g h  speed,  200 
m i l e s  p e r  h o u r ,  of a c e r t a i n  a i r p l a n e  w i l l  i n c r e a a e  at  t h e  
r a t e  of 1 p e r c e n t  p e r  1 ,000-foot  a l t i t u d e  up t o  30,000 
f e e t  w i t h  c o n s t a n t  eng ine  power, 700 horsepower a t  1 ,400 
r.p.m,, t h e  d iamete r  w i l l  i n c r e a s e  from 10.4 f e e t  t o  12.3 
f e e t  f o r  t h e  3-blade des ign .  ( s e e  f i g .  2.)  T h i s  i n c r e a s e d  
d i a m e t e r  and  a i r  speed  w i l l  i n c r e a s e  t h e  t i p  speed 200 f e e t  
p e r  second up t o  a  maximum speed o f * 1 , 0 0 0  f e e t  p e r  second 
f o r  t h e  h i g h  a l t i t u d e  des ign .  I f  t h e  comparison i s  based 
on a  c o n s t a n t  t i p  s p e e d ,  t h e  eng ine  speed must be reduced 
t o  800 r.p.m. and t h e  d iamete r  i n c r e a s e d  t o  abou t  16.7 f e e t  
e q u i v a l e n t  t o  a 60 p e r c e n t  i n c r e a s e  i n  d iameter .  The iin- 
p o r t a n t  t i p - s p e e d  v a l u e  a t  sea l e v e l  i s  t h a t  f o r  t ake -o f f  
and a t  a l t i t u d e  i s  t h a t  f o r  c r u i s i n g ,  which i s  a t  lower 
p r o p e l l e r  speeds ,  These d i z f e r e n c e s  i n  engine speed w i l l  
a f f e c t  t h e  a c t u a l  n e c e s s a r y  d iameter  somewhat. 

Another  impor tan t  e f f e c t  of .  t h e  h i g h - a l t i t u d e  f a c t o r  
i s  t h e  i n c r e a s e d  p i t c h  accompanying t h e  i n c r e a s e d  a i r  
speed. For  t h e  ekample c i t e d ,  where in  t h e  t i p  speed  i s  
h e l d  c o n s t a n t ,  t h e  p i t c h  a n g l e s  i n c r e a s e d  from 30.9' t o  
39.30. 

I t  i s  q u i t e  e v i d e n t  from t h i s  example t h a t  t h e  diam- 
e t e r  and p i t c h  s e t t i n g  i n c r e a s e  a t  a n  a l a r m i n g  r a t e  ~ i t h  
i n c r e a s e d  a l t i t u d e s  i f  t h e  t i p  speed i s  h e l d  c o n s t a a t .  
S i n c e  h i g h e r  powers a l s o  a f f e c t  t h e  d i a m e t e r  i n  a  s i m i l a r  
way, t h e  combina t ion  of b o t h  e lements  h a s t e n s  t h e  p r a c t i -  
c a b l e  l i m i t  i n  des ign .  

I n  o r d e r  t o  b r i n g  o u t  i n  a more c o n c r e t e  manner t h e  
d i a m e t e r s  and p i t c h  s e t t i n g s  t h a t  a r e  l i k e l y  t o  be encoun- 
t e r e d ,  t a b l e  I1 h a s  been p r e p a r e d  showing d i f f e r e n t  a i r  
s p e e d s ,  a l t i t u d e s ,  and horsepower.  I t  should  be n o t e d  
t h a t  t h e  t a b l e  i s  based on 3-blade  p r o p e l l e r s  o p e r a t i n g  
a t  a t i p  speed of 1,000 f e e t  p e r  second and t h e r e f o r e  



r e p r e s e n t s  a  f a i r l y  h i g h  s o l i d i t y  v a l u e  and abou t  t h e  up- 
p e r  l i m i t  i n  t i p  speed. 

I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  d i a m e t e r  i n c r e a s e s  
g r e a t l y  w i  t h  i n c r e a s i n g  a l t i t u d e s  and  a l s o  w i t h  i n c r e a s i n g  
v a l u e s  of power, but  a e c r e a s e s  s l i g h t l y  w i t h  i n c r e a s e d  a i r  
speed.  The p r o p e l l e r  speed i s  a f f e c t e d  i n v e r s e l y  a s  t h e  
d i a m e t e r ,  and t h e  p i t c h  s e t t i n g  i s  e n t i r e l y  a  f u n c t i o n  of 
a i r  speed under  t h e  p r e s e n t  assumpt ions .  

For  any g i v e n  a i r  speed and  t i p  speed t h e  C s  i s  
c o n s t a n t ;  hence hp. ~ 1 ~ s  b2. For  s o l i d  g e o m e t r i c a l l y  s i m i -  
l a r  p r o p e l l e r s  t h e  weight  may be assumed t o  be p r o p o r t i o n -  
a l  t o  D'; t h e r e f o r e ,  weight  a: (hp.)3 '2.  From t h e  p r o -  
p e l l e r - w e i g h t  , as w e l l  a s  t h e  d i a m e t e r ,  c o n s i d e r a t i o n ,  t h e  
eng ine  u n i t s  shou ld  be l i m i t e d  t o  moderate s i z e s ,  which i s  
e s p e c i a l l y  t r u e  f o r  h i g h - a l t i t u d e  a i r p l a n e s  because of t h e  
pronounced d i a m e t e r  i n c r e a s e  w i t h  a l t i t u d e .  S i n c e  t h e  
p r o p e l l e r  w e i g h t ,  under  t h e  f o r e g o i n g  a s s u m p t i o n s ,  i s  pro- 

p o r t i o n a l  t o  ($)a", i t  can  be s e e n  t h a t  t h e  40 ,000-foot  

a l t i t u d e  d e s i g n  w i l l  be abou t  8.25 t i m e s  a s  heavy as t h e  
s e a - l e v e l  des ign .  

I t  was p o i n t e d  ou t  i n  t h e  d i s c u s s i o n  o f  f i g u r e  27 
t h a t  i n c r e a s i n g  t h e  number of b l a d e s  ( i n c r e a s e d  s o l i d i t y )  
s l i g h t l y  reduced t h e  weight  a n d ,  of c o u r s e ,  reduced t h e  
e f f i c i e n c y  as  me11 ( f o r  c o n s t a n t  t i p  speed a n d  a i r  s p e e d ) .  
The amount of  e f f i c i e n c y  t h a t  shou ld  be s a c r i f i c e d  i n  or -  
d e r  t o  save weight  i s  a  problem t h a t  i s  beyond t h e  scope 
of t h e  p r e s e n t  paper.. 

CONCLUDING REMARKS 

6 
The .probable  o r d e r  of  i n c r e a s i n g  m e r i t  of e n g i n e - p r w  

p e l l e r  c o n b i n a t i o n s  is:  (a) f i x e d  p i t ch ' ,  (b) f i x e d  p i t c h  
and v a r i a b l e  g e a r  r a t i o ,  ( c )  c o n t r o l l a b l e  p i t c h ,  ( d )  con- 
t r o l l a b l e  p i t c h  and d i a m e t e r ,  and ( e )  c o n t r o l l a b l e  p i t c h  



w i t h  supercharged eng ine  of optimum supercharg ing  and over-  
speed capac i ty .  

I f  t h e  d e s i g n  b a s i c  p i t c h  s e t t i n g  o f  a low-pitch o r  a  
modera te -p i t ch  c o n t r o l l a b l e  p r o p e l l e r  f o r  a  g i v e n  a i r p l a n e  
i s  i n c r e a s e d  up t o  a b o u t  35O o r  40°, t h e  p r o p e l l e r  speed 
reduced ,  and t h e  d iamete r  i n c r e a s e d ,  t h e  r e s u l t i n g  take-  
o f f  a n d  h igh-speed e f f i c i e n c y  w i l l  be s u b s t a n t i a l l y  h i g h e r .  

For  l i g h t  a i r p l a n e s  t h e  c o s t  and weight  of c o n t r o l l a -  
b l e  p - r o p e l l e r s  might be  p r o h i b i t i v e .  For such  c a s e s  f i x e d -  
p i t c h  p r o p e l l e r s  w i t h  e n g i n e s  equipped w i t h  two-speed g e a r  
changes would be p r e f e r a b l e  i f  i n c r e a s e d  take-off  t h r u s t  
were n e c e s s a r y .  

For c a s e s  where in  t h e  p i t c h  s e t t i n g  i s  n e c e s s a r i l y  
low because  of t h e  i n f l e x i b i l i t y  of t h e  engine  o r  a i r p l a n e  
d e s i g n  r e l a t i v e  t o  p r o p e l l e r  speeds  and d i a m e t e r ,  t h e r e  i s  
l i t t l e  t o  be g a i n e d  i n  performance  from t h e  u s e  of s p e c i a l  
d e v i c e s  such  a s  c o n t r o l l a b l e  p r o p e l l e r s .  The advan tage  .of 
c o n t r o l l a b l e  p r o p e l l e r s  i n c r e a s e s  w i t h  t h e  d e s i g n  b a s i c  
p i t c h  s e t t i n g  o r  r o u g h l y ,  bu t  no t  n e c e s s a r i l y ,  w i t h  t h e  
a i r p l a n e  speed. 

C o n t r o l l a b l e  p r o p e l l e r s ,  and a l s o  v a r i a b l e  g e a r  r a -  
t i o s ,  a r e  more b e n e f i c i a l  w i t h  supercharged eng ines  t h a n  
w i t h  unsupercharged e n g i n e s  because  of s e v e r a l  f a c t o r s ,  
among which i s  t h e  g r e a t e r  i n c r e a s e  i n  t ake -o f f  eng ine  
power accompanying t h e  i n c r e a s e d  eng ine  speed. With f i x e d -  
p i t c h  p r o p e l l e r s  t h e  d rop  i n  eng ine  speed a t  take-off  i s  
more gronoujnced f o r  supercharged t h a n  f o r  unsupercharged 
e n g i n e s  u n l e s s  t h e  power of supercharged eng ines  i s  con- 
s i d e r a b l y  i n c r e a s e d  by boost  ing .  

F u r t h e r  i n c r e a s e s  i n  p r o p u l s i v e  e f f i c i e n c y  f o r  Bake- 
o f f  may be o b t a i n e d  a t  t h e  expense of a s m a l l  l o s s  i n  
8 igh-speed e f f i c i e n c y  by reduc ing  t h e  d e s i g n  p i t c h  s e t t i n g  
~ n d  i n c r e a s i n g  t h e  d i a m e t e r ,  T h i s  system of compromise i s  
v e r y  e f f e c t i v e  f o r  c o n t r o l l a b l e  p r o p e l l e r s  b u t  l e s s  e f f e c -  
t i v e  f o r  f i x e d - p i t c h  p r o p e l l e r s  w i t h  o r  w i t h o u t  v a r i a b l e  
g e a r  r a t i o .  The amount of improvement p o s s i b l e  depends 
upon t h e  d e s i g n  b a s i c  p i t c h ;  t h e  h i g h e r  t h e  p i t c h ,  t h e  
g r e a t e r  t h e  p o s s i b l e  improvement. 

S e v e r a l  f a c t o r s  a s s o c i a t e d  w i t h  supercharged e n g i n e s  
i n f l u e n c e  t h e  amount o f  compromise d e s i r a b l e  f o r  c o n t r o l -  
l a b l e - p r o p e l l e r  d e s i g n .  The f a c t  t h a t  t h e  p r o p e l l e r s  a r e  



d e s i g n e d  f o r  c r i t i c a l  a l t i t u d e  f l i g h t  and overspeed ing  t h e  
e n g i n e  a t  take-off  n e c e s s i t a t e s  r educ ing  t h e  b l a d e  a n g l e ,  
w i t h  t h e  same e f f e c t  on t h e  t ake -o f f  t h r u s t  a s  compromis- 
i n g ;  but b o o s t i n g  t h e  eng ine  a t  t ake -o f f  h a s  t h e  r e v e r s e  
e f f e c t .  S i n c e  overspeed ing  and b o o s t i n g  b o t h  i n c r e a s e  t h e  
b rake  horsepower ,  overspeed ing  i s  p r e f e r a b l e  when t h e  max- 
imum power i s  l i m i t e d .  

C o n t r o l l a b l e  p r o p e l l e r s  d e s i g n e d  f o r  h i g h - a l t i t u d e  
f l i g h t  w i t h  supercharged eng ines  w i l l  have  e x c e l l e n t  t ake -  
o f f  c h a r a c t e r i s t i c s  because  of t h e  l a r g e  d i a m e t e r  and low 
p i t c h  n e c e s s i t a t e d  by s e a - l e v e l  o p e r a t i o n .  

There i s  no we l l -de f ined  l i m i t i n g  v a l u e  of speed,  
power, o r  a l t i t u d e  i n  f u t u r e  p r o p e l l e r  d e s i g n s ,  but  in- 
c r e a s i n g  each f a c t o r  imposes i n c r e a s e d  d e s i g n  d i f f i c u l t i e s .  
Higher  speeds  a r e  accompanied by h i g h e r  p i t c h e s ,  g r e a t e r  
powers n e c e s s i t a t e  g r e a t e r  t o t a l  b l a d e  o r  d i s k  a r e a ,  a n d  
h i g h e r  a l t i t u d e s  r e q u i r e  l a r g e r  d iamete r s .  Des igners  must 
be p r e p a r e d  f o r  p i t c h  s e t t i n g s  o l  450 o r  50° f o r  a i r  
speeds  of  about  400 m i l e s  p e r  h o u r .  The d i a m e t e r s  of 3- 
b l a d e  p r o p e l l e r s  may r e a c h  1 5  f e e t  f o r  3,000-horsepower 
e n g i n e s  f o r  s e a - l e v e l  a l t i t u d e ;  t h e  d iamete r  must ,  however,  
be  about  doubled i f  t h e  a l t i t u d e  i s  i n c r e a s e d  t o  40 ,000 '  
f e e t ,  assuming c o n s t a n t  a i r  speed and t i p  speed. The d i -  
amete r  may be conf ined  t o  p r a c t i c a b l e  l i m i t s  f o r  h igh-a l -  
t i t u d e  a i r p l a n e s  i f  t h e  e n g i n e s  a r e  l i m i t e d  t o  low powers. 

Langley Memorial A e r o n a u t i c a l  L a b o r a t o r y ,  
N a t i o n a l  Advisory  Committee f o r  A e r o n a u t i c s ,  

Langley F i e l d ,  Va., May 1 5 ,  1936.  



APPENDIX 

Since the main paper .was written, there have been m d e  
available ad4itional full-scale propeller data that may be 
of use to the designer. The test results from which this 
information was obtained are given in reference 7 ,  together 
with the nacelle outline drawing. A photograph of the test 
set-up is shown in figure 2%. Figure 29 is a composite 
photograph of the propellers referred to in the reference 
as B, C, 0. and E. The respective drawing numbers are: 
Hamilton Standard 1C1-0, three blades: Navy plan form 5868-9, 
three blades; Navy plan form 5868-9, two blades; and Navy 
plan form 3790, three blades, The blade form curves for 
propellers B ,  C, D, and E ,  together with those for propel- 
ler 4412, are given in figure 30. Propeller E and propel- 
ler 4412 are designed with the R . A . F .  6 as the basic sec- 
tion; the other propellers are designed with the Clark Y 
section. Propeller B was tested with two pitch distribu- 
tions: the normal pitch distribution and with the pitch 
washed out at the tip, the latter denoted as B, or lC1-OX. 
This change in pitch distribution is also shown in figure 
30. Speed-power-coefficient Cs charts for propellers B, 
B,, C, D , and B are given in figures 31 to 35. Figure 36 
shows the ratio of the power absorbed by 2- an4 3-blade 
propellers (5868-9). It may be noted that the power ab- 
sorbed by the 2-blade propeller relative to the 3-blade one 
decreases uniformly from about 0.74 for the 15O pitch set- 
tine to about 0.68 for the 45O bla4e angle. The mean of 
these values closely ,checks that assumed for the construc- 
tion of section D ,  figure 2. The relative efficiencies of 
2- and 3-blade propellers are given in figure 37 for four 
flight conditions and over a wide range of Cs values. 
The 2-blade propeller has about 2.5 percent higher effi- 
ciency at the high-speed or cruising condition and about 
1.5 percent higher value at the climb, but there seems to 
be little advantage in either over the other at the take- 
off condition, 

Figure 38 is a comparison of propellers 1C1-0 and 
1C1-OX. The washed-out pitch distribution decreases the 
efficiency at the high-speed, cruising, and climb condi- 
tions for low Cs or pitch values but increases the effi- 
ciency for the same conditions at high Cs values. The 
take-off efficiency suffers over the whole range because 
of this washout feature, 

It has been suggested that sections A of figure 23 be 



made up for the propellers included in this appendix; but, 
since this would involve a considerable addition, it was 
thought that a more detailed explanation of the construc- 
tion of this section of the figure with an example would 
suffice. Persons interested in any propeller can readily 
make up section A by following the method outlined as fol- 
lows : 

Exagle 5.- Construction of section A for the 3-blade pro- -- -- ------I----------- - 
peller 5868-9. - -- 

(1) The chart, fiqure 2, was constructed for propeller 
4412, which has a total blade-width ratio of 0.105 at 3/4 R; 
consequently, if a section A for a different blade-width 
propeller is to be used in conjunction with the chart; the 
power should be corrected. The total blade-width ratio of 
the 3-blade propeller 5868-9 is 0.1845. Reference to sec- 
tion D of fieure 2 shows that the latter propeller absorbs 
1.6 times the power of the 4412 propellsr; therefore, the 
poTer must be correcte4 by this factor in order that section 
A for propeller 5868-9 can be use? directly in conjunction 
with the rest of figure 2. 

S 
'15 x r.p.m. 33/ 5 

(1.6 hp.) 

also 

1 / 5  (2) Since the lines for constant Cp , pitch setting 
and T are straight and pass through zero, it is necessary 
to solve for only one point on each line. Therefore, let 

hp. ' I 5  x r.p.m. = 90. Prom (a) 





i (4) I n  o r d e r  t o  p l o t  whole v a l u e s  of G ~ ' ' ~ .  17, and 
p i t c h  s e t t i n g  i n  t h e  c h a r t ,  t h e s e  q u a n t i t i e s  from t h e  f o r e -  

1 /6 
going t a b l e  a r e  p l o t t e d  a g a i n s t  m.p.h. X 0 and t h e  
whole v a l u e s  de termined ( p l o t  n o t  shown),  In  f i g u r e  40 

C~ l 5  l i n e s  a r e  drawn i n  ( d o t t e d )  throdgh t h e  o r i g i n  
1 / 5  2 / 5  

and  t h e  p o i n t s  e s t a b l i s i e d  a t  hp.  r.p.m. = 90. The 
a b b r e v i a t e d  p i t c h - s e t t i n g  l i n e s  ( s o l i d )  ar.e a l s o  s i m i l a r l y  
drawn i n .  The l i n e s  of c o n s t a n t  t i p  speed may b e  p l o t t e d  

w i t h  r e f e r e n c e  t o  m.p,h. a t  s e a  l e v e l  and t o  t h e  Cp 1 /5  

l i n e s .  The l i n e s  may then  be  drawn s t r a i g h t  t o  a t i p -  
speed v a l u e  of about  980 f e e t  p e r  second.  S i n c e  t h e  7 
d e c r e a s e s  roughly  1 0  p e r c e n t  f o r  a n  i n c r e a s e  i n  t i p  speed 
fray 1 , 0 0 0  t o  1 , 1 0 0  f e e t  p e r  second,  t h e  T c u r v e s  may be  
c o r r e c t e d  a c c o r d i n g l y .  S i n c e  opera t i -on  abova 1 , 0 0 0  f e e t  
p e r  second i s  of  on ly  s l i g h t  i n t e r e s t ,  t h e  a c c u r a c y  of t h a t  
p o r t i o n  of.  t h e  ch.art i s  of l i t t l e  impor tance .  

This  c h a r t  may bp used  d i r e c t l y  i n  c o p j u n c t i o n  w i t h  
f i g u r e  2 w i t h  one m o d i f i c a t i o n ,  S i n c e  tho  t e s t  r e s u l t s  a r e  
f o r  t h e  3 -b lade  p r o p e l l e r ,  t h e  o r i g i n  o f  t h e  s o l i c l i t y - e f f i -  
c i e n c y - c o r r e c t i o n  curve  ( s e c t i o n  G), shoul?  be. s h i f t e d  t o  
t h e  b lade-wid th  r a t i o  of 0.1845. 

Had t h e  power n o t  been c o r r e c t e d  f o r  d i f f e ~ e n c e s  i n  
b l a d e  w i d t h ,  t h e  d e r i v e d  s e c t i o n  A cou l4  be u s e ?  i n  con- 
j u n c t i o n  w i t h  f i g u r e  2 i f  t h e  horsepower were r e a d  from 
s e c t i o n  D a t  a v a l u e  of b lade-wid th  ra t io  of 0.105,  This  
c o n d i t i o n  would l i m i t  t h e  a p p l i c a t i o n  of t h e  c h a r t  t o  t h e  
p a r t i c u l a r  p r o p e l l e r  i n  q u e s t i o n .  
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TABLE I 

hp for  Various Engine-Propeller Combinations Summary Table of - 
b-hp., 

C 

Type of engine 

G.-I M+ propeller Operating condition 

8 
4- 

* %  1: 
0 m 
0a 

rcr M 

22 
& m  

$4 

3 
b) 

Unsupercharged 

Fixed p i tch  

\ compromise ( 30 under 
basic pitch) 

, variable gear r a t i o  

Controllable pi tch (peak q a t  
high speed) 

1 ,compromise (3O under 
basic pitch) 

I n (50 under I1 

basic pitch) 
H \ 1.25 to 1.00 over- 

speed drive 
N and diameter 

Fixed p i tch  

I , compromise (3' under 

" basic pitch) 
7 w i a b l e  gear r a t i o  

b o n t r o l l a b l e  pi tch (peak q a t  high speed) e .  1 
4 M 
$2 I , compromise (3O under 

basic pitch) 
D N A (5O under " '9 
0 

basic pitch) 
V N * , 1.25 t o  1.00 over- 

speed drive 
N and diameter 

- - - 

Fixea pi tch 

I , compromise (3O under 

X basic pitch) 
2.4 \ variable gear r a t i o  
o m  

82 Controllable pi tch (peak q a t  high speed) 
CI 0 I , compromise (30 under a I I) baaio pitch) * ,  (5Ounder 

basic pitch) 
I) * , 1.25 to  1.00 over- 

speed drive 
n and diameter 

42 

0.332 

-330 

.370 

.462 

- 
.615 

.635 

.715 

.625 

.627 

.700 

.788 

- 
.842 

.835 

.842 

.775 

.757 

.775 

.775 - 

.737 

.745 

. .775 

Full  

22 

0.338 

.361 

.370 

.397 

,435 

- 
- 

.458 

.655 

.680 

.702 

.700 

.715 

- 
- 

.725 

-822 

.El5 

.822 

.822 

.El5 

- 
- 

.822 

various rat ings Supercharged engine 
engines 

t h ro t t l e  

32 

0.342 

.362 

.380 

.425 

- 
.565 

.565 

.607 

.657 

.680 

,735 

.770 

- 
.802 

.El5 

.822 

.837 

.830 

.837 

.837 

- 
.807 

.El7 

.837 

22 

0.427 

- 
.473 

.533 

- 
- 
- 

.592 

.S27 

- 
-925 

.920 

- 
- 
- 

-960 

1.045 

- 
1.090 

1.087 

- 

operating a t  

ra t ing  

42 

0.304 

- 
.375 

.540 

.615 

- 
- 

.675 

.538 

- 
.682 

.760 

.771 

- 
- 

.771 

- 
- 
- 
- 
- 
- 
- 
- 

a t  sea 
Take-off 

22 

0.320 

- 
,396 

.469 

- 
- 
- 

.471 

.605 

- 
.732 

.745 

- 
- 
- 

.745 

- 
- 
- 
- 
- 
- 

- 
- 

Higkspeed 

22 

0.307 

- 
.365 

.422 

- 
- 
- 

.430 

.570 

- 
a.673 

.680 

- 
- 
- 

.682 

- 
- 
- 
- 
- 
- 
- 
- 

- 
1 ~ 9 ~ 1 . ~ 1 ~ 1 . ~ 4 5  

Full- thrott le  

32 

0.435 

- 
.500 

.567 

.690 

- 
- 

.El5 

-837 

- 
-965 

1.018 

- 
- 

1.090 

1.057 

- 
1.110 

1.110 

- 

32 

0.315 

- 
.390 

.507 

.556 

- 
- 

.582 

.575 

- 
.715 

.750 

.760 

- 
- 

.767 

- 
- 
- 
- 
- 
- 

- 

42 

0.420 

- 
-477 

.620 

.737 

- 
- 

.955 

.790 

- 
.925 

1.063 

1.0771.105 

- 
- 

1.127' 

-988 

- 
1.045 

1.045 

1.1001.020 

level  

32 

0.325 

- 
.412 

.547 

.615 

- 
- 

.634 

.611 

- 
.777 

,885 

.840 

- 
- 

.842 

- 
- 
- 
- 
- 

ra t ing  

42 

0.317 

- 
.400 

.585 

.675 

- 
- 

.740 

.574 

- 
-743 

.850 

-855 

- 
- 

.860 

- 
- 
- 
- 
- 
- 

1 1 



TABLE I1 

P r o p e l l e r - D e s i g n  Trend w i t h  I n c r e a s i n g  Values of A i r  Speed,  

A l t i t u d e ,  and Power 

( 3 - b l a d e ,  4412 p r o p e l l e r ,  1 ,000-foot -per -second t i p  speed;  
r.p.m. cc al/" , d i a m e t e r  a: hp.112 , and r.p.m. X d i a m e t e r  = 
K f o r  c o n s t a n t  v a l u e s  of  a i r  speed o r  p i t c h  s e t t i n g . )  

A l t i t u d e  

-- 

750 horsepower 

200 m i l e s  p e r  hour  400 m i l e s  p e r  hour  

F e e t  

0  
10 ,000  
20,000 
30,000 
40,000 

- 
Diam- 
e t e r  

300 m i l e s  p e r  hour  

D i a m -  
e t e r  

D i a m -  

F e e t  

8.3 
9.6 

11.4 
13 .5  
16.7 

r.p.m. r.p.m, 

1 ,500  horsepower 

P i t c h  
s e t -  
t i n g  

r.p.m. P i t c h  
s e t -  
t i n g  

2 ,200 
1 , 9 0 0  
1 ,600 
1 ,350 
1 ,090  

P i t c h  
e t e r  I 

1 
s e t -  
t i n g  

2 ,250  horsepower 

1,630 
1 ,390  
1 ,190  

990 
805 

deg. E B e t  

48.0 
48.0 
48.0 
48.0 
48.0 

1 , 6 3 0  
1 ,410  
1 , 2 0 0  
1 ,000  

815 

36.2 
36*2 
36.2 
36.2 
36.2 

30,000 
20 ,000 

40,000 

2,320 
1 , 9 9 0  
1 , 6 9 0  
1 , 4 2 0  
1 , 1 5 0  

26.9 
26.9 
26.9 
26.9 
26.9 

9.5 
11.1 

-13.0 
15 .6  
19.2 

7.4 
8.6 

10.1 
12 .1  
14 .9  

1 9 . 1  
1 6 . 1  

23.6 

deg. 

36.2 
36.2 
36.2 
36.2 
36.2 

1 , 1 3 0  
960 
775 

deg. 

48.0 
48.0 
48.0 
48.0 
48.0 

Fee t  

6.7 
7.8 
9.2 

11.0 
13.6 

26.9 
26.9 
26.9 

2 ,310  
1 , 9 8 5  
1 ,690 
1 ,410 
1 ,140  

14 .3  
1 7 , 1  
21 .1  



N.A.C.A. Fig. 1 



~ig. a 
Seotionm A,B. 
P i m e  Doatin- 
uea on follop- 
ing page*. 





0 10 20 30 40 50 .08 ./2 . I 6  
diameter. Tofu/ blade w i d f h  r0fi0 of 0- 75x 

(&/d x number of  b/ades ) 

Rofio = 
2.34 

Continuation of Figure a, sections E, F, G, and H. 
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Figure 16.-Ratio of thrust horaepslrrr t o  brake horse- Figure 18.4ontrollable propellers with one or two engine gear changes. Uneuperoharged eng2nee. 
power smilablo a t  high aped for oontrol- 

lable pitch and diameter propellers. Vn*uperchrrged 





a, fixedp;fch reduc fion). e, Confro//ab/e pifch, (moximurn efficiency af  high speed). 
b, ,compromise,(3"b/ude-ang/e. f ,  , compromise, f5°b/ode-ar/g/e reduc fion). 

,, , variable gear rof /b(/i/f/nife). q, (3" ., ). c, " 

d, Confro//ub/e pifch and diume fer. h. , /. 25 f o L 0 overspeed drive. 

(a )  Basic pitch sett ing,  2a0 
"20 " : 42' 

Figure 20.4omparison befreen various 
e ine-propeller oornbinations 

for various z t c h  eettinga. 
Unsupercharged enginea. 

Figure 21.-Shange i n  engine speed with - - a i r  speed for sen-level oper- 
ation of supercharged and uneupercharged 
engines with fixed-pitch propellers. 
(Cri t ica la l t i tude ,  7 , 0 0 0 f e e t . )  2 

m 



N.A.C.A. Figs. 22 a.b,c 

a, f ixed pifch c, ~onfro j /ob/epi fch,  d, Con fro//ab/e pifch, compromise 
b, , voriab/e (peak eff/c/ency of high (3 06/ode-onq/e reduc fion). 

gear r o f i o ( / h f i i f  e). speed o f  cr i f ico/  o/fifude). e, Confro//ab/e pifch & d/ornefer. 

Figure ZZa,b,c.- Comparison between various engine-propeller combinations for various 
basic pitch settings. Supercharged engine operating at various 

ratings at sea-level. (Critical altitude, 7,000 ft.) 
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Figure 28.- Test nacelle. 

B, Drawing 
No. 1C1-0 

E,Brawing 
No. 3790 

Figure 29.- Propellers B,C,D, and E. 



N.A.C.A. Figs. 30,31 



N.A.C.A. Figs. 32,33 



N . A . C . A .  Figs. 34,35 
% 6 

2.4 

22 

2.0 

I. 8 

I. 6 

I. 4 
V - 
nD 

1.2 

/. 0 

.8 

.6 

.4 

.2 

0 O 

c, = 
0.638 x rn.p.h. x a''* 

hp."cx r.p. rn."c 

Figure 34.- P r o p e l l e r  D ; Drawing No. 5868-9 two blade; 10-foot 
diameter. N.A.C.A. cowled nacelle 4'-  4" d iarnet  e r  . 



N.A.C.A. Fig. 36 

Figure 3 6 . -  R a t i o  o f  power absorbed by 2- and 3- blade 
propellers.  Propel lers  5868-9. 



N . A . C . A .  Fgis. ,37,38 

Figure 37. - Comparison between 2-and 3- blade propellers. Propel ler 
5868-9. Controllable propellers and unsupercharged engines. 



B . A . C . A .  

m.p.h. x dv5 
Figure 40.- Maximum q at high sped .  Propeller 5868-9, three blades. Total blade-width ratio,  0.1845. 

(To be used i n  conjunction with figure a only.) 




